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e hydrophoblc domalns of /fthe coat prote1n have‘ been .b1osyn—<fra

_f//fé/

f_lnformat1on was ”obtazned by mon1tor1ng

.- . . Abstract_
Stfuctural studiES'eof§j1ntr1n51c membrane_ proteins,

those proteins"that”vspan.'the3 llpld bllayer of cellular

»membranes, have been few There has been much 1nterest inr.ﬂ
*_deflnlng the contrlbutlons-,of- 1nteractlons Wlth 11p1ds

;4water, prote1ns and/or @ther cOmponents ,'f- theV llpld and

"aqueous phases, to the structure and fUﬂCthﬂ of 1ntr1n51c

r

'protelns, structural studles of these 1nteract10ns have been'

'.l1m1ted due to the 1nsolub1l1ty 1n water, the low ylelds and

the lack of knowledge of the amlno ac1d sequence foiu most

. . . .v
’1ntr1n51c protelns, ”, "lr‘. : o
e ¢ PR : - ’ ' : o
, W S .
AN 1ntr1n51c proteln wh1Ch is well characterised and -

.can be 1solated 1h large quantltles,.is'the.coat (gene*VIII)’
»bproteln of the fllamentous collphage, M13 @he M43_'coatv'

"proteln spans the cytoplismlc membrane of: its host E. CO?IU

T : ] v
dur1ng 1nfect10n, hence it is an: 1ntr1n51c membrane proteln

;Th prote1n con51sts of 50 am1no aC1ds, whose sequence may

.Ibe d1v1ded into three regybnSn an. ac1d1c N te§mlnus,,a bas1c

&‘ i

C termlnus and La hyd;g;héblc core.f.u hydroph111c and

';thetlcally labelled '1w1th' :the 3- fluoro analogs cof

vl@phenylalanlne andvi tyros1ne, . respectlvely Structural

'./r k \

V'n{iﬁfexposure of thp'the aﬁd Ftyr res1dues 6& the DOC mlcelle—"‘

_3;br vesxcle bound proteln u51ng "F NMR




\ LT
‘ . < ' : L
The exposure. of " the Fphe. and Ftyr -residues.of the

labelled coat protexns in DOC micelles, was‘determined"from

the re5ults of proteolytic dlgeStIOnS/”QSOlvent "sotopeﬂ

n_induced Shlft _ measurements fluor1U/ photo- chemlcally

-

inducéd',dynamlc ~nuclear polar1zatlon experlmenfgfﬂand Lafg

ntitrations The data- showed that the the res;duéx .werevh

!

‘ outside of the mﬂcelle whlle the ptyr residues wezeyelther

Lo

- at the solvent m1celle _1nterface (Ftyr21) ;in w1th1n then

€

jmxceller (Ftyr24) Temperature studles, monltored w1th both

c1rcular dlchr015m and ,‘*F -NMR revealed that structuralf

- fchanges "occurred ‘wlth ; temperature ~in- the ammedlate

v1c1n1t1es of the fluoro resxdues and/or over larga\Segments

of - the proteln A mpdel dependent analy51s of the the ama

&

i Ftyr rlng motlons u51ng the "F NMR relaxataon‘ data showed

. that the11 is sllghtly more moblle than Ftyr21 and Ftyr21

is slxghtly more moblle than Ftyr24 ThlS result, together

,theid fluorlne sugge

i;n ‘a hydrophob1c pocket.

wlth 'th 1 observatlon t?bt_ water had llttle access to the-

‘that the hydrophlllc, end(s) .were’

¥

}sbructuredv such that the11 was, at least part1ally bur1ed‘

'

"thhe exposure\rgf“ | phe and Ftyr re51dues of the fp‘

_5labelled coat Rfotelns recqnstltuted 1nto, phosphollpnd:g

')vesrcles yas determlned by mon1tor1ng thexr accessxbilzty to " -

f-chymotryp31n and the efftcts of temperatube on thelr f’ﬂ*NMRf

4,

,resonances. Théf results showed the the res1dues to bef

"Doutsxde the 11p1d b1layer- the Ftyr re51dues were 1n51de the”

11p1d b1layer. Qual1tatively,, the Ftyr r1ng motlons were;



'dependent upon the phase stl&e of the blli}Fr llords,.the'
*

mobxlxty was restricted wheq‘phe lipid was in the gel state.

Above the 11p1d phase tran51t10n temperature the "F NMRj

'analyses oF the the an% Ftyr ring motions: of the‘gge51cle-

bound Aproteln showedr that the the re51dues were not much-f:

‘more moblle than the Ftyr re51dues,lsuggest1ng that ‘as w1th:

'i

“the DOC mmcelle bound coat protelns, the hydrophlllc ends:

were.not'freely dlffu51ng in solutlon but were structured
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1. lntrodUCtion
A. Structural Stud1es of Membrane Protean'
Membrane protelns are essentlal ffor= cell viability.

They ' perform many funct1ons “for’ the cellq} including’

) 'transport of 1ons aﬁd substrates fthroughn,the hydrophObic S

" bllayer . recognltlon'-'andjf transfer of l“inter-? andrf
rntra—cellular4 messages,;,and »the“ ‘enzymaticl. processes
'requ1red ’for"mainténance of . membrane potential, In 1972'“

.51nger and Nlcholson proposed thef fluld mosalc model for ‘

I

_blologlcal membranes (Slnger, 19?1 Slnger é‘fNicolson,___f

~

1972)' They suggested that membrane,protelns °e; “floatingw
.infla'Tsea" £ llpld" (shown 1n Flgure I—l) Although there-

S tendE‘to be less 11p1d present relatlve to;,the_ amount f~5

"proteln' than '1mpl1ed by that statement the essence of the{iff-“

:;theory has: held true{edthe protelns fare found elther :
ded 1n the 11p1d bllayer S

There are two types of membrane protelns (Flgure f 1)

'*~fQThe flrst are called extr1n51c membrane prote1ns. These pro—f}

Vf;pw1d€: varxety f technlqlles that ha

‘Jffftelns are bound at the surface of the membrane"and befj7f'

ek

':j‘dlssoc1ated from the surface by h1gh 1oh1c strength Oncefﬁf5f'

"ﬂremoved they are water soluble and canr

..”LTffwater solrble protelns.;The second type of membrane protelnsfff

20 are called 1ntr1n51c membrane prote1ns. These protelns spanﬁfff*

_.,\.

‘°ffthe 11p1d b1layer and require the dlsruptlon of the membranefﬁfff

”5@:fby detergents bdh Organ1c solventS[ to be 1solated Thelr??vgﬁ

be studled u51ng theifﬂ_i

e been developed forfp:“h
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study, whether kinetic, structural or coemital, has been
limited due to their insolubility in agueous media; the
standard techniques used for.water—sol;ble protLins can not
be abplied.» | o

" Membrane proteins[ in particular, intrins}c: proteins,
~have the potential: to be the most interesting of all p}o-
teins,.both structdrally and biochemically. These proteins
not only have the possibility to.interact with proteins,
| substrates and cofactors in the aqueous env1ronments on one
or bbth sides of the membrane, but, as well, may be
infiueﬁéed by the components of the}membrene, whether they
be,: for exemple%ﬁ lipid, protein, or steroids. Structuréi
studies of integral proteios would allow one -‘to monitor
'those 'iﬁteréctions‘ at the molecular level, and s6 would
determine the mechanism by which the proﬁein_‘gerfOrms it
function. ‘

Physical stodies of membrane proteine, at bresent, have
been mainly limited to those proteins ciéssifﬁed .aéA
extrineic membrene proteins ‘ﬁf?’%xample, cytochrome Cd and
glucagon). X-ray’ and/or'nuclgzr.magnetic resonence studies
have given detailed informétioo of each of = those systems.
Structural studies of "intrinsic proteins are few for a
numberbof'reasons. X-ray-crystallography; which 1is capable
of giving the most struotural information, is also the'most
demandlng in terms of sample preparat1on. the protein must

be in hlghly ordered 3- dlmen51onal crystals. Technlques for

crystallizing intrinisic proteins are be1ng developed but’

» ) X
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at present, the use of x-ray crystallography in the Study of
‘intrinsicfprotein structure is very limited. The second‘mose
useful technique for obtaining stfuctural information 1s
NMR. It ‘is more flexible in the type of sample it may use
 but has other limitations. .The width of a NMR spectral res-
onance 1s very dependent upon’ the size of the "partlcle
the larger the particle, the broader the llnewldth If a
protein 1is bound by detergent or ‘lipid, its "partlcle size"
may becbne so large that the resonanee_.is .essentially
undetectable by solution NMR techniques. -

These problems have led to the development of new phys—
ical approaches; “the. intrinsic proteln that has been most

L 4

used is bacteribrhodopsin, from HélobaCtePium' halobium.-

£

Membrane fragments containing‘ large quantitities of
" bacteriorhodopsin may be readily isoiaied. | Tnese
2-dimensional- ordered erraye' have been used by Unwin and
lHendetson (1975) to obtain botn electron mlcrographs and .
opt1ca1 dlffractlon patterns. Analysis of therdiffraction
- patterns by 51m11ar ‘methods used in the analy51s 'of X-ray
diffractlon " patterns havef shown that bacterlorhodop51n
contalns 7 helices spanning the membrane' their foldlng in
the membrane appears to be similar to the fold1ng of peptide“

o

cha1ns in water- soluble protelns. The 1nternal motlons of
bacterlorhodops1n have been studied by solid state deuterlum
NMR E. Oldfield and coworkers (Kinsey et al.} 1981 - Keniry
et‘,al., 1984) have 1ncorporated deuterated‘amlno ac1ds into

bacteriorhodopsin and have found -residues within the



nydrophobic tegion of the'ptotein (within the lipid bilayer)
to be immobile while residues outside, to be very mobile on
the tlmescale of the experlments (‘1'usec) ‘

| .The” EM and solid state NMR studies give information of

”

the topology and motlons present in the: 'static system'
1deally however one would Stlll w;nt to obServe the 1nter-
actions present in a dynamic (solution) state. ‘Some studles
have.. been done; S. Opella and coworkersi(Cross and-Opella,
1979; 19&0 1981) have used proton NMR to study the 1coatl
proteln of the fllamentous collphage, fd, 1in soaium‘dodécyl-
Sulfate mlcelles | -

\ This thesis descrlbes the study of the coat prOteln of
thev filamentous 'col1phage, M13‘ when it. 1s elther bound by
sodidm‘deoxycholate (DOC) . micelles or reconstltuted into
phospholipid yesicles,.The.coet protein was blosynthetlcally
-iebelled with .either"3rfiuoro—phenylalenine - (Fphe) or
3—fluoro4tyrosine (Ftyri ‘thus providing Specitie laoels of -
the ,hydrophilie :and-'hydrophobic (membnane/micelle~bound)‘
. domains of the proteint"’F NMR was used to'characterize the
bstructure of the coat protein in -the bOC micelles' andp
vesicle.'as infetred from the motlon ‘and exp05ure of those
tesiduest fhe history and object1yes‘,of' this pr03ect are

outlined in Chapter I-C.

-r

. - ————— o ———— > - o =

- 'the coat protein of M13 has the same amino acid sequence as
_the coat protein of fd. o v



B. The Use of "F NMR in Studying Proteln Structure

Nucléat magnetlc ‘resonance (NMR) spectroscopy is a

physical‘ technique that can“giVe informatlon_'as toAthe
motions and 1nteractlons of a part1cular grouo 1n a molecule
provided‘ that the ~NMR 51gnal from that group is resolved
from the other resonances 1n the spectrum This. can be“
’serlous' problem in using NMR technlques to study blologlcal.
samples when nucle1 such as 'H, and natural abundance '3
and SN are .used These nucle1 are present in the sample, =
‘hence the larger thewmolecule, the more resonances will be
present. As well the. larger the molecule the slower the
molecule tumbles .in solutlon and the broader the resonances.
become. The comblnatlon of these two effects results, in- the
worst case;’ in ”the entlre spectrum becomlng a broad
' unresolVed envelope. of resonances. It is d1ff1cult to obtaln
' 1nformatlon from such a spectrum. )

An alternat1ve approach to d01ng natural abundance NMR
is to selectlvely label re51dues w1th1n the macromolecule.
This results .1n elther decrea51ng the number of resonances

. (for example, Putter et ai' 1969 deuterated all but a ,few_

proton positions) or else g1v1ng new - resonances to beﬁ

studied.” The latter method has been partlcularly useful when‘fv“u

“the new nucleus is- fluorlne (for rev1ews, see Sykes and Hull

(1978) and Sykes and We1ner (1980 ))

The use »of« fluorlne labelled macromolecules has bothh ‘
.assets and p0551b1e hazards. Fluorlne g("F) i§ 100%‘

abundant nucleus (w1th spin= 1/2) wh1ch is not usually found"fl

4
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in biological molecules. Conseqguently, there is no back-

ground problem; signals 'only occur'from_synthetically incor-

‘poratedv fluorine nuclei, It 1s ?4% as‘SénSEtive.as proton
.(compared to "P (40%) e (25%) and N (10%5). Vhence'
spectra may be obtained with: less sample and/or faster ‘than

with the naturally-occurrlng (nonvproton).nuclel. Its chemi-
cal - shift range is_’mucht 1aroer. than that of dproton,
(" +1000 ppm as compared to +10yppml'so that indiyidUal res—l
onances in the fluorlne spectrum may often be resolved when
they would not be resol;Ld by proton NMR a51de from the
'background problem for protons. The potentlal problem in.
u51ng fluor1ne SubstltUtEd molecules arises from its size
and 'itSv electronegat1v1ty ‘lt is usually substltuted for;
_protons, when used to label blologlcal macromoﬂecules (for
A.example, 3- fluoro phenylalanlne _1n a proteln) Fluorlne is
both larger and more . electronegatlve than a proton, hence
one must be” careful that the behav1or seen by '°F NMR, is

‘that of the nat1ve molecule and not ]ust due to the fluorlne

~(Murray Rust et %7., 1983) .

.

" One of the key reasons for d01ng an NMR experiment is-

.h,to obtaln 1nformat1on of the motlons w1th1n a molecule. Theo"

hmotlon analy51s of an NMR spectrum requ1res that the mechan—‘
K
isms by whlch the nucle1 relax be known Fluorlne has two

'relaxation mechanisms': dlpole dlpole and chemlcal Shlft
',~anlsotropy (csa) Dlpole dlpole relaxatlon arlses from the o
'1nteract10n between two: d1polar nuc1e1. fFor» a fluorlne-»

‘substltuted amlno ac1d in-a prbte1n,,th1s is usually between



“the fluorlne and‘protons‘dnvthe.same residue or between the
fluorine and.‘protons on ‘neighbouring‘ resldues. Chemical .
hshift‘ anisotropyv is the”result of the astmetric electron
dlstrlbutlon about the~~ fluorlne 'nuoléus It causes the -
'chem1ca1 shift of the fluorlne to, depend on the orlentatlon

of the nucleus in the magnetic fleld - This mechanlsm causes

0

| t fluorlne resonance llneW1dth to be proport1onal to the
square of the magnetlc fleld Thus, at the; h1gher flelds'
~ava11able> these days (300 ‘MHz andl-up) 'chemical shift;
4anmsotropy s the domlnant mechanlsm'lcontributino to lthe

k»fluor1ne llﬂEWldth (or the transverse relaxatlon time, T, ).

Fluorlne labelled amino: ac1ds have ‘been 1ncorporated

into protelns (for a review, see Sykes and We1ner, 1980l;f0f

amino - ac1ds “has been very successful 3 fluoro tyr051ne has -
d"been 1ncorporated 1nto alkallne phosphatase (Hull and Sykes
" 1976), lac repressor proteln (Jarema et_alv,_1981)~0M13 coat
protein .(Hagen‘ et al. | 1978), andr.ther Single-Stranded'
"DNA b1nd1ng proteln of fd.léoleman" andArmitaoe,'197l).‘
T_S fluoro tryptophan has beenl 1ncorporated 1nto histiaineew
llblndlng proteln hl from Salmonella (Post et al _1984) In

_ all cases, 1nformat1on of the structure and motlons aOff the,_

fluorlnated re51dues has been obtalned

- The 3 fluoro analogues of phenylanlne (the) and ty...'7'

"'thelr structures are shown in, Flgure I 2 The' blosynthetlc'

S

‘_the methods avallable, blosynthet1c 1ncorporat1on of fluoro-’Lgo

-slne (Ftyr) have been used extenS1vely in thls prOJect-_b

11ncorporat1on of these am1no acr&s 1nto M13 coat proteln and'h'



CHN"CSH
- (i;}—l,l :} 

- Figure j%z-fThg,Chémicgifsttucph:es of 3-fluoro- ' =
v,_,i_t,phenYIalanine»‘thé)”andﬁB”fluoroftYIOSi“e:"' o
‘_(EtYr)'{;Structufe”A'is:the;TStIUCture BiiS SR

L g»g;quﬁyré'The.Lfcpnfigutqtions‘dffeach éfé’shown;-,}w 'T:"v
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their. observation using '’F NMR has given structural infor-

P

mation about the proteln bound by DOC mlcelles (Chapter 1V) -

or by phosphollpld ve51cles (Chapte\ V).

C. The H1story and Objectlves of this PrOJect

Exposure and moblllty stud1es u51ng solution NMR tech-
nlques ‘have contr1buted a great deal to the understandlng of
the_ dynamlc structure of water soluble protelns. The app11~f
,catlon of th?s technlque to, the - study of 1ntr1n51c .membrane
Aprotelns has been severely llmlted for a number of reasons:
.the technique requ1res 51gn1f1cant quantltles of the pro—
',te1n"hthe amlno ac1d sequence of the proteln must be known
'for meanlngful 1nterpretat10n of results, and the "partlcle-
'51ze of the. protein- detergent or “protein- llpld complex must
'nOtlbe too Vlarqu ‘FewultntanSIC protelns fulflll those’;

crlterla.v‘ '
One prote1n that satlsfles those three' conditions is
the ,coat "(gene 8) proteln of the fllamentous bacter1ophage‘f

Mﬁ3,(or*fd) Th1s proteln performs two functlons"for' the

o collphage. FlrSt 't' forms a protectlve layer around the

51ngle stranded c1rcular DNA of the phage as it dlffuses in
olutlon,} 2700 coples 'pfj.the ‘coat proteln are found per iu
phage. The second functlon 1s ‘ta 'transport' the phagef.DNA
'through theh cytoplasmlc membrane of the E. Coll, both intO‘
f*and out of the cell. In performlng thlS task the coat pro?d
'teln ,gis} found spannlng the' cytoplasmlc membrane:;»rts

N term1nus is 1n the perlplasmlc space, and its” C-terminus



A

acids..

is in the cytoplasm. Hence, it is an intrinsic membrane pro-
tein.
M13 coat proteln is an ideal membrane protein for NMR.

structural studies. The h1gh copy number of the coat proteln

. on each phage and that each 1nfected bacterium produces ~200-

.i&

' phage partlcles, results in gram quantltles of coat proteln
being 1solated As well\ 1t is a small proteln, comprlsed of

only 50 amlno ac1ds,- its amino ac1d sequence 1s shown in

Figure I-3. An add1t1ona1 advantage for th1s membrane pro-‘

‘tein 1s that 1ts synthe51s reQU1res the use of the E. coli-

~

host machlnery.:Thusr the use of genetlc mutants of E. coli-

allows the .blosynthetlc ,;ncorporatlon of labelled amino

e

The M13 coat proteln sequence can be d1v1ded 1nto three

‘regions (see Figure I-3): an acidic N- termlnus,, a ba51c

,C-terminus and " a hydrophobic cOre.kThe prellm;nary studies

to this project performed by Mr. Q,? Scott \Hagen- (Hagen.

et al.,f '1978; 1979a,b) were done w1th labels in the hydro—

Aphoblc domaln, Ftyr re51dues vere 1ncorporated at p051tlons
21 and 24 of the -amino, ac1d sequence ""F NMR was used to
gstudy the motlons and exposure of those 're51dues 'when " the

’:coat prote1n was’ bound by e1ther dequcholate (DOC) mlcelleslp'

or phosphollpld ve51cles. V.GJF

My prOJect has been to obta1n 1nformat10n of the over-7’

P—

all structure @f ther"membrane bound“ form of M13 coat pro*t':d

:J

te1n.~ Th1s ~requ1red ‘the hydrophlllc en ,;as well as. the -

hydrophob1c core; to be monltored For thls task the; vas

s
we
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inCéfPOBated into both the acidic and basic domains'ofithe
prdtein,_at p051t10ns 11, 42, and-45 Structural information
-has been obtained by 51multaneously monltorlng the motrons
andAexposures of the-the- and Ftyr-re51dues when bound _by
either DOC micelles or‘phospholipid_Vesicles,'using“’F NMR'

a

_(bettman_ et al., 1382; '1984f’. The techniques -used for
studies of Ftyr labelled coat 'protein;‘ inclUding- ;oluent
'1sotope. efﬁects on the, ?’F chemlcal shlfts, dlgestlon with
‘pronaSe, and varylng temperature,‘-have been' repeated,
Alncludinq deherlabelled coate proteln in the preparations.
fChymotryptlc dlgestlon “circular dichrOiem and fluorine
'photo chemlcally 1nduced dynam1c nuclear polarlzatlon exper-
’1ments have prov1ded addltlonal 1nformatlon, 1mprovements in
the érocedure for the reconst1tut10n of the coat protelns‘
1nto vesrcles has allowed detailed motlon analyses-_to’ be
done, | ‘The results have glJen 1n51ght asbto the‘presence of
’structure in- the v1c1n1t1es of the the re51dues' the extent
to whzch the Ftyr r1ng mob111t1es are restrlcted by the
;solvatlng lipid or blle ac1d molecules and -the‘ degree of
| protectlon that proteln structure and/or bile‘aoids'and7
llplds glve the Ftyr re51dues from the aqueous envxronment.
The work deSCrlbed in thlS the51s has been d1v1ded 1ntob

-

.three sect1ons. Chapter III outllnes studles of . the the and

2The structural 1nformatlon obta1ned from the the and Ftyr

‘residues of the M13 coat: psote1ns, whether bound by micelles.

or vesicles, was assumed to be give information of the -~

- environments . about the unlabelled phe and ‘tyr residues, as.
well. Major evidence that the:fluoro-residues were not

perturblng the structure s1gn1f1cant1y, if at all, was given

~in the observation that both the Fphe- and Ftyr- labelled M13'“ 'v

'phages were: Just as, 1nfect10Us ‘as the unlabelled phage.
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a 4.Ftyr amino ac1ds Chapter I shows the behav1or of the the—;
and” Ftyr- labelled coat_ prote;ns in DOC mlcelles, ‘and
S - Chapter V. descrlbes experlments with _the the- ‘and Ftyr—
‘,labelled coat protelns in phosphollp1d ve51c1es The amlno'
c1d studles done in Chapter III A characterlzed the finterfi'
actionsr found between blcarbonate. buffer and the fluoro-
amino ac1ds;oTh1sfzstudy was performed to determlne 'the
effect, if any, that blcarbonate buffer might have on the
"F NMR spectra of the the— and Ftyr reSIdues of 1the, coat
':protelns. Chapter,III B shows the effects on the '°F. chemlf'
’Qcal_shlfts of Fphe: and Ftyr amlno ac1ds as the jsolvent :uas
‘-changed ‘from water (H, O)' to deuterlum ox1de (DZO). Theser
“'experlments were. prellmlnary to the use of . solvent isotope;'

'exchange as .a method of determlnlng proteln re51due exposure‘

L when bound by DOC mlcelles Chapter 1v- A sh0ws data to Vsug- -
iagest a551gnments of the resonances seen in the "F NMR spec-

;5trum of the the- and Ftyr labelled coat protelns in DOC
'dimlcelles. Chapter IV B glves the mot1on and exposure studles
ofgithed~fluoro-labelled coatu protelns :in DOC - mlcelles j‘r

~Chapter v-A 'character1zes the?ﬂexposuré; or1entat10n and

re51dues fof."the labelled coat protelns,}fn-lnesich S,

o ~.

ﬁ,effects of 11p1d flu1d1ty on the motlons'ofl théz an Ftyr."“{

Chapter V B g1ves a quant1tat1ve dlSCUSSlOﬂ of r1ng vmotlonsﬁ'{i’
7pof the the~ and Ftyr re51dues of the labelled coat protelns,ji L

reconstltuted 1nto phosphollpld v‘51cles. Each Chapter has-;:u

,.itsffq Introductlon,_Theory (1f'necessary) and Dlscu551onn,cfr

{

x;_seCtiOns.~The Methods for all the exper1ments descrlbed



©

15



3
'II.-Experjmental‘ﬁethods - ~
A Mater1als' : "_ o .?
| The‘ materlals USed 1n the experlments outllned in thls
«the51s were obtalned from S1gma Chem1ca1 Company, St Lou1s,“
M1ssour1 .wlth the folIOW1ng exceptlons the deuterlum ox1de
‘(99 75%) was bought from Bio-Rad Laboratories, Rlchmond
FCa U S A. the ammon1um hydrox1de from J. T Baker Chemlcal N
fcompany, Phill1psburg,_N J , U.S.A.; the SOdlum deuterex1de_:
and the deuterlum chlorlde from Stohler Isotope Chemlcals,feif
'T,Walthém, Ma, U.S.A.; the ammonlum and - sodlum blcarhonates o

: and the sodlum mono-'and di- phoﬁphates and hydrochlorlc ac1d1

o from F1sher SC1ent1f1c L1m1ted Edmonton, Alta Canada

' Escher'lcm coli \stralns KA197 (CGSC 5243, Hfr, th:,
‘.theA9T\\Q§IA1) and. AT2471 (CGSC 4510 Hfr, thl, rel, tynA4)

'b‘:were obta1ned from Dr Barbara Bachman, Yale Unlver51ty
:School of Med1c1ne The M13 bacterlophage was ~5n glft~ from vf:

Dr. Wllllam Paranchych ’the. Department of B1ochemlstry, o

;Unxver51ty,of-Albetta. ' B e |
- . ‘ - u

o B.. Pfooedhres.zfot thexexperimentsﬁﬁithprhe;and’FthiAmjnof ;f

v@sludxes of the Effects of Blcarbonate Buffer

The samples were prepared by welgh1ng out the appropr1-f¥7a

r

?etef amount f fluoro am1no ac1dsY 3 fluoro benzo1c ac1d f?

”‘At(pben) sodlum b1carbonate (NaHCO ) ammon1um“blcarb0nate

e

16 ";1.' ‘
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(NH,HCO;) gnd/or sodium mono- and di-phosphates, placing in

a vial and adding 99.75% deuterium oxide: (D;0) -to the,

correct 4volume. (No special drying or purification pro-

cedures were done prlor to use.)"

The experiments showing the effects of the’ b1carbonate~

concentration on the '°’F NMR resonances of Fphe ~and Ftyr
were done by preparing two "§tgck"ﬂsolutions: 1) no sodium
i . ‘

bicarbonate (pH 9.0) and . 2) 1.2 M sodium bicarbonate

(pH 9.0). Each contained 3 mM Fphe.and Ftyr and 99.75%

#H
deqterium oxide. They were mixed to obtain intermediate con-

r ~»
4

centrations of the blcarbonate buffer.

7] , -
The pH titrations were followed u ing a Radiometer
) C N ’ p) .
(Copenhagen, Denmark) pH meter fitted with a microelectrode
<
and the pH wids adjusted by the addition of either sodium

deuteroxide or deuterium chloride. .
Determination of Solvent Isotope Induced Shifts
The Fphe/Ftyr amino acid Sampl%s used for the SIIS

: P4 .
studies were prepared by first making Hz@,and D,O solutions

. containing Fphe, ~Ftyr and the other components to complete

the mixtures. Theé two solutions were then mixed to obtain’

the range of D,0/H,0 ratios. Th% D,0 content of the sample

»

was calculated by:

*

B
-volume D,0 solutlon x 99%
volume D,O solut1on + volume H,0 solutlon

)

@

%D .0

T | s
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The D,0 used was 99.75% deuterium oxide but the .amino
ac1ds and buffers were not deuterated. Only the NH, HCO; con-
tributed enough water to lower the deuterium’ content below
99.5%. Thus the "D,0 buffer"” solution that was made using
NH,HCO, was taken to be 99% DO while that made using NaHCO;
was 100%. (These were also the D,0 values used in the calcu-
‘lations of the D,0 contents of saméles!containing coat pro-
tein in picelles or vesicles.)

The errors inwfhe SfIS’valueS were,determined. as fol—r

lo%sé

The error in the chemical shift data (AS)‘ in ppm
depends upon the digital resolution, whiph‘cen?be calculated
" from,the acquisition time (AT) of the spectrum and the spec-

trometer frequency (SF):

1
AT) (SF

Ad

n

rrﬂ

The error in the SIIS values is then given by:

’ ’ -

':;_i“
SIIS = 6elzo - 6;\20 - SI]:Slvlock'

ASITS = [(B8s,0)° "+ (86,007 + (ASITS,,cy)?]e

The synthes1s of the N acetyl-, methyl ester derlvatxves
‘The procedure used',for . the synthe51s of the methylg

'esters of the and Ftyr were modified from that 'df Brennerf‘

L

“fand Huber (1953).." The reactlons were done as foliows' ,;/u
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Three ml (74 mmole) of anhydrous methanol were cooled
in a dry ice-acetone bath before dropwise addition. of
0.78 ml (1f mmo;e; of thionyl chloride. Mechanica%_stirrind
of the -methanol solution was used to achieve vigorous
mixing; a st1rr1ng bar is not suff1c1ent 100 mg (0:5 mmole)
‘of Fphe (or Ftyr) were then added slowly to the solution.
(The above steps should be done such that the temperature of .
the reaction never gets above -5°C.) After the addition, the
suspension should be allowed to warm to ,roomhtemperature,
'tnen slowiy'heated to 40°C (with stirring) andmiept at that
temperature for 2 hours. the and, pafticulériy; Ftyrv are
not very soluble in methanol but thelr methyl esters are. N
. Thus, 'a cleer solution indicates completion of reaction. (An
Aalternetive- procedure is to allow the_suspension tohcdme to
room temperature,'then leave stirring for 24 h.)

s _The solvent was ‘removed Dby rotoevaporation and the
~re51due redlssolved in a'minimum‘amount of methanol."Ether
~was addeqg, until the methyl ester hydrochlorlde prec1p1tatedA
sd(several volumes ‘reQulred), then - _re‘rotoevaporated to’

dryness. White crystals were obteined If‘moisture and CO.

"‘are e11m1nated durlng the>reactlon, an 83- 86% yield may be

1expected.:‘ _
'The‘methdd of N-acetylation 6ijphé;and'thr was Sug-

. gested-by Dr. C. Hamilton (perSonal communication) and Huang
*The procedure of Brenner ‘and Huber (1953) used molar ratios
of 7:1:1:1 for ‘methanolithionyl chloride:leucine. Fphe is
quite. soluble in the methanol while the Ftyr is not, so an
excess of methanol/thipnyl chloride was used to enhance the
SOlUblllty and the subsequent reaction of (partlcularly)

| Ftyr.. S - .
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~and Niemann (1951), as follows:
The methyl ester hydrocmloride product/ (above) !was. mixed
with one equivalent of anhydrous “sodium acetate»and 10
equivalents of acetic anhydride plus-a drop of pyridine (all
at 0°C). This was stlrred for 1/2 hour at 0°C then allowed
to come to room temperature and st1rred foryian addltlonala
;24 hours To stop the reactlon the. acetic anhydr1de waéh
decomposed by the add1t1on of approx1mately b ml_ of water
conta1n1ng ' 0.49' sodium b1¢arbonate The solutlon uas'
extracted with chloroform (15 ml) ‘then the organic layer was
washed with 1M HCl, then shaken w1th solid NaHCO; The CHCl;.
.layer was decanted of £, and dried, resultlng in ah_ 01ly"
re51due. The flnal product was crystalllzed from the re51due_'
in ethyl acetate. .\“ o | | ( |
Synthe51s of N- acetyl Ftyr resulcs invthe,b—ace£§larienz-l
of the phenollc hydroxyl group.  To remove this"wlthout
removal . of the methyl ester, the blocked Ftyr. was d1ssolved
‘in a minimum of chloroform then a catalylic amount of sodlum
methylate was added. Sodlum methylate was prepared by addlng”
a smal} piece (2 mm in length) of. . sodium metal to 10 ml -
l anhydrous: methanol. After it had dlssolved two drops Were
" added to the blocked Ftyr in chloroform and left standlng at“
room temperature for 2 hours. (At this time 'H—NMR»showed
chat the reaction wae complece;) It was then rotoevaporated

to dryness.
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C. Preparation of Fphe and Ftythabelled M13 Coat Proteln

E. Coli Preparation

Escherichia COli KA197 and AT2471 were used to

synthe51ze the or Ftyr labelled M13 coat protelns, respec—‘

tively. In each case they were tested for being auxotrophlc

for phenylalanine or tyrosine by growing a loopful of the

glycerol“ stab 1in vL broth (rich medium, see Appendix A),

treaklng onto an L broth plate, picking _isolated colonies

| w1th sterlle tOOthpleS and streaklng on two minimum med1um
plates (see Appendix B): one with and ‘one without " the

requ1red amino . acid. The plates containing the amino acid

were grown at 37 C for 24 hours, then 'placed in a '4°C )

| "“a;refrlgerator The plates wlthout the amlno ac1d were allowed

to remain at 37‘C for 48 hrs. The innoculum culture was
started -using a . picked colony that had no signs of growth

(revertants) on the "minus" amino acid plate.

Phage Preparat1on

Before the growth of the— and Ftyr labelled M13 cOat
protelns, the phage vas pur1f1ed as follows the phage stock

".solutlon (contalnang 0“ plaque form1ng unlts (pfu) / ml)

bhas,\t1tered as descrlbed below ‘A' "normal" plaque was

"cremoved from the ‘agar and placed in a1 ml early log phase-' s
‘culture of the E. c011 auxotroph that would be used It was
grown at 37°C to Late log phase, then transferred to -a ’500ﬁ

ml culture»of4E,coll 1n,early log phase When thlS had grown.
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to late log phase at. 37°C,‘ the flask was placed in the
refrigerator at 4°C to cool | i |

 The culture was centrlfuged in sterile"oottleélat
15,000xg for 10 minutes at 4°C to remove the bacteria (the
cooling of the culture.limproves the '"pelleting"'of the
E.coli). The supernatant ‘was COllected and placed in a

sterile flask. The titer of this stock is “10“ pfu/ml

Phage_Titet ﬁeterﬁination'
. The ‘phage fconcent;ations in cultute ,solutionéyWere
determinedtby,flrst makihg dilutions'of the “phage’ solutionl
with ‘sterile buf fered sallne (see Appendix A) oflthe order':l
'.of 104‘;'10‘f'and 0‘F°. 0.1 ml of the dllutlons waélladded
to .0;1' ml " aliquots ‘of an overnlght E.coli culture and
incupated‘for 5 mihutes at 37°C;-Thesepwere, in turn, :added‘
to 3.5' ml_quantitiee of 50-55°C topfagar,.mixed andlpOured
.onto warm,bottom agar plates.bAfterpsetting,‘the platesxwére?
ipcubated; at 37°C from 8 to 12 hours until confluent growth
was‘achiev;d (The - plaques were v151ble as less opaque spots
in the»top agar.) The t1ter was’ calculated as: 4 |

) o o <

# of plaques X dllutlon of phage stock
0 1 ml of dllutlon plated o

Titer

plaque form1ng unlts pfu)/ml‘
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M13 Phage Growth in Ten Liter Fermentors
. Both Fﬁ%e— and Ftyr-labelled MI13 coat‘prOteins:uere

grown in 10 1 fermentors*‘, using the M63 minimum medium. It

was found -that the phe auxotroph KA197 could grow using

the only, wh1le the tyr auxotroph AT2471 requiredulL~tyr

a . . .
- to be present at the start, then an excess of Ftyr added

'p later. The details are as follows

The fermentors ,were prepared the day before to allow-

yovernight‘equllibration. For the 1ncorporat10n 100 ml.'of
0.8% the per ten llterwaas used hlle for Ftyr 1ncorpor-
atlon 5 ml of 0 4% L tyr was 1ncluded in- the m1n1mum media
:-(see‘Apendlx A).AA 10 ml'culture of L broth (see_Appendlx‘A)
was started the. morningdof tﬁe*aay before, which.was used to
v'innoculate ?, '500 ml- L broth culture the night before the
‘fermentors were to be used 200 ml of the culture was trans—
lvvferred ~to. each fermentor to obta1n a start1ng Asooﬂ_ 0.05.

vAfter ‘3;hr, the Asoo doubled to O (thls correspondS- to
1xLOl cells/ml . At thls tlme a 20 fold excess of M13 stock

culture (see above) was added (- 200 ml) For the growth.rof

‘fbyr-labelled 'M13( phage, 10 m1nutes after the addltlon of:
"the phage, a 10-f0ld .excess _of Ftyr. (100 ml f‘ 0 4%
‘D, L Ftyr) was added The fermentor cultures were grown untll B
late ‘log phase (Asoo = 0 6 = 0 9) addlng antlfoam ‘B as nec-:
~‘lessary to prevent frothlng [The fermentor settlngs 1ncluded |
o the air pressure = 30 (arbltrary un1ts) stlrrer 200 rpm,tp

" and the tenpe:ature'= 37£0.5° C ] The temperature regulatlon?'

————._—-——_.—_...___.—-—_.‘

“h?‘P E.C. Fermentor, Chemap AG Mannedorf SViEZefiénd°d

C
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. (done . by’ the mixing of_ hot and cold. water and 1ts
circulation through tublng in the vat) was then turned off
to allow‘fthe cold water to cool the culture to =15 C. The.
E. coll were removed from the culture by centrlfugataon at

‘40;000 rpm - w1th a Sharples cont1nuous flow centrlfu?e at

" p°C.

Phage Purification
M13 phage pUrification lnvoIVed the precipitatiOn of
‘the‘ phage .from the culture medlum supernatant, tho washes
with detergents ‘to. remove 11p1d contamlnatlon:l and; .a‘
':CsCl gradlent centrifugatiOn The detalls are as follows
'(modlfled from that of chkner 1975) o ?
The‘ supernatant (above) was-‘made .2r5%:polyethylene
:glycol 6000, and 0.5 M sodium chlor1de, and was Qlaced in a :
4 C cold room for 5 days (or unt11 the phage had settled) |
The med1um was then decanted and 0 01 volume§8f Triton X-100
ibnwas. added Thzs 'was stlrred v1gorously for 1.hour at room v
'dtemperature, then the phage was. pelleted by centrlfugatlon
at 22, 100xg for 10 m1nutes at 1 C. The pellets were resus-
‘pended in 250 ml of ™ NaCl o I M Tris-HCl (pH 7.5) and 1%

».Sarkosyl 97 st1rred v1gorously for 1,hourhatfroom tempera-

‘;ture° then the phage reprec1p1tated by the- slou uaddition,.

",T'w1th st1rr1ng, '_ polyethylene glycol 6000 to,2'5%:‘The

’“'suspen51on was centrlfuged agaln The phage pellet was dis-

solved in '15 ml of 0 05M Trls HCl (pH 7. 5) 1mM EDTA and 1M

;‘444;—;-;;_4;;;J;,;~1"”-~;g”‘ o . e
s Cepa Schnell Zentrlfuge, Carl Padberg, Lahr/Baden.‘l
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Nac]. Solid Csc] was added to a density of 1.29 g/ml, the

Quantity determiped by the folleeing equation: . D

wt of cscl added = 0.4351 x (wt of sample). |

20 g CsCl causés a volume change of 5 nl;»therelore} 1f

a certain final yolume is desired:

Finall,ﬁlolume = volume sample + oy + (5x0 4351) (wt sample + y)
A 20 '

W?‘Cécl = 0.4351(wt eampie +y)

*

y is. the volume of buffer required to make the desired

final volume; the densitY~”of the bnfferlis assumed to be

"1 g/ml, thus the volume of the buffer added 1s equal to 1ts

' Qeight -.To' f111 two T150 rotor tubes (10.1 ml/tube) .one

',Sets the flnal volume = 20 2 ml and 'solves the equatlon

The solutlons were centrlfuged at 60, OOOxg for 36

. hours ,av- 15 C.. The -tuyes 'contained_ three 'ldentiffable

oy

reg1ons upon v1su31 1nspect1on a lipid crust at the surface

| "(the more: v1gorou5 the detergent waehings,"the lees this
| ”Was)a a\purple—tinted band 1mmed1ately below the lipid whlch.
B 'ls the phage, ang pellet at ‘the ‘bottomf of the tube The"

'purple band was - removed from the tube by puttlng a'cabillary

tube (w1th tygon tublng attached) to the bottom and draw1ng

* the sOlUthﬂ ‘eUt' u51ng a perlstaltlc pump,_-collectlng

' 7.fract10ns he fract1ons conta1n1ng _the phage (by either:

VlSual ‘or Azso 1nspect10n) were pooled and d1alyzed agalnst

. ",
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a total of 3 1 of-O 05M Tris-HCl (pH 7.5) and.O.lmM-EDTA
W1th at least '3 changes over 3 days The phage\solurion was
then lyophyllzed Typ1ca1 ylelds from 20 l preparations were’
“350 mg Fphe- labelled phage and ~600 mg.Ftyr-labelled phage
(including the neight of the Tris/EDTA (“100 mg) buﬁfer in
the phage solution). .

D. Procedures for the Experiments with DOC Micelle-Bound M13

Coat Protein

) Prepararion of DOC MicellerBound‘M13 Coat. Protein
Micelle-bound coat proteln was prepared as follows:

15 ‘mg of lyophyllzed M13 phage (as above) was placed in a 18
X 150 mm rube. 1}0 ml of 10@M %rls HC1 {pH 8.0) was. added.,..
and the mixture Vgéntly' swirled to moisten and,_at‘least(f
partially‘ dissolveﬁ the phage. Then, 1 ml of 0.1M
Na(NH YHCO,, 70mM SOdlum deoxyCholate (DoC) and 260.ul of
chloroform were added. This was shaken at’ hlgh speed for 3‘
hours, (or untila'the ‘solutionvcleared) at 37°C. The clear
.sample was placed»on a 44 x’1.6.cm'SephacrYlF. $200 column,

which had been equ111brated with 0. 1M Na (NH, )CO;, 8mM‘DOC{
.and;the column was run uslng ehe same buffer "A _typlcal'
| elution proflle is glven in 'Figure' Ir?1 'The”fractions’

contalnlng the coat proteln in m1celles were pooled and con-

centrated to- ~1 ml us1ng an Amlcon concentratoaxand a YM10.

3 —_...._._._—__._———___...

B Pharmac1a Fine Chemlcals, Uppsala, Sweden. . L
’Amlcon Corporat1on, Sc1ent1f1c Systems D1v151on, Danvers,
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~ Figure II-1 The-Sephacryl»SZOﬁ elution profile of

N DOC micelle-bound M13 coat protein.  The sample
was prepared. using-30 mg of Fphe-labelled M13
phage, using twice the amounts .of .buffers/CHCl;

' ‘given in the text, and was run using 0.,1M"
" NH,HCO, (pH 9.0)/8mM DOC. Peak A isa mixture of
13 'DNA coat protein (protein B) aggregates- and
“attachment protein (protein A). Peak B'is the

- DOC ‘micelle-bound coat protein. Vo is the .
excluded volume of the.column while V; is the
 included volume (determined by including. *H- :

- cholic acid). Each fraction contained 1.5 ml and
was collected using the flow rate determined by '
‘gravity. The column size was 4% X 1.6 cm, -

Yy
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8mM_DOC,‘madeiusing deuterium oxide (D,0), was added and the

kaample reconcentrated to 3 ml to obtain D 0 1n the sample

NMR spectrometer lock1ng. The calculatlon of the D.0

\

it is given 1in sectlon I1-B.

gfotxypt1c Fragment Pur1£lcat1on |
_ iThe chymotryptlc | d1gest10n ~of thé'_ the- and
ijtyr labelled M13 coat. protelns in DOC mlcelles (see Chapter‘
:‘IV—A) were done at 277°K and monitored by ‘F NMR  as shown_
*;l in”Figure IV-17. NH, HCO; buffer ‘was used for thlS exper1ment'
So that the buffer may be 'removed' through lyophyllzatlon "
;'-The preparatlon of 'thei digestionv'miﬁture "for the paper
élelectrOphore51s separat1on of the hydrophlllc fragments was
as follows | |
"The. micelle component may be separated from the hydro—
%d¥lic’ fragments by e1ther runn1ng the sample downvan SZOO
‘°¢ciumﬁ (the micelles elute at the’ v01d volume 1nd1cat1ng.-
”“ that aggregat1on has occurred and the hydrophlllc fragments‘
>elute ]USt before ‘the 1ncluded volume)' or by prec1p1tat1ng;
‘t;the‘ m1ce11es "by 'thep_add1t1on of 0. 5 M form1c aC1d _t'
st1rr1ng, untll ‘phﬁ 4. fThe preclpltatlon .step is do
regardless :off whetherd'theibhydrophoblc- proteln fragments
T.rema1n1ng w1th the m1celles are’ to be saved to' remove“thet_
bulk _of’ theA DOC from‘fth sample. The prec1p1tated DOCh
}' m1celles were f11tered by grav1ty f11trat1on, wettxng the;[
_,jgapa;* w1th pﬁ 4 dlStllled water / formlc ac1d and washlngi,

—— o e - o o ——

__j.(‘cbn.t'd')v. Ma. - —U‘-S'- MRS
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the paper ' three timeshafter the filtration. The filtrates
vere pooled and‘lyOphyllzed. The residue was taken .up in
distilled water and lyophylized 4 -times to ;remove»the'

ammonium formate. present} The'residug was.dissolved in 10% -
. : . . RS

pyr1d1ne, 0.3% acetic ac1d (pH 6. 5) buffer and streaked on
. %
Whatman 3 -mm or 1 mm electrophore51s paper (dependlng on the

concentratlon _of fragments for 1 mm- paper the pept1de con-

centratlon was ~15 nmole/ cm,-whrle for .3 mm it was 530°

nmole/cm The paper was. run at 3000 volts for 50 m1n After‘f

’/\‘—\

drylng (~45 min.) e1ther the .whole paper (for~-analyt1calrl

use,‘_forv example, Flgure IV 7) Or strips of the paper (for
preparatlve use) were stalned 'w1th 85% [1% vn1nhydr1n in

I

acet ne], 15% [0 029M cadmlum acetate, 5 8M acetlc ac1d] and o
Qo .

N
~

dried ing\an‘ 80 C oven.‘ For, preparat1ve paper electro—
phore51s,:,thé bandS»indicated'from the_strfpsﬁvere.cut out
and eluted with ~0. 5 ml H20. |

Amino ac1d analy51s was done on’ the separated fragments

' to conflrm thelr 1dent1ty-fTh1s.was ‘done ‘by performlng_'ave_,.-

. 20 hour ac1d hydroly515v 3f thep fragments (in " onStant_

b0111ng' 6N HCl 0 1% p%fnol) at 100 C evaporatlng the acid
‘and hav1ng an. amlno ac1d‘analysls done on the res1n |

Solvent Isotope Induced Sh1£ts

lfThe" oat proteln mlcelle samplés» used' for thefSIIS‘lff"

experlments werg%prepared as- ouqllned at th beglnnlng ofj

thlS 'sect1on (Chapter-II D) The Dzo content for the M13gfﬁa'; .

coat proteln DOC m1celle samples were var1ed as follows the'

liﬁ'
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séOO‘column fractions (in 0.1M NH,HCO,, 8mM poc, pH 9.0 . (in
H,0) were concentrated to .O‘ml using the usual amicon,con—
centratlon procedure An allquot of 0.1M NH,CO, and 8mM DOC

h‘(pH '9) in D0 (D0 buffer) was - addedﬂfthen the'sample;"
reconcentrated to 1.0 ml. Thls procedure was repeated"to:
obtain 1ncrea51ng amounts of D30 1n the sa ple The % D,0 of-

’ the protein- mlcelle samples was calculated .as follows if
the volume _of the sample to which the .D,0 buffer 1s “to be

| added is Vi and the volume of the solutlon after addlng h'.
D o buffer =V, o+ Vi, ='Vq, and if the % D,0 in the sample

” before the addition of the D O buffer 1s % D O,, and after

" the addition  is - % D O,, then the % D. o in the new sample j§'

' isd: ‘
L V. % % D0, * Veo % 99% = % D0,
o start thh % D O #:Oj but the D0 content of thé L

sample 1ncreases w1th the add1t10n of D O buffer Thus vthe
h g D, O before the second add1t1on of the D,0 buffer w1ll be

, the value of the % D. O after the flrst addltlon

The % ex.posure values tere determlned by:‘

N - S

% exposure SIIS(proteln) X 100
: SIIS(am1no aESE(aa))

_______-__q_a_-___

ﬂ'-See Chapter I1-By the Solvent Isotope Induced Shlft Secf,ﬂff"

tion, for the def1n1t1on of the DzO content of the-"DzO i{.r5"¥"

buffer SR

kuV'
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so the error was calculated as:

4

Agexposure=%exposure | (ASIIS{(protein)} *+ AsIIS(aa)\?|° °
SiIS(protein) SIIS (aa)

~where the error(s) in the protein SIIS values were deter-
mined by the same method used in calculating the amino acid

SIIS errors (Chapter I1I1-B)!

Clrcular D1chr01sm Studies
The coat protein (micelle- bound) concentnetion(s) us&d
for the CD expetriments were such that the A,go = 0.5. This
wae related to the g/ml concentrationfof the Fphe- and Ftyr-
labelled coat _proteins 1n thevsolyéion by the use of their
. . )

respective extinction coefficients, which were determined as

follows:

10\mg of‘each of unlabelled and Fphe- and Ftyr-labelled
M13 phages were qsed‘to make DOC micelle-bound protein‘in
NH, HCO3 buffer. The center tube of the 5200 elution'
fractions (see this Chapter, the DOC micelle-bound coat pro-
tein preparation section) for each type of M1E coat protein
were dllUtEd to Azeo = 0 7, and measured. (An absorotion
spectrum showed that all three types of protelns had absorp-
tlon maxima at 280 nm.) 100 pul aliguots from the samples
were then lyophyllzed acid-hydrolyzed ;ana submitted for
amino acid analysis. The concentration of the p;otein in the

‘orlglnal tubes were calculated using the average of the

moles oﬁ leucine hydrolyzed after 22 hours .over the number
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of aquuots ,(either two or three) that wére ﬁakén of éach
type of protein. The molar extinction‘cbefficients obtaihed
are shown in Table%II—]. -

The CD spectra in Chapter IV-B yére'run using Ephe—_and;
‘Ftyr-labelled M13 coat protelns in' miceiles th%@ 'wére
prepared separately to éllow the measuremént of thev~¢on¢en—;
tration of each type of protein, then they.were mixed. The .
‘CD spectra were run on a Cary Model 60 speqtrodhbtomeper
with a CD accessory fitted, and @ vthermostéted ceil.
Column-eluant buffer (0.1M NH HCO,, 8me DOC, ©pH 9.0) was
used to set the zero value of the instrument.

The a?heiix content of the pfotéin was caléulated . by
averaging. the CD daﬁa at thréé sets of twd wéﬁelengths:
a(210/225), a(215/225), ~and a(220/225), as given dn
Chapter IV-B. The B—sheef and random‘éoil contents were
obtained using the a-helix results. The errors in the
% a-helix, % p-sheet and % random cbil{data, given in
Figure IV;15 were calculated as follows:‘The eliiﬁﬁ%city (6)
is talculaﬁed by the sample ellipticity (9§):minus that of
the blank (6,), this the error in 6 is:

86 = [(88,)% + (88,)2 J°°
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Table II1-1"

The molar extinction coefficients for. Fphe, Ftyr
~and unlabelled M13 coat protein at 280 nm

i

| !
Phage . . . S .
Fphe 8630510
Ftyr " 8220%590
unlabelled = - 78290%460

‘tbe units are qm“M“ - : ®
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=

The mean residue ellipticity [6] is calculated by:

(8] = _m. 6
10(1) (c)

Al6] = [9][<é%>1 +'G%;>1 of,

thus .

The equations for ‘a(X/225), B4X/225), ‘and+ random

coil(X/225) (given in Chapter 1V-B), are of the form of :

a(X/225)‘= (18], + Kp)Ky ([elzzg + Ku)x;

’ v K 1

B(x/225) = [8], * Kp - (a(X/225))Ks

Ky

q

candom coil(X/225) = 1 - a(x/225) - B(8/225)

therefore, the errors will be:

pa(x/225) = [(A[8),K,)? + (A[61aasKRs?]®
o . ‘K1 ) -

»

AB(X/225) = [(A[9]x52'+ (Aa(x/zzs)xs)’1°-5
. - Ry e

Arandom goil(X/izs) =‘[(aix/225))'"+'(ﬁ(x/225))1J°';

“,
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"E. Procedures for Experiments with Vesicle-Bound M13 Coat
. Protein | |
Reconstitution of MI13 Coat Protein into. Phospholipid

Vesicles
M13 coat protein is an ideal membrane protein fdrkphys—
ical studies dué to its small size, the ease with which
"gram-quantities™ of it may be purifiéd, andJits amino acid
seqguence 'is known. Its one draw-back, though, 1is thaf it
does not have a measurable activity,«so it is difficulr to
yknow whether a certain preparation procedure is ‘perturbing
to its structure or not. With th1s uncertalnty in mind, I
have attempted ﬁondevelop the most gentle reconstltutloh
technigues possible to produce uniformly small, uniiemeller
vesicles, containing- sufficient quantities of coat proterh
to allow ~'*F NMR studies to be done. As a resuit the
procedure has evolved\from ; urea-cholate to cholatevd%thod.
" Both procedures, hqweeer,' equired sonication to produce the,
@gmall'vesicles. A‘recent improvement, obtained by incre sing

the  amount of cholate (modified cholate procedure) will

allow the removal of the sonication step.

‘ Urea-cholate procedure

The cOat'.'protein, whether from the- or

A

Ftyr-labelled phage;i was extracted from 30 mg of phage
into. DOC m1celles., The, mlcelle—bound Aproteln was
dlalyzed in spectrapor 3’ dialysis tublng against.

- - — - — T e . -

.’Spectrum Medlcal Industrles Inc., Los Angeles, Ca., U S. A
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first, 4 .1 of 10mM NH.HCO;, pH 9.0, then, &4 1 of H;0
over 4 days to remove the DO%f It was lyophylizgd to
drjness. | | |

400/50/50 mé of dimyristoyl—pﬁoéphatidyl-choi&ne
(DMPC)/dipalmitoyl—phosphdtidic .écid (DPPA)/cardiolipin
weré placed in a round bottom Af;ask; This w?s

.rofoevaporated to 0.5 ml, then 6 ml of‘benzene and 6

« : p _ o
drops of water were added. The glask was swirled until
the lipid was dissolved, then strained through glass
wool in a pasteur §ipette. It was rotoevapofated to
dryness then plaéed dvérnight either in a vacuum chamber
connected to.a vacuum pump or in a desiccator: with a
piece of paraffin wax using the house vacuum-line.

The next day fhe lipid was taken up in 6 ml of
u:ea-cholate bdffé;“° and sonicated for'10 min at 66 W
pOWéF";"'15 mg of each of the labelled lyophyliied coat
pfoteinsvwere placed in a tube and the 1lipid éolutidn
was added to them. The tubé was geﬂtly swirled at 37°C
until the protein vwas' dissolvedL (By this; time-'the ’
translucent solution had'become whiti;h, suggeSting'that

) vesicles- had  been , formed.) "Itb wasﬁ placed  in
Spec;ropof ‘6“ dialysis tubing (molécular weigﬁt
cutof£=1000) and dialyzéd;‘against ‘2 total of & 1 of
10‘ﬁM Tris-HC1 (pH 8.0), 0.2 mM EDTA, 10% methanol §ver

S e o «
e Urea-chélate'buffer'containedv2%‘sodium cholate, 0.1 mM:
'EDTA, 20.mM (NH,).SO, and 5 mM Tris-HCl, pH 8.0 >

''using a Braunosonic 1510 sonicator, Canadian Laboratoryi
Supplies Limited, Edmonton Alta. ' :

'?Spgc;rum»Medical Industries Inc., Los Angél@s;:Ca., U.S.A.
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72 hours with changes three times a day. The dialyzed
protein/lipid solution was -layered over 5 ml of 10 mM

Tris-HC1 (pH 8.0), 1 mM EDTA in each of two Ti50 tubes

and centrifuged at 15°C in a Ti50 rotor at 1]0,000Xg'for

-4 hours. The. pellets were suspended to a total volume of

9,0 ml with 60 mM Tris-HCl, 1 mM EDTA (pH 8); The . sample
was then divided into 234 5 hl samples. Each in turn,
was flushed w1th nitrogen for 5 min, then sonlcated at‘
60-100 W power for 25 m1n,_and was run on a Sepharose
CL-4B'*® coludn. using 60 mM Tris-HC1/1 mM EDTA (pH 8)
buffer. The elution profile is shown 1in Fidhre'll-z.‘The
fractione foliowiﬁg the major vpeak (etartidg from 5

tubes after the fraction with the higheet Aioo Value |

“until Ao = the basellne value) were pooled from both.

samples and concentrated in a dual cavity (100 m1/10 ml)
Amicon concentrator“} to‘ 1\? ml 60 mM TrlS HC1l/1 mM-

EDTA (pH 8.0) in D,0 was added for the deuterlum spec-

trometer lock, and the ‘sample was reconcentrated to

“ands the coat protein..

1.3 ml.

' Cholate Procedure " . ’

The cholate procedure for maklng ve51cles Waet-the

. Same as the - urea- cholate procedure, except that urea was

L »
left out of the solution used to’ solubilize the llplds,
: . . SR u .

—— e

‘?Pharmacia Fine Chemlcals, Uppsala, Sweden.

Ma.

!

o

'*Amicon Corporatlon, Sc1ent1£1c Systems D1v151on, Danvers,

U.S. A

.o
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FRACTION

' Fxgure 112 The Sepharose CL- 4B column elution

profile of a sample containing coat protein
recoqstltuted ‘into- phospholipid vesicles’ after -

‘:jsonlcatlon .The sample was prepared as :
~described in the text. The major peak (fractions
16-20) contains large vesitles and lipid-protein

38

fragments. The peak elutlng just after the major .-

 as*Deak (fractions ~22-35) is from small

unilamellar vesicles (SUV)'s. The latter
fractions were used to make the NMR sample, . Each
‘fraction contained 50 drops (2.4 ml) and the.
‘¢column was run by grav1ty. The column ‘size was

- 55 x 1.6 cm.

L3
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Modified Cholate Procedure
The above procedures for making vesicles did‘hot;

’s

result in consistently good preparations. It was found
that.thedpfdblem was due to the insolubility of the coat
~protein in the agueous solutions used,. SO two
mddifi;atiqna*were»&ade fo the Cholate procedure:

‘1) éhe amodnt"ofu cholateiﬁwas..increased ;n the
solution used for dissolvingfthembrotein and lipid}

'2) the coat protein in micelles was added directly
to the 1lipid/cholate solution and was nqt dialyaed and
lyophylized as 'in the - Cholate». and Ureafﬁholate
Prdcedures The details are as follows: |

100 mg, rather than 500 mg, cf 11p1d (80 mg DMPC,
10 mg DPPA and 10 mg CL) were SOlUblllzed u51ng 6 ml
benzene and 6 drdps of water, as described in the
Urea—cholate pracedure. After overnight evacuation, 5 ml
of 60 mM Trls HCl (pH 8. 0) R mM EDTA was added. to the
lipid and the flask sw1rled until the lipid was
suspended. A cholate/Tris—HCl/EDTA solutiom was prepared,
by adding 1 g of cholic'acid td 10 ml of 60 -mM Tris-HCl
(pH 8 0), [ mM EDTA and adjustlng the pH w1th 1\ M NaOH
as it dlssolved, SO that the final pH was 8. 0 The final

oncentrat1ons were 46 mM Tris- HCl 0.77 mM EDTA - and
7;7% sodlum cholate._ 1.6 ml of this was added to the ;
lfpid.suspénsion'résultlng in a change from a wh1te'
auspensionjvtq ‘an "almost clear" solution (the molar -

ratio of cholate:lipid was =2).

Ly
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1

Fifteen mg of each of the-‘and F%yr—labelled M13
‘phage were used to prepare-labelled coat.prdtéins 1n DOC
miéelles, as outlined in Chapter II-D.\ The fractidns
from the S200 éolumn were pooled and concentrated to
1.3 ml. This waé added, dropwise with stirring, to the
~lipid/cholate  solution at  room temperdtiire. The
“turbidity of the resulting lipid/cholate/coat protein in
DOC micelles solution did not chanée. The mixture was
placed i Spectropor 6 dialysis tubing, as described in
" the burea-cholate procedure. Iﬁ was dialyzed at 4°C for
87 hours against a total of 4 litres of 60 mM NHZHCO;
(pH"8.2), 1 mM EDTA with 6 changes. The 1ipid/pro£ein'.
. ‘mixture went turbid after ;24 hours, indicatihg vesicle
formation at that time; fhe dialysate was layered over
4 ml of 60 mM NH.HCO, (pH~8.2)/1 mM EDTA in two TiS50
,fubes and was otherwise handled by the same procedﬁre
- given in the Uréa—cholate procedure, except .that the
Stharose CL—@B.column buffer and D,0 buffér ere 60lmM

. NH,HCO,'*(pH~8.2), 1 mM EDTA.

' Determination of Phospholipid to Protein Ratios

' Determination of the PhospholipidlCdncentration
The ptocedure wasr{adabted from Rahéja, et  37.
(1973). It meésutes the phdsphorus content in the

mmmmmoNrmmmm e , | - _ | ,
‘13Thege particular vesicles were to be digested with chymo-

trypsin, Hence NH,HCO, (without being pH adjusted) was used
to allow the lyophylization of the buffer and the subsequent:

'L_paper eleCt\ephoretic separation of the 'cleavage products. .’

5
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samples, rather than the phosphate, thus problems with

trace quant1t1es of phosphate detergent 4n the sample
tubes was not a problem Four solutlons were prepared
SOlUthﬂ 1 contained 16 g of ammonlumamolybdate 1n
l201 ml of dlstLlled water. A few drops of HCl were
fequired to help dissolve,the molybdate. i | o
) Solution II_contalned~1d ml of redistrllgg mercury
added to a mixture of 40 ml.concentrated HCl‘and 80 ml
of Solution I. The mixture was étlrred for 45 min,. then .
filtered. The reddish brown flltrage was Solutlon II
Solution 'IIi, 4av dark greenvsolutlon was made by
the careful addition, with stirrlng,'iof a 'mixture .of
200 ml of concentrated H;So“”and 40 ml of Solution I to‘
Solution'IL” o N o
| Solution 1V, the chromogenicZSOlution,euas prepared
by the ‘slow add1t10n with stirring, of ‘25 ml of
Solutlon IIT to a mlxture Of 45 ‘ml of methanol 5 ml of
chloroform ‘and 20 ‘ml- of dlst1lled water. (This solution
’has a shelf- l1fe of at least three months )
The assay. procedure was as follows' "Five alfquots‘
'were taken from each of a chloroform solutlon conta1n1ng
.a known quant1ty of d1myr15toy1 phosphat1dylchol1ne .and E
xthe,w aqueous solutlon"co%gflnlng the " coat proteln-
ve51cles. The 51ze of the allquots were chosen to glve a
‘.range of 11p1d phosphorus from 0. 5 to 10 ug (usually the

‘~coat proteln in ve51cles sample had to be. dlluted ~‘30

tlmes with water). The tubes were placed in a 100° C oven \

9
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‘ruhtilr the solvents were evaporated. After cooling tge
ﬁubes, 0.4 ml Of, chloroform and 0.2 ml of tﬁe
chromogenic solution were added and vortexed for 30 sec
‘ eaéh. ~The- rack - of tubes was placed “in a boiling
Qaterbath for 3 min,v then, after bcooling, 3 ml éf
 chloro£9rm/§% méthanol Qas addedt Each tube was vortexed
for a minute. The samples were éentrifuged in .a
“counter-top cént;ifuge for 3 min to separate the layeés,
then -the absorbance of the organic layer at 716 nm was
'Qéésu;ed. Chlo;oféfm containing 3% methanol must be used
éé the sﬁegtrophotometer blank; a sample‘thatAdoes not
lbOntaih'any lipid,vbut Has been assayed as= described
'ab0ve}v gives an A;;¢ that 1is not co—lineér with the
abSbrbanSes‘ét‘716 nm'oﬁlthe'O.S-JO ug lipid samples.b
The final COlO;;}iS ;tabie-for 3 hours.
The moleé‘of lipid present in ~a milliliter of a
.coat prdtein in veéibles NMR sample was calculated by,
first, averaging the microgrémé'Of pﬁosphorus preseht in
a unit vélume oﬁ sample (Z), then solxiﬁg ﬁhé folloﬁihg

y . : L o

equation'¢: *

L = Z(#Q/ml)kdilutionXIO"(q/dg) x»7-29(moie 1ip§d)éﬁ
» | 31(g P/mole) ‘ 7.93(mole P)

e .
—— e o o - — - — -

*¢The lipids of the vesicles containing coat prot&in were
DMPC, DPPA and CL (80:10:10). CL has two phosphorus o
atoms/molecule, ‘thus the moles of phosphorus are greater ..
than the moles of lipid by the ratio given. The ratio was

and CL are 678 g/mole, 671 g/mole and 781 g/mole, respec-
tively. . [ 1 T y §

'determined'aSsuming.that the molecular weights of DMPC, DPPA’ -



“1The sample could not be\ln Trls HCl buffer; as the Trlzma :‘

. Determlnatlon of the Protein Concentratlon,
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where dilution = volume of diluted sample
volume of~sample assayed

The error in this calculation was determined as

follows: -

AL = L AZ * + "AVy . LR
: "z Ve v,
‘ \

where V, 1is the volume of the diluted sample and V, is

the'volume'oflthe sampiehthat was diluted.

RN

" The procedure used to measure the protern content
of the coat protein in ve51cles sample was the Hartree
protein assay'(a modified Lowry procedure) (Hartree,
1972) Three solutions were made:

‘Solution A contalned 10% sod1um carbonate and. 0.2%
sod1um/potassxum tartarate in 0.5 M sodium hydrox1de.

Solutlon B. had 2% sodlum/pota551um tartarate and 1%

9

copper sulfate pentahydrate in 0. 1 M sodlum hydrox1de

Solutlon C was made ]USt before u51ng and contalned

f1 ml  of Folln Clocalteau phenol,reagent and“14 ml of

water. SRR

¥~Ahfv allquot of the coag proteln in wvesicles

K

sample ‘ Qas dlluted 20 tlmes with water and d1spensedrl

1nto 5 tubes. As well allquots of a solutlon conta1n1ng

~ known amount f bov1ne serum albumln were measured o

_.._-__———_.-,..___..._

f'base reacts w1th the reagents.



(Y), then using the follow1ng relatlonshlp

&

into 5 other tubes. In both cases the concentrations of
protein were between 0 - 50ug protein/tube. Distilled

water was added to all tubes to make their volumes 1 ml

50 ul of 0. 4% Trlton x-100 was added to each tube They

‘were mixed using a ‘vortex, then 0.9 ml of Solution A was

added and_mlxed agaln. The rack of tubes was praced in a

50%C waterbath for 10 min. They were removed from the\

Waterbatp allowed to cool; then.100 ul of ‘Solution B

»

3 ml of SOlUthﬂ C was added to each tube and 1mmed1-

ately mlxed thoroughly The rack was placed in the 50 C

Y

- was added and m1xed After 51tt1ng for at least 5 m1n,a

waterbath agaln for 10 min., The tubes were removed from )

;the vwaterbath allowed to cool and thelr absorbance at

650 nm, was measured

\.

bsample (p) was calculated by first determining. the aver-

age prote1n content per un1t volume of each sampie tube

o -

P(mole/mll = Y(uq/ml) X dllutlon x_10° ‘(q/uq)
) o - 5240(g/mole) L

]

‘_where‘dilution = volume of diluted sample .
' S N volume of sample diluted -

e

The proteln content in ‘the coat proteln in ve51clesf

.
}
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The error in the protein- centent measured was -cal-

culated using the following:

ap = pl(av) + (avg)r ¢ (AV\ic
Y Vd ‘Vs
where V, is the volume of the diluted sample and V, 1is
the volume of the sample that was diluted. !

The lipid to protein ratio (R) was calculated by R-

= L/P, thus the error 1s given by:

Chfﬁotryptic Fragment Purification #

| After the chymotryptic cleavage >of lehe— and
?tyr-labelled M13 coat proteins in vesicles (see Chabter
V-A), the vesicles were separated from the fragments by gel
filtration on a Sephacryl 5200 coiﬁmn (44 x 1.6 cm), equi-
librated 'with 60 mM NH,HCO, (pH"8.2). The absorbance of the

fractions at 230 nm was measured, and those fractidns

-

containing the . chymotryptic fragments were pooled and
lyophylized.‘THe res}due was takén.up in 0.5 ml of O.J‘:M
NH.HCd; (pH 9.0), 8 mM DOC, then the DOC was precipitated
and filtered as described in Chapter A I1I-D.'* The filtrate

was lyophylized. The residue was dissolved in 2 ml/distilled

- —— o — . - — . M - )

'sThis step was requirad to remove lipid contamination,
which caused streaking of the paper electrophoresis. '
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14

water and lyophylized. This was repeated two more times. It
was dissolved in 40 wul of pH 6.5 electrophoresis buffer,
streaked over 4 cm on 1 mM paper, and the paper electro-

phoresis was run-as described in Chapter II-D.

F. NMR Procedures

S~

o)
B

Instrument and Equipmeﬁt bescription.aﬁd Conventions

| The '’F -NMR spectra shown 1in thisvthesis were run on ‘a
Bruker HXS 270 MHz épectrometer, operating at 254.025 MHz
for fluoriné, in the fourier transform mode, unless’ stated-
otherwise. The temperature was controlled using a Bruker
variable-temperatufé controller for temperatures dbove. room
temperature' (=299°K), andr thé same'te}perature controller
simultaneously vith a refrigefation unit'’ for temperatures
below room tempefature.

''F NMR sp?ctra and/or T, measurements werq~done at two
other frequenciés. The spéctra and. T, data at 141 MHz were
-collecfed Qsiag the Nicolet NT150 NMR spectrometer of
’Dts. Ponsy Lu Pnd Stan Opella in the Chemistry Deﬁartmeng of
the Universiéy of Pénnsylvania'in Philadelphia, U.S.A. The
376 MHz spectruﬁbwas ruﬁ on the Bfuker WH400‘spectrometeF of
- the Chemistry Department of the_University of Alberta.

The '’F chem1ca1 shlfts were given reiative to; thg
fluorine signal of trifluoro-acetic acid (TFA) at 299°K in a
‘solution containing 1.67 mM TFA, 15 mM potassium phosphate

—————————————————— \

“''CryoCool, Neslab Instrument Incorporatlon, Portsmouth
N.H., U.S.A,
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(dibasic) 2 mM EDTA and 50 m%ipotassium chloride (pH 7.0) 1in
99.75% deuterium oxide. 'The convention was taken that
iqcreasing field was decreasing frequency; Fphe and Ftyr
were resonating upfield -of the TFA resonance, therefore
their resonances had negative chemicai shifts. fhe chemical

shifts reported were those obtained from spectra whose

collection was started (at least) 20 min after the sample

was placed tq the magnet, unless stated otherwise ; this was
found to be the eguilibration time neceséary for stable
chemical shift values.

'The acguisition parameters used in the one‘pdlse NMR
experimeﬁts are given in the Figure legends. The acquisition
parameters for the experiments ueing modified pulse

sequences are given in -the next two sections of this

Chapter{

Relaxation and Nuclear Overhauser Experiments
'*F spin lattice relaxation times (T,) were measured
using either inversion recovery oOr progressive saturation

techniques, without proton saturation, The inversion

recovery technique monitors the relaxation of the '°F spins

“after a 1B0° pulse by varylng the length of time (t) 'waited

before the 90° pulse: 180°-t 90°-acquisition. The spectral

parameteks used for the measurement of the Fphe and Ftyr-
[

re51due; y's of those labelled coat .proteins in DOC micelles

were: P, = 42 usec (180°), P, = 21 usec (90°) +5000 Hz

sﬁeepwf th, 4 K data, 800 scans and a 5 sec delay between
i -
f

\



48

cycles. The times (t) waited were: 0.05, 0.1, 0.2, 0.3, 0.4,
0.6, 0.8, 1.0 and 2.0 sec. .
The T,'s of the\Fpﬂe and Ftyr residues of M13 coat pro-
teins reconstituted into vesicles were measured using a
progressive saturation technigue. This methdd uonitors the
steady-state magnetization of the '’F spins after a 30°
pulse as they are allowed varying times, t, to relax:
90°-acquisition-t: Steady-state is obtained after the lfirst
few pulses. The acquistion parameters usedAto obtain the Ty
spectra were: R; = 17 usec (90°), a sweepwidth of #6300 Hz,
2 K deta and‘ 15,000 scans. There was no delay between
transients other than the times, t: 0.15, 0.3, 0.45, 0.6,
‘0.8, 1.0 and 1.5 sec. \ | |
" The nuclear Overhauser experiments required the
'saturetion of the proto,n(3 spins, prior to the pu1se and
- acquisition &t the fluprine.spins. It was necessary to use
both 250'pass/254 stoprand 254 pass/270 stop cavity filters
to avoid saturating the fluorine resonances with the pre-
irradiation of the protons; brbad-band~decoupling with 2.5 W
of power centered in the proton aromatic region was used.
The decoupler was off during acqu1sttlon of the fluorlne
signal. The spectra were acquired using va 19 usec (90°)
pulse, a sweepwidth of *6300 Hz, ?’K dé%a and 30,000 scans.
There was a delay of 400 msec between tran51ents. The NOE's
were ' determ1ned‘ relative to a spectrum that was collected

using the same parameters as- above, except that the

decoupler was set off-resonance.
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The NOE's measufed at 141 MHz used cavity filters?®® to:
remove the fluorine frequencies from the decoupler pulse and
the  proton frequencies, from the ' fluorine signal. The

" decoupler was g%Fed off during fluorine .acquisition. The
spectral péraﬁeters were: a 25 uséc (78°) pulse, a
sweepwidth of 10,000 Hz, 30,000 scans, 8 K ,data; and a
delay of 300 msec between transients.

Fluorine Chemically Induced Dynamic Nuclear Holarization
Studies R

The CIDNP of a tyrosine molecule req%iréé the photo-
excitétion of a dye and its interaction with the tyrosine
(see Chapter IV-B). This was monitored using the following
pulse/laser sequence: Dy-L-D,-P,-A, where D, was a delay
between transiénts (9 sec), L was the tiﬁe" that the laser
shutter is open (1‘sec), D, was a delay to-allow the shutter
to be closed (10 wusec), P, was the ;cquisition ‘pulsé‘l
(18 wusec (90°)), and A was the acquisition time. The othér
acquisition parameters included a sweepwiéth of +2000 Hz and
4 K data. The light. and dark transients, referrihg to

whether the laser was on or off prior to the pulse, were

collected alternately.‘

i
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111. Studies of the Two Amino Acids: Fphe and Ftyr =
)

A. Interaction with Carbon Dioxfde in Bicarbonate Buffer

Introduction

The kineti¢s and thermodynamics of the interaction of
carbon dioxide with water’and_amines have been studied for
many years (for a review, see Kern, 19603..Initially, the
reactions of CO, and amines to form carbamate products- were
only of interest with respect to the study of the hydration
kinetics of CO, (Faurholt, 1924) Interest ;n the reaction
of CO, with amino groups increased greatly when it was

postulated that this was the method by which hemoglobin (Hb)

binds CQ:. Since that time researchers such as Roughton and

vC0workers' (1966, 1970), Van Kempen et al. (1975), and

Imaizumi et al. (1982) have done detailed studies using
amino acids;rdipeptides and.Hb to determine the details of
the reaction. Studies of the amino acids’and dipeptides have
typically depended upon the measurement of the COz in
solution ~as either carbamate, u51ng a BaCl,- precipitation
technigue (Faurholt, 1924) or as dissolved COq, using a co,
eleetrode (Rooghton etvé}., 1966). Studies of Hb are often
moré complex, sometimes requ1r1ng -the isolationi of the
carbam1no Hb" (the carbamate form of Hb) and subseduent Co,
gas analy51s of the proteln (Van Kempen 1975).

Nuclear magnetlc resonance 1s a technlque by which the

concentratlons of the reactants may be . monltored dlrectly

50
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In particular, '’C NMR has been used by Gurd et al. (1980},
O'Leary et al. (1979) and Morrow et al. (1974) to monitor
carbamate formation in Hb, ribulose biphosphate carboxylase,
and myoglobin, respectively (fer a review, see Lorimer,
1983). We. have found that '°’F NMR may also be used if the
cafbamate species'are of fluoro-amino acids; the '°F NMR
spectra of Fphe and Ftyr, 1in a solution of bicarbonate
buffer (pH Q.O), contain resonances from both the free amino
acid and carbamat; species of'each'amino acid. Measurement
of the concentrations of the carbamate products, using the
NMR peak intensities, as a function of pH has allowed the

determinations of the carbamate equilibrium constants of

these fluoro-amino acids.

‘Theory
Carbon dioxide has been shown to react with amines as
. “ . ~-
follows: _ '
CO, + RNH, # RNHCO:H
RNHCO,H #= RNHCO;~ + H"
where RNHz is the deprotonated amino ac1d and RNHCO,H/ 1s the

,carbamate*spec1es. The overall reaction can then be wrltten

as:

. K c ' N ‘ -
CO, + RNH; & RNHCO;" * H* o ,\
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The '’F NMR spectra allow the measurement of the con-
‘cent;ations.of both the free amino acid and the carbamate
form of the amino acid as a function of pH. With these data,
it is possible to determine Kc, the equilibrium constant for

the reactign.

From Kern (1960) and Roughton et al. (1966), the

equilibria -present - in a solution containing bicarbonate |

buffer and amino acids (in the pH range 8 to 12) are:

RNH,* = H' + RNH, - K, . o (1)
RNH, + CO, = RNHCO, + H' K. | | (2)
- €Oz + H:0 &= H,CO;" Kn™ ' - (3)
H,COy & H® + HCO," | K, (4)
CO, + OH- & HCO;" | K, ' o (s)
CHCO; - = He + Oy K: . (6)

Reactions (3) and (5) are known as the direct hydrdlysis and
basic hydrolysis‘qf carbon dioxide, respectively. Reactions

’

(3)-kand:,(4)';are the démingnt equilibria below pH 6 while
reacgions (5) and-(6).dominaté:;bove pH 10. At intermediate
VpH}s bdth. mechanishs.are preseht.‘Tq solve for the concen-
tration of the Carbamate épecies as a functioﬁ of proton

,Concentrationy equations 3 an®’4, and 5 and 6 will combine
. '\‘” . B 3

to give: . | ' ;
CO, + H,0 & H' + HCO;~ Kin = Ki/Kn (7)
CO, + OH- &= H' + CO;"%  Kap = Ko/Ky o (8)

Thegdissociétion of H,CO,; described by equation (4) has
a pk .< pH 8 (pKi= 3.76) therefore -the concentration of

H,CO, was assumed to be negligible. Hence,

e - “ ) -,
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total concentration of carbonate speciles

CO:

= [H,CO,)+[HCO, }+[CO, *1+[CO, ]+ [RNHCO, "]

) [Hg@3'1+[co3-’]+[C02]+[RNHCOZ'] (9)
R, = total concentration of amino acid species

i}

[RNH,* ]+ [RNH, )+ [RNHCO; "] | ' (10)

Writing and rearranging the equiliﬁrium equation for -
equatioﬁ ~(2), one obtains theirelationship petwéen the.con—':
centration 9f the carbamate produéf and the hydrqgen ion

concentration:

[RNHCO,- ] = K. [RNH,] [Coz]‘» | (1)
(H*]

Substitution of equation (10) into the equilibrium equation

for equation (1) and rearrandment gives:

[RNH,] = K, (Ro ~ [RNHCO,"}) (12)
[H*] + K, .

Combining the equilibrium relationships of equations 7 and 8
with equation (9) and solving for the concentration of CO.

results in:

[cO,] = [H"]2(Co-[RNHCO,"]) , (13)
TH'TJ? + Ky [H'] + KuKzs |
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‘i_' Finally, substituting equations {12) and (13) into (11)

gives the quadratic:

‘A[RNHCQ, ]* - B[RNHCO, ] + C.= 0 v (14)

1]

where = A = K.K;[H']
B = D1Dzv+ KCKZ[H’](R0,+_C0)

KcKz‘ROCO[HQ] N

(@]
1]

Dy

!

fh‘] + K;'

D, = [H*]* + Ky, [H ] + KuKzy -

The analyses of the 'Fphe aﬁdAthyr " data using this

relationship are given in the Discussion.
\.‘/ B ) . ) ’ TR

Results »
. The "’F NMR spectrum of a éample containing Fphe, Ftyr,

A
Doc?! anavsodium bicarbonate (pH9.0) (see Figure III-1),

contains  four seﬁs‘of resonances: the resonances at -38.27
and ~61.41 ppm havé been assignea,to Fphe and Ftyr;_ respec-
tively;l'tﬁe resonénces gpfiéid.of.each o£ fh%se} ;t -38.91
and-f62.18’ppm, are due to Fphe énd Ftyr as well, but are

shifted from the major resonances indicating th&t the

4

flborineg_in these amino,acidsi are -in different magnetic
environments., The multiplicity of each.of the Fphe and Ftyr
"Tpe'deoxybhoiate was included in the‘sample so that the -
conditionsgfor the acquisition of the free fluoro-amino acid
spectra woggd be identical to the conditions of the exper-
$ments with the DOC micelle-bound, fluoro-amimo acid--
labelled coat protein. The presence or absence of the DOC .
was found to haVQ_no=effecLapn the fluoro-amino -acid ''F NMR
spectra. . ° ' | * ‘ -

_ §3?
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~'resonapces; seen clearly in Figure 11I-2, 1is due top the
coupling of the fluorine nucleus of ‘each amino acid, to
neighbouring riné protons; the spectra were not pro;on
decoupled. figUre' III—? also shows that the Upfield reson-
ances were ﬂot caused by the DOC but result from the bicar-
bonate buffer. A D,0 solution containing only Fphe and Ftyr
at pH 9.0 did not have any upfield resonances
[Figure' III—Z(i)]. AS ‘the .buffer 'concentratien was
increased,~the height of the upfield resonance relarive ro
*the "major" resonance increases until_at‘O.S M,/rhe»relative
heights are almost equal [Figute III-2(iv)}]. At 1.0 M
[Figure I1I-2(v)] the upfield resonance becomes thefmajor
resopance} | |
Figure III-3‘ shows the '°’F NMR spectra of Fphe in
e1ther .sodlum phosphate [Figure 111-3(A)] oe 'Tris—HCl
[Flgure I11- 3(B ] buffer, as a function of pH. There were no
upfield resonances present in e1ther buffer threugh a pH
range of 8.0 to 11.0 Wlth sodium phosphate.andr4.0 to 9.6
with Tris-HCl. | ‘ L
' _Tﬁe '*F NMR spectra o?@ fﬁxoro “benzoic acid in NaHCO;
buffer are presented as a funcrlqn of pH in Figure I11-4.
There 'weggv\no upfield resenances preseat for this comppund
'throughout the pH range of 8.0 to 10.0. As well the hemi?.~
' cal shift of the resonance at "-38.42 ppm d1d not shift
.throughout the pH titration. - R R N

Figure II;—S, shows the effect of changlng the pH of. a"

vsoiption containinngphe, Etyr and,Naﬂcoau lghe' ‘results of.
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F1gure III 2 The 2P NMR spectra of the and Ftyr
with varylng NH,HCO; concentrations, The sample,

contained 3
all pH 9.0.
lwhlle'those
centrations
iv) 0.5; v)
the same as:

mM. each of Fphe anfl Ftyr and were
The resonances in A are from Fphe

in B are .from Ftyr. The NH4HCO; con- e

are: i) 0 M; ii) 0.05; 111) 0.1;
1,0. The acqu151t10n parameters were
1n Figure. III-1
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F1gure I111-3 The '’F NMR Spectra of the in elther"
' phosphate or Tgis-HCl buffer. with varying pH.
" The samples contained 3 mM.of both Fphe and Ftyr
. (only Fphe spectra shown). and 0.1M of elthei
" A) sodium phg sphate or B) qus ~HCl buffer, i ,
- D,0. The pH alues were- varied as: Eollows---—-:
- 'A~i) 10.97; A-ii) 9.50; A-iii) 7. 98; B-i) 9.60;:
B-ii) 7.99; B- 111) .4.04. The spectra were | v
"aqqu1"-~'at 297°K using the acqu1s1t10n parame-
ters [give 1n Flgure III-I.‘,‘ : :
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Figure III-4 The -*’F NMR spectra of 3-fluoro-

benzoic acid in bicarbonate buffer with varying

' pH. The sample contained 3 mM Fben and 0.1M
* NaHCO, buffer, in D;0. The pH was varied as fol-

lows: i) 10,0; ii) 9.0; iii) 8.0. The spectra
vere collected at 297°K using the same acqui-:

sitiop parameters given in Figure III-1.
¢ Fh

o ) L

£l
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. broadening was used.

T | kl%v L R S
38 -40 PPM-60 -62 PPM

a8
[

Figuré 11144 The '°’F NMR spectra of Fphe and Ftyr

in bicarbonate with varying pD. The sample
contained 3 mM each of Fphe and Ftyr and 0.1M
NaHCO, in D,0. The résonances in A are from Fphe
while those in B are from Ftyr. The pD values
are: i) 11.69; ii) 11.08; iii) 10.54; iv) 9.89;

'v) 9.44; .vi) 6.67. The spectra result from 1000 .

scans, collected at 298°K using a 7 ugec (35°)
pulse, 4000 Hz sweepwidth, 4K.data, and a delay
of 406 msec between transients. 0.2 Hz line-

60
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this‘titration will bg‘used for calculatIng the eqguilibrium
constant, K ¢, of the carbamate reaction in D0, hence, the
pH values are given as the more appropriate pD values. As
the pD 1is increased from 8.67 to 11.69, the major (down-
field) resonances for both Fphe and Ftyr shift dpfield. The
" chemical shift of the upfield Fphe resonance does not change
’throughout this pH range, while the nyr upfield resonance
shifts downfield slightly. The titration behavior of the
chemical shifts of the Fphe and Ftyr resonancee are more
| clearly shown in Figure III 6. The analys#s of the dis-

-

sociation constants of these curves are ‘given ims the
DIscussioﬁ. |

The spectra in Figure III-5 also show that the ;elative
intensities of theé major and upfield resonances for both
the and Ftyr are affected by the pD of the soletion: " the
1nten51t1es of the upfield resonances increase with pD until
a maximum at ~10.5 is reached then they decrease. The areae
of the upfleldk resonances were normallzed relative to the
tetal area (major + upfleld resonances), then converted to
concentrations of the species. The graph of the concen-
tration of the upfield resonahCQ§ as a ﬁunctien of pD. is
shown in Figufe I11-7. The points Shown'are the actual data
whiie the curve is the computer fif to the data using the
eguations presented in the Theory section (see Dlscu551on)
The upper graph used the Fphe upfield peak 1nten51t1es whlle
the lower graph used the Ftyr 1nten51t1es. The better fit of

the upfield Fphe* data compared to the upfleld Ftyr, data -
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Figure 111-6 The pD titration curves of the Fphe

and Ftyr '’F NMR chemical shifts in bicarbonate:
puffer. The data were obtained from the '’F

NMRpD titration of. the flucro-amino acids, six °

of which are shown in Figure III-5. Curves A and
A' are the major and upfield Fphe resonances,

respectively, while B and B' are from.the major

and upfield Ftyr resonances (see Figure I111-5).
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Figure II1-7 The graphs of

the concentrations of"’

the Fphe and Ftyr carbamate species as functions

- of pD. Graph A is the F

is the Ftyr data. The da

the '’F NMR resonance in

- pD values (see Figure II

 the points are the compu
using equation (14).

phe data, while graph B

ta were obtained from
tensities at each of the
{-5). The curves through
ter fits-to the data,
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reflected the higher concentration of the upfield Fphe

species in the sample; there was less than 0.3 mM of the

upfield Ftyr species at most of the pD JaLUea which appeared:

to be the limit of detection. More scggns and/or a higher

.

concentration of Ftyr would be_'necessafy to improve the
data.

To ensure thatvthe'comparison of resonance \intensities
is valld the T, relaxat1on times of the the and Ftyr res-
onances were measured at 298°K and are shown in Table III-1
The T1. data were acquired using a progressive saturation
puise sequencéd and were- analfzedﬁ dsing_ a Nicolet T,
prodressfve saturation curve:fittidgv program: The delays.

between transients (seer Chapter II-F) were: 0.1, 0.3, 0.7,

1.5, 3, and 8.5 sec.

Discussion

. pr, reserice of an agueous solution
-t'. .

Gaseous coz in t
\.

equ111brates between the g»gjgﬂs phase over the solution @nd-

the dlssolved ané hydrated forms .in the solut1on. The mecha-
n1sm of COz hydration depends upon ‘thej SOlUt10n> pH~ ‘at
pPH <6, the djrect 1nteract1on with H, o is the domlnant mech-

anism (equatlon (3)) whlle at pH >10 the aLkallne catalysed

mechanlsm predominates (eQuat1on (5)) It - &% clear from -
A :

4 Y

those two equatlons that COz in a solut1

-v.

B

'by e1ther perform1ng exper1ments in

startlng W1th b1carbonate buffer.}_ R

: be,;‘,i produced . -

gmasphere orib§‘



Table III-1

The T, relaxa;ion,times.of Fphe and Ftyr

amino acid resonances

‘Resonance T, (sec)
Fphe: upfield *~ =~ = 2.9 % 0.1
a5 . '
4, major - 3.1 2 0.2
Ftyr: upfield » 1.8 ¢ 0.2
major , 2.5 + 0.1 )
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Given that the bicarbonate buffer.is a source of CO;
and that CO, is known to react with amines to form carbamate
products, xit is reasonable to propose that the upfield res-
onances_in the '’F ﬁMR spectra of Fphe and Ftyr‘in a bicarsg
bonate ‘solution result from the carbamate species of each of
the amino acids. It is necessary however to prove that. the
upfield resonances depend both on a source of CO, and the
-presenee of amino groups. The‘neceSSity of a "CO,-source" 1s
demonstatedv in Figures I111-2 and 1II-3. Figure 111-2(1)
‘shows'that when there is no bicarbohate buffer included in
the sample, no upfield resonanees are seen. As the concen-
tration  of the Dbicarbonate buffer is increased
[Figure III—?(}i-v)],‘the 1nten51t1es of the upfield reson-
ances_increase. This is expected if the bicarbonate buffer
is‘proeiding the CO,. Flgure IT1-3 relterates the conclu51on
from Figure III-2(i). When the ''F NMR spectra of Fphe and
thyr are run in solutions containing elther sodium phosphate
‘[Flgure 111-3(A)) or Tris- HC1 [Figure I11- 3(B)] buffer, no.
upfield resonances are seen (only the Fphe spectra are
.shown)}'in Figure III<6, it was shown that the pH of the
.'}biCarbonate solution affebts the intensities:of,the upfield

-resonances, To show ’that the pH _of 'the’ phosphate and

Tris-HCl solutions has no effect on’ whether or not upfield

resonances are detected the - pH of those solut1ons was

»varded.’afhe second and th1rd pKa .values of the phosphatepph’

«©

buﬁfer" 'are 7 21 and 12 67 respect1ve1y, wh1le the pKa of

“CRC Handbook of Chemistr'y and Physrcs (1969) ed Weast,
' (The Chem1ca1 Rubber Company, Cleveland

<
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Tris-HCl buffer?’ 1is 8.38.wIt is seen in Figure III-3 that
regardless of the ionic valencé of the buffer (determined by
‘the pH) or whether the buffer is anionic or cationic (being
phosphate or Tris), the upfield resonances are not detected.
‘This suggests that the upfield resonances of ;he 'F  NMR
spectra of Fphe and Ftyr in bicarbonate are not due to a
nonspecific ioqig interaction. These results\also show that
CO, contamination from the air (which is particularly of

importance at pH>7 _.[Hall et al., 1983]) is not significant

in these experimentss

f The netessity of the amino groups to the appearance of
./’

fthe upfield resonancesy{was shown g} the, following: the '’F
;NMR spectfa.of‘3-fluoro-benzoic aci% (Fgen) in bicarbonate
buffer (Figure III-4) were insensitive to the pH of the
samplé with respect to both the chemical shift Sf'the reson-
ance and the absencé of an "upfield resonance”. The Fphe and
Ftyr respha&ces experiénce‘ signigicant. changes in their
chemical shifts and contain upfield reéonahces tﬁr@ughout
the‘pD range (Figures III-5 and II1I-6). The only"difference
in sgruc§ure betwqgn Fphe - and Fben, essentially, 1is,that
Fben does hotQhavé an amino grQup. Hence, the ‘change " in
, chémiqal "shift ~of, 1.05 ppm of the the'major resoﬁance
LFigur; III;@(A)]-must'resuit. from the titrati§n~ éff the
_ o . . : e

amino  group: (pK, ¢ ;»i§.64)’f. (As well, in Chapter\ﬁIIfB;

- —— o b - - ——

~23(cont"d) Ohio),pg.D-119. , S

v 22CRC Handbook of Briochemistry: Selected Data for Molecular

.~ Biology (1968)“ed;‘Sober)'H.A,ﬂiThe Chemical Rubber Company,
' Cleveland, Ohio),pg.J-117 : U B
24This amino group dissociation constant was measured in
D,0. In H,0, this constant would be 9.04 [see Marshall]

Cod
|
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Figure III-13 shows the ''F NMR spectra of Fphe and Ftyr
whose N- and C-termini have been N-acetylated and methyl
esterified, respectively. There are no upfield resonances
present, thus the necessity of the free amino group for the
appearance of the upfield' resonances is supported.) The
titration behavior of the.upfield_Ephe resonance was shown
in Fiqure III1-6(A')..In this case the chemical shift did not
change with pD, showing that the amino group of this anhe
species was not not titratable.

The Ftyr case is more complicated as both the phenolic
h§%roxyl and the amino groups “are t1tr€ted . in this pD
regxon. As a result, curve B in Flgure III 6 is actually a,
curve' contalnlng both titrations. Curve B'“shows that the
" chemical shift of the Ftyr upfield species Sh1fts less than-
that of the Ftyr resonance and in the opposite direction
‘(shlftlng downfield instead of: upfleld) The - pKa: obtained‘
from curve B' is 3.21. ’5‘That?the amlho group of the'.the
upf1eld . spec1es was not’wtltrated g suggests thatf the
t1trat1on of the Ftyr upfleld spec1es 'is 'of; the hydroxyl 5
rather than the, amino group (ThlS pKa is low. for a tyr051ne
.hydroxyl bﬁt wéﬁld be showﬁng the effects that the fluorlne

s

“n'/the .)" A comparlson of‘ curve ﬁ' to curve B

‘assl ns th lower reglon of curve B to the t1trat10n of  the
9 9 7

-

'hydroxyl moxeﬁy The upper major portlon of the curve, then,

—————————————————— ‘gp

, corresponds to the t1trétlon of the Ftyr amino group

 14(cont'd) (1978) pp456- 45%, to be glven]

237he Ftyr amino and hydroxyl group dlssoc1ation constants
 were determ1ned in D,0. Thus, in H,0, pK =-8.62" and -
. PK.= 9. 62" (see Makshall. (1978), pp 456- 457 to be given).
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Analysis of pb dependence of this region of the curve
results in a pK,® of 10.23%°. | o |

The results discussed demonstrate that the prg;ence of
the upfield _Fphe and Ftyr resonances 1n bicarbonate buffer
requires both the‘amino groups of the amino acids, and the
bicarbonate,‘ hence the upfield resonances are due to the
carbamate species of each of the amino acids. The the and

Ftyr carbamate resonances are well resolved from those of

the amino~acids so their behavior may be monitored dlrectly

In partlcular the  changes 1in thélr 1nten51ty with pD -

reflects the changes in their concentratlons w1th pD These

data "allowed the determlnatlon of the equ111br1um constants
for the carbamate formatlon\(see Theory sectlon) for both of
the fluoro ambno ac1ds |

The desire to compare the intensities of the ma]or“and

upfield resonances of the pD titration spectra prompted the

measurement of the spin 'attice"relaxat}on times,_(T,‘s), of

‘thgv“resohances. Table I11-1. showed that  there .is only

: , \
approximately 1 sec difference befWeen the longest and

. shortest T,'s. Thea.specttal acquisition parameters vef®

optlmlzed for the longest T,, that of the major Fphe reson—

ance, but as the dependence of the slgnal to noise ratlo on

the. T, is ldgr1thm1c (Ernst and Anderson, 196GL, the ,51gnaln

to. noise ratlos due to the data acqu1s1tlon should not bé

B significantly‘ dlfferent.I’ D1fferences in - resonance'

1ntens1t1ES,' then, were bdue to dlfferences in ‘the concen~

A

tratlons of the the and Ftyr spec1es. ."_,f°‘f‘ s

!

g
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The changes 1n _the 'concentrations of the carbamate
species with pD for the and Ftyr are shown in Figure ITI-7.
Qualltatlvely the data may be explalned in terms of the
relative pK,® values of Fphe and Ftyr and the pK, value of
bicarbonate. The: reaction of CO; - with an amino group-
requires that the amlno group be uncharged Therefore, the |
gradual increase in the concentrations of the Fphe and Ftyr
carbamate spec;e5~ reflect the increasing concentrations of
the deprotonated an1no groups as the vahe and_\Ftyr pK,°
values are ‘approached. The Ftyr pK,¢ is higher than that of
Fphe (10. 23 compared to 9. 64) thus the conceniratlon of - the -
deprotonated Fphe and consequently the concentrat1on of the

.Fphe carbamate wlll be greater. Once above the. amino ac1d‘

d

DK, °

bonate (10.88). Thls equ111br1um (shown by equatlon (6)) is
i

1nt1mately involved wlth ‘the CO; concentraﬂlon of the .

|
solutlon (through equatlon (5)). Once the pD is 'abovew ng,r

values, the pD approaches the pK. value of the blcar-

the concentrqtion of the HCO," ion. has ggcreaged 51gn1f1-

cantly. This, in- turn, drhws from the COz concentratlon ({in

quatlon (5)) wh1ch results 1n the reversal of the carbamate

equ111br1um (of equation (2)) The‘ qoncentratlons of . the

L

: carbamq‘e pec1es therefore decrease w1th the conver51on‘of

G

| carbamate to deprotonated am1no ac1d and COz. § ',';l\
-lﬁ quantltatlvev dlscu551on of the carb?mate reactlon
uses the equ111br1um fonmulaeroutl1ned 1n - th Theory ec—f .
:;° tlon. 'T h result (equatlon(14)) is-a uelatlonshap between

' the concentratlon of the carbamate spec1es vand th proton

: \ =, . o e R —ln
R [ o : o SRR 2



‘ T ’ 71

concentration; the,constants of the equation are all known
from the literature except for K., the carbamate reaction

equilibrium constant. This.constant may be -derived by the
o . : L
solution of equation(14)%

Equilibrium constants. depend upon the experimental con-

O

ditions under which they were derived, hence, a discussion
of the factors 1nfluenc1ng these constants is appropriate.
Three factors are partlcularly relevant' the tinperature,

the solvent (H,0 Versus DzO) and the ionic’ strength of the

-\

sample. The 1;terature ,constants used in the calculatlon<
A o . 4

were determined at 25°C (298?K) and /g’;;gnkc/,strength in"'

water. The experiments descr1bed hereln were also done at

298°K, so temperature is not‘ﬁa problem, Both ﬁpe ionic
strength and” e' solgentj.though, were: dlfferent, SO th;.
effeots will bevanalyzed K . - “'-J; . :

Correctlon for the change of solvent f:om H., o) to D%O‘ls
relatively stralghtforward?.For the dlssoc1at10n og}an ac1d

the followlng relatlonshlps apply (Marshall 1978):

pD,— pH readlng + 0. 41 «Z ' Lt

PK,* = 02(pK ) + 0,42
Thus the convers1on of K. ahd K: to K\ and Kz \kisi‘simple,
» The‘ corré%tlon of “the. carbon d10x1de equ111br1um constants, S
K, and K, requ1re 1nd;v1dpal k1net;c analy51s. .

e o .'

( . ! o . ‘ . . I . N . > o s . ‘.

LY
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Morrow et al. (1974) give the effects of replacing water -
with deuterium oxide on the constants as:
K, /K,¢ = 4 v , ,
K,/K,® = 0.8 , B

L i &‘ A N . 4 Co N . » ‘ o
hence, K,% wand K,* may be determined. The values of Ky, Ky, -
. i ®ra - ) ' . . ) : _l- .
and K, are given in Table III-2. ' & ' i3;.57 i

The third factor that would affect the equ111br1é e \d“‘
ionic Strength is more ,dlfflcult fto* cortect. Neuberget
(]937) outllned in detail,. the protocol for determlnlng the'u

¢

.effects of ionic strength on . equllibrlum ;onstants Absolute .

v_equ111br1um constants are glven by the follow1ng o
| ‘ = [a*] B~ ] X" fA’ f;;¥'.>>n R ff":':‘mL
- ‘;, (ABT Fag -. " T
i ‘ - - ¥ ".‘ ’ “ _‘ -:.' 3;". » o - . . . ¢
‘where [A ] [B ] and [AB] are the equ111br1um cgncentratlons
| .

tdf‘ the‘ reactants and pqoducts,‘ and fA.,'t and fAB are

{thelr respect1ve act1v1ty doeff1c1ents. At " overy 16W~’;on1c"'

/

“«sttength, £, eff;-“=‘f;8,,so that A »"[i L

.  ‘2‘;,"‘ o *}, "ﬁy ' "" : /x_i,; 'h},h%”ff? t ,-1h.
T K [A ] {B ] - R ST

af

,g;pe.“ions become non- w*“?

r

!'nnranddmly dlspersed 1n t.e 'iand f

o;utldn. Th1s caus s f

'fto be less than 1 .fAB' beung a

eutral specxks,v1s 1 until

'Every hlgh 1on1c strengths. f?hqutf_;]*\c':*= Ba




Table III-2

The equilibrium constants used for the carbamate
species analysis - .

o
[ 4

Absolute D,0 CorreCted - Ionic Strength'Corrected '
(K) . (K*¢) Fphe (I1=0.14M) Ftyr (I=0.21M)
K, -~ 7 - N . 2.29x%10°'° 5.89x10° ' " :
K, 1.74x10-+¢'7 5.50x10-* . 1.15x10°*  "1.29x10°.L '~
Ko 5.62x10°'' (%) 1.32x107 " 5.62x10°"'*  7.40x107 "
K 388(%) 97 S SOt
K 2.35x10-*'2)" 2.94x10"°* 2.94x10*  2.94x10°*
. _ T . e
B 1.01x10-'*¢*) 2,00x10"'* 6.33x10° ' 5.35x10° '3
@ . © ) L A
s B e >

"CRC Handbook of Biochemistry: Selected Data for Molecular
Biology, ed. Sober, H.A. (The Chemical Rubber Company, -
Cleveland, Ohio) . S : ‘ ,j),

skern (1960) : K, = K,'(1 + K,), where

o

Ky' = [H'1[HCO,"1/(1C0;) + [H:COs1).  (pK,'= 6.35)

Kern (1960F : K = [OH"] [CO,] = Ky coan
‘ » .—[Hcol:ﬁ-] .koﬂ" )

“CRC Handbook of Chemistry and Physics (1969), ed. Weast,
R.C. (The Chemical Rubber Company, Cleveland, Ohio)
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The absolute equilibrium constant 1s then giVeh by:’

[A-J[B-]) f,.f,. = K(I) f,.f,.
AB] |

‘

) hou
where K(I) 1is the equilibrium constant

Al

obtained “for a

- | o
solution of ionic strength, I. '?3 .
1 4 Neuberger calculated f, using the 4following eguation:

-log f, = O.S/I

B T VA |
~ Iy ° ) \\
i ) )

where I is the ionic stréhgth of rthe solution.

was obtalned through SOlVlng the Debye Huckel

”\
temperature of 298°K, an ionic valence of 1,

radius of 3.08 &. The'-conéept of "ionic,

)

clearly defined for ions‘thht aréndiatomic or
value- of *1.5 & was determined for HCO,;~

distance of closest approach t at_anothe: 1on

. A

\ ’,

This equation

e

equation for a
and an 1ionic
radius" is not
larger but a
as the average

can come as it

tumbles in solution, hence the equation becomes:

-log f, = Z°? 0.5¢/1 C o

where Z is the ionic valence (for example, Zceo,-27 -2). 1The"

‘eqguation does not chénge much by substituting estimates of

the ionic radii of H*, CO,°7, "OH", etc.,

'relationship was used to talculate f, for all

'so that this

of them.

The next problem is to determlne the ionic strength of

the solutlon, I.

C e \

\
V
\

§

N
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“The ionic strength of the Fphe/Ftyr/bicarbonate solution is

given. by:
L . .’ ; ¢
I = 1/2 M2, '
e
= 1/2[ [Na JO1) 4 [HC03‘]( l)2 + [C03‘2]( 2)? + [RNHa COs ](1)2
+ TRNh co, = (- 1“=.+ [RNH (CO, ) 1(-2)7)
:for the pH range be1ng used. The valence of. 1 for the

'RNHg‘Coz‘ spec1es _w‘ dlscussed by Neuberger (1937). The

concentratlon of -the- b1carb0nate buffer was O 1M in. these

experlments whlle the‘ total concentratlon of the fluoro-

‘amino -acids was 0. 006 M, hence an approx1mat10n may be made

I

é 1/2[[Na ](1 + [HCO5-1(-1)% + {coa42](:2)’l

One immediateiy notices, however, that as'the pPH increases,

the ionic strength 1ncreases, therefore the equ111br1um con-

_‘stants theoretmcally\requ1re correctlon at every pH

Flgures ITI 6 and 11I-7 show that the analyses are most
affelted by the pH. (pD) regions in the centre of the graphs.

In partlcular, the K,"'s are meaSured'from‘the "inflection

~ points" of the curves shown in Figure II1I-6, hence the ionic-

strength of the "inflection point" is the ionic strength of

: ' 5 _ ) o
.the constant; the cprve does not give the absolute sz but

.\Pather K, d(I) ‘ Rather than trying té estimate thé aCtivity

coeff1c1ents cﬁ‘%he Fphe and Ftyr am1no ac1ds to convert the

”

onstant to ‘its ionic- szength 1ndependent" value, 1t was

thought more accurate to convert the absolute constants from

LI
.
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the llterature to thelrgﬁ (1) values.

-h.

: Y 4
W

To determine ‘the ionic strengths of the the and Ftyr‘

Kg “(I)'s, the concentratlons of Na‘;.HC03’ and CO,~* * weré

i

‘calculated by: ‘ - e. o - o

K.¢ = [D°1COs-"]
. "".[DC‘OJ.-‘]*

[Na*] = [DCOs '] + 2[cO,"*]

This is not c0mplete1y accurate, as K,? should be corrected,'
for the ionic.strength determinegd, hence a computer_ program -
was written to iterate to a K,“(I) and I at which I does not

‘change by more than 0.001 M. between iterations. .The ‘ionic -

o

]

strength for Fphe (at.pD pK;d(I)As 9.64) was O.I4hM whiIe

for Ftyr”[at pD.= pK,%(I) = 10.23] the ionic strength was

0.217 "M, The,hgquilibrium constants used forfthe analysis,

corrected-for.bot',DzO and ionic strength effects are given

in Table III 2

Computer 51 lations of the concentratith'of the'quhe

=<

‘and Ftyr carbamate spec1es as a- functlon of pD used equa—

o,

t10n(14) and the corrected constants in Table’ I11-2. The

'--best'frts, shown “in Flgure III 7, gave'the?carbamateveduili€'

brium constant Kee d(I) as 8. 52 ‘t' 0 277'x 10“‘" (pK d(I) ;f;'

5.07_'1 :j.01) for the the reactlon and 8 84 » 0.72 xr10f?

(pke‘(I) -‘5;051; 0. 04)-for Ftyr.

,_Table,<IIIL2 shows that whereas the effect of DzO as'a i;’,'

- L : ?
-‘jsolvent usually decreases the constants the moderate 1on1c

. \,. .: |
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strength of the the and Ftyr derlvatlons tends to ‘increase

them agaln Hence, the pK d(I) values above may be compared
. _
“to-the values obtalned for amlno ac1ds,’.pept;des; and pro- .

”telns 'in. the lxterature'(Table 111-3). As‘was-obsérved by
Roughton (1970) there is hot much varlatlon in pK. between @f

.

bthe' types'.oi amlno groups bexng measured (proteln, peptlde

- or amlno ac1d) even w1th the d1fferences in< exper1mental
' condltlons and technlques The preSence of fluorlnes 1n the
and Ftyr as well does not move the carbamate constants out e '§
f the range seen 1n Table I11- 3 (the degree and d1rectlon btu.ﬁﬁ

of the effects of the fluorlne would requ1re ,the carbamate

T . R e N R xb "‘;", )
’stants of phe and tyr to- be determlned) R L —

It 1s apparent ﬁrom these experlments that TR NMR may .
B

.‘be used to mon1tor the carbamate formatlon of fluOro amlno

'acids *"F is a nucleus whose chemlcal sh1ft 1s partlcularly
: §

sens;tlve to long range effects on its magnetlc env1ronment. S
: ThlS allows the ring fluorlnes in the and Ftyr to report on :V

the .presence. or absence.of the carboxyl bound to the am1no
| 'group ~ The data“;obtalned allows‘ thevycalculatlon ot;.the ;l"l
,qu1llbr1um constant of carbamate formatlon.:As the or1glns o
‘of the upfleld fluoro am1no a51d resonances were found to bep’ﬂ :lr
due‘ to the 1nteractlon of the1r free amlno groups w1th COz,
"5Aath1s type of 1nteract1on 1s not a concern for the» thenfffdt
'rﬁFtyr fam1no *ac1ds when 1ncorporated 1nto a prote1n (as thevijl’f'

‘tare not N termzpal amlno ac1ds)" p];_:;;_;'fff !f?{;

. ~ﬁ“The p0551b111ty does exist however that if’ there are |
'vglys1nes or N-terminal ‘amino- groups in’ the vicinities: of . the":;.i‘
- fluoro-amino acids,’ anomalies ‘may occur. This p0551b111ty PR P

‘“was tested for the coat proteln in mlcelles by runn1ng SN

L
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B. Solvent Isotope Induced Chemical Shifts.

Introduction L ' o

The chemical shifts of flu0ro-compounds ~are very

sens;t1ve /to the1r envlronment (see Chapter I- B) For exam--

ple, the chemlcal shifts of the and Ftyr are separated by

-23 ppm' (Flgure III-1) vaenlvthat the only dlfference

between the structures of the and FtYr'ls the Ftyr hydroxyl_
r

group (see Flgure _I-:2)_i there 15 a large 1ntramolecular

\effect of the hydroxyl group . on the fluorlne chem1cal shlft

_)Fluorlne, nuclei are also’ sen51t1ve to 1ntermolecular 1nter-?

}

actions. Studles- wrth organlc solvents .‘and fluorine-

containing _sblutes;-have»-shown, that the fl#orine chemical

‘shift, of the solute isddependent on the solvent in which it

is - disSOlved rA'greal,deaT*B?/work has been done to. try to -

' understand the mechanlsms of these SOlvent ”induced',shifts

(SISt 5) ‘(’f‘O‘f“feNew " see ‘Emsley Gnd PhllllpS, 1971).

Smaller, though s1gn1f1cant,,effects of solvents on fluorlne

chemlcal shlfts ’are”’seen éhen\ 1sotop1cally substltuted

/
solvents are, used (solvent 1sotope 1nduced shlfts SIIS sﬂ

- been studled (Hull and Sykes, 1976 Muller 1977b Lauterburf

3 . AR . L T ; . -
et 8]., 1978) .' ) "‘.'.' . RS ' | SR o .

v—;;v—*__,_,__.___; _____ . . o ‘2’ t: R
S R

“21¢(cont'd) spectzé us1ng sod1um borate buffer: (see
Figure- 1v-16). There was no change in the Fphe and Ftyr

’»In' partlcular, the effect of replac1ng water w1th deuterlum"

;‘-a‘ Oxlde*(D O) on the(chemlcal sh1fts of fluoro compounds has-l\bn

spectra ‘observed compared to those obtalned 1n the b1carbon4.j‘f“°

ate buffers._fg-;-
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With the preparation of fluoro-afiino acids and their
. —\’ : . ) ¢ .' .
subsequent incorporation into proteins a bdological appli-

.catlon of fluorlne SIIS studles appeared In prder for a
a
II§» to occur, the solvent and the fluorlne oijﬁe solute

 must interactr When thebfluor;ne.lﬁ_onv ad protein 'residue,\ﬂ,b,f
_the‘ cesidue._must 'bavel‘access. t57 the‘ solvent; a buried N ’
'residue in thebhydrophobic édre;of the>protein would have ‘a \\
smaller -SlIS..than»a‘residue.on,the surtace of the‘proteln,(ng
Thus the commpar1son of the 'SIIS's of 'a'}fullyb eprSed
re51due to that of a burled reszdue prov1des a measure of

the acce551bllaty of the"vater ~(deuter1um ox1de) tov‘the
"burled residue. Experlments have been done w1th a. number

cof water soluble protelns (Hull and Sykes 1976; Lauterbur‘

‘._et- al. '1978 | Gerlg et ai ' 1979). Quantitation;of the

>fluoro re51due exposure to the solvent was ach1eved through
comparing - the proteln SIIS to the SIIS of the free

"fluoro-amino acid as the "100% exposed" residue.

A natural “extension of those studies is to determine
»the exposure of ‘amino ac1d re51dues -ln: nembrane protelns
The goals would be to not only determlne wh1ch reszdues are
1nacce551ble to water due to proteln structure and/orv belng
protected by elther detergent fr l1p1d but as well to galnv
nformatlon,as to. the access:blllty of water 1nto the hydro—
phob1 dohaln\,of the detergent m1celle or 11p1d bllayer to- Af
water.. Ftyr labelled M13 coat prote&n in DOC miceltes _hasv.v
'fbeen _ used _for such StUdleS (Hagen et a“li.ﬁ, '-1“978'5" Those‘

‘experlments have been redone 1nclud1ng the labelled prote1n5'ﬂ

¥
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(see Chapter IV-B). The analyses of the S&&? s of Fphe and’

Ftyr amino acids as’the controls foh 100% exposed' ppogt1n

L 4

R . E ) . : L2
.residues, ‘are presented herein.

ﬂ o .
Theory oo L R

- . f

Much work has been done to determlne the.mechanlsms of
the  behaviors . of fluor1ne chemlcal shxft% (Bucklnghamh;
et alt,1960; EOans; 1960 Emsley and Phllllps, 1&66 Mullet,-
l976;‘ ]977(a;b)); The results have succeeded in dellneatlng
. : N . :

the types of“.lnteractlons ‘1nvolved between solvent and
fluoro solute‘ molecules ‘that cau53 SIS’ s'(and SIIS's) (see
“follow1ng text) " The studles have also shown ‘that _the' com—
“plexlty of the 1nteractlons make thelr complete understand—
-ing 1mposs1ble at "this’ tlme, tﬁéory requ1res further devel-,
opment betore Etﬂ'canv be used to. successfully predlct the
| behavior‘of'theschemical'sh;ft of a"tluoro-compoundn in a; |
untested solvent - ,“,' T ¥ ’ e |

There are flve types of 1nteract1ons_ poSsibled between

ﬁhe‘-solvent ’and ét fluorOrsolute."The Tshielding' of the,

fluorine nucleus due to the solvent medium, is glven by

"(Emsley and Ph1111ps, 1971) where ob 1s the sh1eld1ng con;‘x'
f,trlbutlon from the bulk d1amagnet1c susceptlblllty of _the
'solvent “'o,' is the sh1eld1ng effect of anlsotroplc solvent
lmolecules, »leS the van der Waals 1nteract1on contrlbutlon,

o

; a,' isa an electrlc f;eld (reactlon fleld) effect betweens;



v | '*

solute and solvent molecules having dipole moments and o. 1S

|

‘the shielding effect due to the formation of~'complekes or

Sl

hydroégen bonds. These terms‘are‘each eonside:ed beloy.

.

being &bsplute; <chemical shifgs of” molecules are always
given relative»to a refqgence compound (for example, the

‘The first term, o,, results from chemlcal "shifts .not

:fluorine chemlcal ShlftS in 'this' the51s are relatlve to_

iy e

'trlf}uoro acet;c ac1d (TFA)'(see Chapter II F) -qb is‘ equal

“to zero when ‘the reference/compound 1s elther 1ncluded 1n

‘w

" the sample. or teferenced,through the use of the same spec‘9

{

trometer lock . compound ﬁfor'the tefereneé compodnd and thy -

sample of interest. For the experlments outllned in - this

¢

RN

' was D,0ON‘hence o0,= 0. T <

.°The<'seCOnd 4term=’-a:}'1s ;elevant for solvents hav1ng

¥

,anlsotroplc dlamagnetacwsusceptlbllltles, meanlng that' h'

'susceptlblllty of the¥solvent molecule w1ll vaiy dependlngw

upon 1ts orlentatlon 1nfthe magnetlc f1eld ThlS applles %o'

~ditc- shaped molecules '(for example, aromatlc solvents llke

,ithe loek" for both the TFA and am1no acld samples‘

"benzene) and rod shaped moleCUles (llke carbon dlsdﬁphlde)"

°

'fWater iSh in~ nelther of. thpse categorles and so aa W1ll be‘fj

'negllglble for the experlments to‘be descr

The contrlbutlon of van der waals solute solventllnter—fﬂd
:j.aet1ons, 0,7 result ‘ftom ‘three‘ k1nds f force5'= dlpoleasz_,fg
_“orlentatlon .(Keesom) forces,;rlnductlon (Debye) forces andiii;ifi:
dlspers1on (Londom{ forces.cIn most 1ntermolecular 1nter-fdiee~

act1ons, London forces,f;afeE domlnant These depend on’ the;'flfh'd

r‘f~

‘l;f*, ,f,ju 1;?::/?1”
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polarlzabxl1ty of the two mdoleculés; the electron clouds of

| W T AR

the approach)ng molecules- shift sa as: to create - &n.

'attract1on for each other Studies;with fluorocompounds~and
. -

"vvary1ng 5solvents ha‘i shown that 6. .is the . dominant

‘ shleldlng term~ for"’F medxum effects (Euans, 1960 Emeley'

" and Ph1111ps 1971 Muller, 1977)' Evans . (1968)\ found that
r . < _
for ‘a range of compoundso {he chemlcal shlfts weqe furthest

'\

. O s
__upf1eld (most shlelded),ln solvents (of s1m11ar 51ze) hav1ng:-“

.»Epe hlghestk polar1zab111ty The further upfleld a chemlcal_,ﬂ

shift is,'the”larger the am‘term. AS only o,',is dependent.u
‘upon . polarizability, ~van = der Waals. interact;ons - are
implicated~as having a dominant contribution' to shielding -

h-effects

ﬁia;[ the electrlc fleld effect created when a dlpolar or.t'
o T - P 8.
-;quadrapolar sorute 'iSj studled fhas been’ f0und to have a

sma&l &ontr1butlon to the overall Om Lm;ley and Phllllps,

4

. 19 /Recently Muller. (1976) haS; questloned even the .

va11 yty of 1nclud1ng a oe term 'in ”thé”iﬂm. expre551on Aaha;
suggests that 3*a’L more complex theory f, 1vanalyzihguf-

~van der Waal 1nteract10nj(a ) 1s probably more relevant than-'f]

D P

‘ ’ / ) .‘ . PR
"f1hav‘ng a: separate 0, term.‘mg;

The contr1but1on to. the solute chemlcal Shlft due to75!ff

| cOmblex format1on (for example,<throughi§harge transfer or?lffﬁlc

w'f7; ‘H- bondlng) 15 1ncluded in’ the & terh._ Like. '?{;yg”fisélff;jhz

lihf?dlfflcult to quantltate as 1t~l§‘necessary to ellnlnate (#tfitofff
/”tf);;least) the van der Waals term, hé. H1stor1caler';,l€H:j:

Tftaken t@‘nﬁe; _%;form °f correct1onf:factor

A(Emsley’fthf;;;hf;,
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Phllllps 1971 ¥ 1& the theory for the other shleldlng term}
could not account for the chemlcal shﬁft observed then - the

're51duallshlft-was assigned to Oc¢. More recently, the formail

‘ tlon of complexes between organrqlacceptor and donor ’mol;-

o culeS‘i(such as hexafluorobenzene and acetone, respectlvel%i'

has been shown to contrlbute 51gn1f1cantly to the’ observedp

_"F chemlcal shift of the so\Ute, (Muller, 1977a)= Stud1es of
complex tormatlon wlth‘iater as aAsolventv are'rlam%ted;‘

orie’ part1cular example;' Muller (1977b) | uSing»aZflUOro%
: alkane, 6,6,6% tr1fluoro-1—hexanol asf'thed solutg}a”assumedtd
that#a. was negllglble 1n solut1ons of water and organlc co-ft
;' solvents (Th1s solute was prev1ously found to‘_bea 1nert,.’
;;even tVWhen ;”in' donor acceptor solvent. s;stemsi;(ﬁuller;:f
1977a) ) As fluorobenzene derlvatlves are. eleotron acceptorspr

and water may act as. a donor, 1t 1s not clear whethd@ water—u1=

the complexatlon 1s presed} ‘Hydrogen bond1ng between ‘theh SR

thyr hydroxYl and water, though seems to contrlbute to 1ts .

1chem1cal Shlft dependence ”on}jther 1sotope of waterf (see:'fi

b
[

~’D1§cu551on)

v_--f_:-_"nesults L SRE R e R UL

o The fluorlne chemlcal shlfts throughout thls the51s~are3;,;ﬂ“7"

SR // i
'“.glven relatlve to the trlfluoro acet1c ac1d (TFA) resonance o

298 K LQfﬁléf'sample contalnlng TFA pota551um phosphateh;h}:”f“m

"1f{f(d1bas1c) EDTA and pota551um cm}orlde 1n D 0" (pH 7 0) (seeﬁffif*”“

Q\

:“ﬁ};NMR Methods Chapter II F) The TFA was not 1ncluded 1n the@h'l;ff?

v

o

V*Arﬁamlno ac1d samples but was referenced througb the mutual use;gif}QQ.’




of D, O as the lock compound the spectrometefgkas freouency- " :Q
locked onto D 0 Kfor both the TFA and ‘the fluoro~am1no ac1d kR
‘hsamples The offset determlned to plaqe the TFA resonance at ,i.f
-0 ppm ‘was used as the offset for the amlno ac1d samples, M/fs_f
. -»thus the amlno ac1d chemlcal Shlfts are relat1ve to‘ TFA/ A i

b ) ¥
‘ _problem w1th thlS method of " referenc1ng ar1ses“though when'

L “the compound belng studled is. not in 100% ‘D,0 but contalns,
‘fot. example, only 50% D30 (and 50% H, O) the lock s!gnal 1si .
| 'no longer D O but rather HDO The effect on the frequency of

'f.the lock 51gnal has been determlned 1nd1rectly by monxtorlngﬁf}f._,*

. . . s

._the effect of deuteratlng ‘H, o to HDO on. the proton NMR spec-:p

ftrum of tbe water (Holmes et al.,‘1962).l fl - B

) Holmes et al (1962) found that the resonances from Hin_~d§‘::
cfandv QDO\may be reSOlved from each other 1n the proton spec.ﬁ;?iijf
"itrumFuwhen dllute solutaons .pffhwater. were prepared in?h’:l.

lkfacetone.f ThlS experlment was. repeated u51ng acetone ds, -hefﬁi""’

,:;‘water spectrum belng shown 1n Flgure III 8 h downf1eldfpﬁflﬁ
‘.}'peak at 2 977 ppm 1s due to Hzo wh1le the broader up£1eld B

"?f“resonance at 2 946 ppm 1s from HDO (both ShlftS relatlve'fto,j~;f

k-glnternal TMS) Th HDO peak ;f'actually a tr1plé% the;dfi{;:*

» ’»proton resonance 1s spllt by deuter1um (Spln 1) The. .

:vf?1nd1v1dua1 peaks .of the trlplet are not resolved however,fﬁjmif:l

"f;,has the D,o was not ultrapure, hence 1mpur1t1es and/or pH#?EFf;f9f-

l;havef broadened :__ resonances.t,T dlfference 1n shlft

‘g’#fbetween ffﬁ?ﬁ two peaks (5dh° 6h2°)=_' Flgure ILI 8

tfﬂt;ff'd'033 ppm., A d1fferent sample was run obta%nlng a dlffer—”;jj

: _'0

.iffeence ‘offf ;026 ppm,' therefore the average sh1ft




.v' 1 ﬁQ—T ] -
, 3.0 / . 2.9 PPM

U [ ]
F1gure III -8 The proton NMR of' H,0 and HDO in
acetone-ds. The sample contarned 4 pl each of
H,0 and 99.98 % D.0.and - less than 1 ul of TMS in
0.5 .ml acetone- ds. Resonance A is from H,O while
‘resonance B is from HDO.: The spectrum is ‘the
result of 4 scans, acquired g& 299°K using
2 usec (18°) pulse, #800 Hz sweepwidth, BK data
and no delay between tran51ents 0 2 Hz ‘line-
broadening was used.

86
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~0.03040.005 ppm. This is in good agreement with Holmes
et al. (1962), who obtained a shift‘ot_—dtQ30i0.003 ppm.
Knewing that the H,0 signel shifts uéfield<by 0.030 ppm
when it is( deuterated, 1ts proton cheﬁical shift was
monitored thtoughout a range ef 12.5 to 100% D.0 1in a sample
containing water'ahd/or deuterium oXide,-DOC, and bicarbon-
ate buffer (pH' 9.0) (Figure III-9). In this case, the H;O
and HDO are in fast exchange, hence one would expect to §ee.
only a single resonance whose chemicél shift (~100% D,0)
would be 0.030 ppm upfleld of that of the H 0. Flgu;Z I11-9,
though, shows bhat the water signal. does not shift 51gn1f1-
cantly; the H,0 51gnal (1n 12.5% D,0 [F1gure. 111-9(i) 1) is
at 4.745 ppm relative to DSS whlle the HDO signal (~100% D;O
[Figure 1I1-9(v)]) is at_4.749 ppm. (This chemical‘.shift
difference is within the etrorvOf the measurements). These
samples were obtained using'the‘deuterihmvsignals from‘“the
DHO and/or D,0 for the frequency lock so that not being able _
to detect the 0.030 ppm shlft of the H,0 to HDO substltutlon
means that the same Shlft was occurrlng for the deuterium
51gnal as DHO was’ Feplaced with D, O f Thus, the vﬁhange ‘in
chemlcal shift of a fluoro- compound as a fUﬂCthﬂ of % D2 0
is~the'resu}t 9f the SIIS effects ‘oh both the fluoro-
compound and' the ‘lock eompouhd (Dzb); (SiIS ie herein
def&ne@ as the_differencefbetween the.chemieal shift of a
compoUnd in. 100%51120 hinu% the chemical shift of the

"compound in 100% Hz0 (0% D:0), (= 8apo = Snyo).)

N I3 . -
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IV
B
Vv
f‘l T 71 T 1 T T 11‘?"‘

4

4.78  4.78 4.7%  4.72 PPM

N ~ g

Figure Ill—g”ThelfH NMR spectra at 300°K of mix-

: tures of H,O and 99.9% D,0. The solutions
contained 0.1M NaHCO, (pH 9), 8 mM DOC and .
varying % D,0 content: i) 12.5; ii) 25; iii) 50;

iv) 75; v) 100%. The spectra resulted from 16 -
scans using a 1 wsec (9°) ‘pulsewidth, a #250 Hz |
sweepwidth, 8K data points and no delay betyeen
‘transients. The linebroadening was 0.2 Hz..
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Fphe. [The resongskes upfield of the major resonances in
. N . ' . Ny

89

The '’F resonances at 298°K of Fphe and Ftyr in samples

7 . ' '
conta1n1ng DOC, a@monium bicarbonate duffer (pH 9.0), and
varylng % D2 O are shown in F1gure III-1O spectra A are from

Fphe; spectra B are from Ftyr. As the % D0 is increased,

the fluorine chemical shifts of both amino acids move

B

upfield (i- v) The total SIIS [=SIIS(amino acid) +
SIIS( lock)] of replac1ng H O with D,0 are obtained from the -
graphs of the fluorine chemical shlfts as functlons of %

D,0, shown in Figure III-11. The~true SIIS effectS‘-of each

of the amino acids are those obtained from Figure III-11°

minussthe SIIS of the HDO (-0.030 ppm) and are given in
Table III-4. Although the chemlcal sh1fts of both. the and

Ftyr move upfield with increasing % Dzo, the SIIS of the

‘Ftyr resonance is ‘significantly 1arger than that of the

v 27T /’,

Figure III-10(i) at ~-38.8 and "-62.0 ppmiare from the
éatbamate'spebies,of each of Fphe and fty: (see Chapter

I11-A)].

©

Fiqure III-11 shows the chemicalm shift behaviours. of

[

Fphe énd Ftyr with changinﬁaDzo, when DOC is either included

br excluded from the sample. Figure III—11(A) shows that the .

‘chem1cal shift of Fphe moves downfleld when DOC is adde?/

while Ftyr (graph B) does not change The chemlcal shift ﬁf '

a

Fphe? in NaHCO, buffer (i) (0% D,0) is -38 02 ppm, in Naﬁtoa

buffer Zand 8'mM'DOC (ii) (0% D, O) it is -37.98 ppm?’hwhlle

3

”The data were coliected at302°K rather than ~298°K. As
well, the samples were allowed only 15 minutes to-equilib= .
rate (see Chapter II-F), thus the chemical shifts actually.
"have'mote error than shown That the p01nts ﬁlt the 11ne as

]
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. J}Flgure I~ 10 The 'F NMR spectra of the and Ftyr

as functions of % D:0. -The 'solutions contalned
~4mM of each amino ac1d 0. 1M NH,HCO, (pH9) and *
8mM DOC., Spectra A are from Fphe, ‘while spectra’
B from Ftyr. The D, O content was: ,1)20 i1)40

- 111)66 iv)86°v)99%. The spectra were acquired at A.‘
297°Kk with a 15 usec (75°). pulsew1dth +5000. Hz
“SweepWIdth and 8K data. 500. scans were collected

with.a 1 sec delay tween tran51ents 1" Hz

a l1nebroaden1ng was. d

d

90



- Figu

revIIi—11v The“graphs‘offthev‘{F‘NM$”¢hemica1
shifts of Fphejand Ftyr as functions of %'D.0,

with and without DOC.- The solutions without DOC
at 299°K (i) contained 0.1M NaHCO3 (pH9), and "

3mM concentrations of each amino acid,. while the

solutions with DOC contained either 0.1M NaHCO3

(pH9) , BmM DOC, and 5mM Fphe (at 302°K) (ii) or
0.1M NH,H€O,: (pHY);, 8mM DOC, and 4mM concen- .

 _trations of the amino acids at (297°K)  (iii).

The lines in A are from the-Fphe data,~while
those in B are from the Ftyr. The '’F NMR

e .

. spectra.from which the data of lines (i) and. .
- (111) Were_obtainéd_Wereﬁrun‘as_outlinedﬁin-
. -Figure III-10. The Fphe spectral data of-line

‘" collected per 'spectrum and 1,Hz-liﬁebroadening:f’ f

(ii) used 4K data, 1000 Hz sweepwidth, .and. 'a - :

pulsewidth of 8 usec (72°). 100 scans were

‘was used. The lines were drawn using the fit

V-5obtainedfby_a.lineatfregreSSionSCalcnlatorgp:o-f_V--‘7

}'1gram;;ﬁromfwhich{the;px‘and;joox DZQ CQnCeD* .
’ tratibnfchemiCalfShifts were'de;ermined;;'; o

R 2
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,( | Table-lri—4

The. SIIS values of Fphe, 4- the,
: ‘- as functlons of pH

g e
. ~Fphe' S (Feyr' -

pH [DOC) (mM) Free N~/§:Blocked Free = N-/C-Blocked

7. 000 . (=0.12) - o-0.017 . =0.21 . ~0.24
g 0 -0.16 17 -b.26 . -0.27 "
9 .8 -~ =016 /- -0.26° .. -

‘ f‘the error 1n the SIIS values is #0. 01 ppm

- 3thé-data in. brackets are the SIIS s.of ¢ fluoro phenyl-e
.. alanine. . -

‘all. samples contalned 0 1M NaHCO; except for these Wthh
had 0 ™ NH Hcog.gf R : R ,

N



;'Ftyr (graph B) ~though not’ SO large The

,shlfts from —60 92 ppm at pH “7 to —61 08 ppm_'

- ' . k 93

in NH,HCO, - buffer and 8 mM DOC (iii)' (0% DZO): the the
. . N \Q‘

'chemical Shlft is -37. 93 ppm. The Ftyr resonance, without

.DO&,»ls-at —61 08" ppm W 1le w1th DOC is“at‘-6l;09 ppm (both

at 0% D;0). These shifts are the same w1th1n the error of

‘the data (t0.0lppm) The DOC (and whether the -buffer is

NaHCO3 _Or NH HCO ) has negllglble effects on the SI1S'S of
the amino ac1ds (see Table ILI -4)w \
| Flgure III-12 :shows the effects of pH on the chem1ca1

shifts (and SIIS's) of 2- fluoro phenylalan1ne (8- the)y-and

" Ftyr in NaHCO3 solutlons (The pH dependence of the chemlcal
,sh1ft annd SIIS of Fphe, wh1ch has the fluorlne ~at the 3_v

' p051t1on of the r1ng,'was not measbred,) Graph A shows that

u\‘;

*1ncrea51ng the pH causes a dramatlc upfleld ~sh1ft of thef

4= the fluorlne resonance: from: 40 05 ppm at pH 97 (0% D :0) -
& .

to -41.60 ppm at pH 11 (O% D,0). The same trend 1s seen ' for

tyr resonance

~—61.60 ppm at pH 11 (all with O% D O) AS'well; the SIIS's

of 4—the,and Ftyr 1ncrease with pH, the‘values of which are.
g1ven in Table III 4, o | . |

The N- and C- term1n1 of -the the and Ftyr amlno acids )

f.were then chemlcally blocked the N term1n1 were acetylated
”methyl esters were made of the C- term1n1 (see Chapter II#B)

‘ f}Th"h"F NMR spectra at 299 K of N- and c- blocked the and‘.

1

”fh Ftyr 1n sodlum b1carbonate bufferf*(pH 9) ié ,shownr in'r‘:_

B T L -"<;' - e SRR .
o or(cont! d) well as’ ‘they. do suggests that the dr1fts of"the

. resonances are the same in. the 15 min given: them, hence the

.dslope (and the: SIIS) should be representat1ve. .
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Figure 111-12 The graphs €f the '’F NMR chemical

v+ . T ghifts of 4-Fphe and Ftyr as functions of % D,O -~

" -and pH, The samples contained 4-Fphe and Ftyr
~(3mM) ~and NaHCO; (0.1 M). The lines in A are '
- from 4-Fphe, while those in B are from Ftyr. The =
-~ ,pH of the samples were: i) 11 ii) 9°'1ii) 7. The.
. “®chemical shift data were taken from spectra
obtained as outlined in Figure III-10 and wefe
- -analyzed using a linear regression program. .
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Figure I11-13(A) ‘and (B), respectively. Bothithe Fphé and
' Ftyr analogs Shlft upfleld during the replacement ot H;O
w1th D O. the Ftyr analog shlftlng the most. The fluorlne
chemlcal shifts as a functlons of . % DZO- are }Tplotted ‘in
Figure III-14(Ak and“(B) ‘and the SIIS's. of‘the N; and
~ C-blocked" fluoro;aminov acids at - pH 9 are given in
" Table 11I-4. ' |
Table lII—4 contalns ‘not only the SIIS's. of the
fluoro-amino acids (w1th and w1thout 'DOC) and their analogs
(w1thout DOC) at pH 9, but, as well shows the data* obtalned
at pH 7 and 11: The SIIS's of both Ftyr and its analog &re
lseen to increase as the pH 1ncreases The_pH dependencet ofd
the SIIS of 4-Fphe was also found to 1ncrea5e.tbnly the SIIS
of the blocked the was not pH dependent (The‘ pH ‘ﬁas not
taken above pH 9 for the N- and C- blocked fluoro amlno acids
‘as the methyl ester is removed ‘at alkallmg pH Proton NMR
spectra of- a sample contaln1ng blocked the were collected_
atbpﬁ_9.0-to monltor the' appearance ;dt‘ methanol due to
_saponlflcatlon of 'the methyl esters; less than 10% of the~

ester was lost 1n the t1me taken for: the acqu151t10n of thef3

: ,’,‘Jst’F -NMR S-I;IS ‘s,peuc,tr_a. )y . :.V. ',,.% o
R A L t “‘ T
S L o e AR PO S

: 1Dis¢ussion- 3 S /.,J‘ .

lThe‘ results g1ven'1have: been obtalned ehther us:mg.‘:t

"Nchoa or: NH HC03 buffer,’lncludlng 'DOC or not 1nclud1ng DOC \fv’

'nand at temperatures between 297 X to 302 K The effect of:-!ff'

1ncrea51ng the temperature of a the sample was to sh1ft 1ts_: o



F1gure I11- 13 The - "F NMR spectra of N—*and .
C-blocked: Fphe’ and Ftyr as functions of % Dzo
" The samples consisted.of both blocked amino

‘acids’ (3. mM each) and- 0. 1 "M NaHCOj5 *(pH9)... ,;fﬁf

>

" Spectra A are Fphe- analog resonances, wh1le ‘
- spectra ‘B are from the Ftyr- analog "The D0 - /.
.. . content was: i) 15%-ii) 54 iii) 100, Th@'spectra
L. were aqu1red at 299°K with a pulsew1dth of.
18 wsec (90%); a~sweepw1dth of +5000 Hz, 8K
.data;, and decoupl1ng of ‘the aromatic protons

96 -
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. '600 scans.were collected with 500 msec- delaysl.aff”

" “ between scans 2 Hz- llnebroadenlng was used
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Fxgur, III 14 The graphs of the T”F NMR chemlcal

- -.shifts of N- and C- -blocked : Fphe and-Ftyr as R
_'ffunctlons of %.'D,0 and pH. -The ‘samples contain' -
_"both amino. acid analogs (3 mM:each) and 0,1M .
. © NaHCOj;. Graph A js. the. blocked’ the data,'whlle B
_ . graph B contaln “the: blocked Ftyr data. The pH - -~ " .~
- values.of the’ exper1ments\gpre- i) 7 11) 9. The-

«up«chemlcal shift data were taken: «from" spectra R
=+ obtained as: outllned in Flgure ITI-13and" were e

' ana1yzed usxng a 11near regre551on program.;j;jzv““”
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. . . o . v ’ : » ‘ ) ' 4 .
resonance downfleld (data not‘shown), The NaHCO /DOC ,sample
resonances . at 302° K [Flgure III—11 (ii)] were upfleld of the

resonances of the NH HCO /DOC sample "t 297°K.. Thus - the

fldlfferences inﬁ the1r chemlcal sh1fts could not be due to

'

thelr d1fference in temperature but rather, dues toAasome

_effect of. the- sod1um or ammonlum 1ons, thefexact size ofuthe“

R

: -_effect 1s not. certarn as outllned 1n the Results. The . ‘§IIS‘

~ was not affected by the ch01ce of buffer (Table.III-4)f |
| The effect of DOC on- the the: chemlcal Shlft ;was to
‘move 1t downfleld (Flgure 11;1]1), suggesifng that there w@sfh""

_1nteract1on between the DOC and ; Fphe Whateverlbthe

:'1nature _of' thé. 1nteractlon,ﬁ 1t d1d not 1nh1b1t the . 1nter—

£

Vbactlon of the fluorlne w1th/the solvent, the SIIS was  ﬁot,

\

Vfchanged w1th1n the experlmental error, thus the the was notf.

bound by the DOC m1celles.r [Prof Poul; Hansen,-»Roskllde,.

.'_Denmark .'work1ng 1n thlS lab had found that even uncharged-”

T~solutes such as p fluoro nltrobenzene,' werei-notT bound by.

Q

DOC}; hence ,it was unllkely that even the N— and C blocked’

}Ethe was bound (results to be publlshed)] Those results}'vh

f;showed that although one must be careful in comparlng theffhd

’\

”Hrchemlcal shlfts of the 1n solutlons contalnlng the dlffer—efu;ﬁ

s entf compounds g1ven above, :~t‘ was reasonable to comparet@}vf

thelr/sns See o
e TR R I R B
The Ft&r resonances appeared be 1nd1fferent t°?f*“

"”ffwhether the buff&f was NaHCO, or NH HCO, or whether DOC

’f;present dfh_t F1gure .III-11(B) X

"QT;fllttle change 1n the chemlcal;shifts of fhe Ftyr in & sample{fhif

R

U

*showed that therevwas'fzﬂ"f
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at 297°K contarnlng NH HCO, and DOC to ~ that at 299°K?
comtalnlng only’NaHCO; The’ sllght downfleld Shlft may have-
been due to the dlfference in temperature between ﬁthe ’two;

the changes, however, were w1th1n the errors of the measure-l-

ments. As well ‘the SIIS s weref essentlally the ,same'f

’l(Tablé III- 4) ) the- Ftyr SIIS s may also be compared tol o

Zeach other, regardless of whether the buffer was NaHCO; or

NH,4 HCO,, the- DOC was present ‘or not or whether the tempera— )
' ture was 1297 or 299°K. : g E L -

Table III 4 summarlzed the data from the fluoro am1no

‘ac1ds and thelr N- and C blocked analogs Regardless of* ther_

'pH or whether or not thelr N- and c- groups are blocked heﬁ_,f”

: .SIIS of Ftyr was. always greater than that of the fGreater‘?f

" Ftyr SIIS meant that there was greater 1nteract10n between L

the Ftyr r1ng fluorlne and the solvent molecules Asd'the,'
‘:~f'dom1nant contr1butor to fluor1ne chem1cal Shlft SIS effects

?1’was from van der Waal s forces (see ;the;f: term inf'the;f

?1Theory) and s1nce van der Waal s forces have -an r“-dlstance“ji

'.dependence between the fluorlne and the h‘H or- ZH f';thé_ff’”

_Fsolvent,. (Hull and Sykes, 1976) then that the Ftyr SIIS wasffigﬁ

:‘f'larger than the the SIIS suggests that hef solvent mole-fﬁiif

Q.-

}cules were,,on the average, closer to the‘Ftyr fluorlne thanfj*ﬂj

'hhh“the fluor1ne of the the The explanat1on for _th1s re51desfgfff

————-'—'——————-\——————

15ﬂ["The hydroxyl ‘and’ am1no group dlssoc1at1on constants are |
“.given:in Chapter’ 111-A for 'D,0 O and: the ionic" strength of the

,_.;;0 1M: NHzHCO3 buffer at the PKa. The’ cénstants given here. are.i #2

"“ticalculated for. H;O u51ng the relatlonshlp glven by Ma;shall
(1978) (Chapter 111 A) 3
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hydroxyl-oxygen would be bonded to either a proton of a
ﬂdeuteron; Rotation abouyt the carbon-oxygen bond.would place
the proton (deuteron) ciose to the fluérine hence the
551b11ty of van der Waal's interactions would be greater
Q.‘,‘;___“than in the Fphe case where there is no partzcuiar reason
ig%Zr the water to be close to the’ fluorine nucleus other than
“for the electronegat1v1ty of' the fluorine. (As well,
%yérogen bonding to the oxygen of the Ftyr hydroxyl would’
contrlbute, hence a 0. term contrlbution.) Above.the PK of
tpe hydroxyl; the exygen would no ionger be bindingra proton
or. deuteron but. its negative charge would be effective at
draying water moleédleé into the vieiniey of‘ tpe fluorine
(again, throughﬁhydrogen bbndingf.
/. Table I11-4 also showed %pat the.SiIS‘S'of Fphe, Ftyr
and the N- and C-blocked thg.all-increase with ‘increasing
pH; the N-' and C-blocked Fphé SIIS did not. The pH_
dependences of the SIIS values of the unblocked amino acids
were the result of the titration -of their amlno groups (and
. for Ftyr, its rlng~hydroxyl). In Chapter ITI-A, the dis-
soc§ati0n constant in Dio;eforu‘the- Fphe amino group was
fouﬁd'bfo, be 2.29x10°'° (pK,%=9.64) "ffﬂ for Ftyr, the
amino dissociation constant was~5.89x10"' (pK =10, 23) and
the ring hydroxyl, 6;j7x10“°v(pK0H‘%9.21),-1n 0.1 M bicar-
bonate buffer, ~100% DZO.‘TheEe.pKa‘s are all in the pH
region‘ of the SIIS measurements. As well, that the SIIS of

N- and C-blocked Fphe was not dependent ubon pH while the

SIIS of N- and C-blocked Ftyr was, reinforces the suggestioh

t
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that the effegts of pH on the SIIS's of the fluoro-amino
’acids'confaininé titratable groups were due to the titratioﬁ
of those groups; blocked Fphe did not ;ontain any titratable
groups‘while blocked ?Eyr'Stillﬂﬁéd its ring hydréxyl to be
deprotonated. |

The moiecular details by which the tiérations cause the
SIIS'S of the fluérp—aminb'acids to intrease i3 not totally

clear. The increase in SIIS with pH suggests that as the pH

increases, the solvent molecules draw closer, on average, to

‘EHé fluorine, Tﬁis'is easily justified in the caée of the
deprotonation of‘(tﬁe hydroxyl group; the wéter would form
hydrogen bonds with the negafive charge on deprotonated
hydroxyl group. This, in ;urn,,wbuldrlocalize the water in
the vicinity of the neighbourigg fluorane. (This was. the
same reasoning used to ekplain"the ~Ftyr SIIS }being
vconsistently larger than fhe'SIIS of the Fphe.) The reason
for the inc%ease of the fluoro-amino acids as their amino

termini are deprotonated is fore subtle. The chemical shifts

N\

——

of the ring fluorines of both Fphe and_FtYr are sensitive to

L

the protonation state of their amino g;Byps. It was seen in

¢

Chapter I1II-A that . the fluorine resohahce of Fphe shifts

upfield "1 ppm‘ while the Ftyr resonance shifts upfield

0.8 ppm, as the amino groups were‘deproionated; The mecha--

nism by which the chemical shifts are affected,' also seems

to affect: the extent to which the ring fluorines interact
, , 4

with the solvent; the SIIS's of both Fphe and Ftyr increase

as the pH 1is increased above their »aminpr pPK.'s. An

K]

a
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explanatioh of the Fphe and Ftyr sensitivities to the amino
groubs is not clear: {t may simply‘_be an ' electrostatic
interaction befween the positive chafge of the amino éroup
and the ring eleétroﬁs thus affecting the electro-
negagivitie§ of the fluorines on the far sides of the rings;
or it may be a complex effect due té the'electrié_field pro-
duced by.the amino group dipole and 1ts average orientation;.

to the ring. The explanation of the. results requires

additional studies to be done.



”»
IV. Studies of Fphe and ftyr Labelled M13 Coat Protein in
DOC Micelles |

*

A. Assignments of the Resonantes of the"’F NMR Spectrum

Intfoduction

It was shown in Chapter I-B that '’F - NMR of‘ fluoro—
amino 3016 residues in proteins can glve useful 1nformat10n
- about the envaronment of the ﬁluorlne labelled amino acid.
‘The anal?ses “of the. ‘5F.spectrun of affiuoro¥ amtno acid
residue in the presence of substrates or with changes in -
temperature, pH, or solvent can give useful information as
to the role of the~part1eular residue in maintaining -the
protein's structure and/dt.functiOn; fhe_fuLl appreciation
of the information obtainea ffrom~”the Spectfa though
urequires that the fluoro resonances be assagned to partlcu—

N

lar fluoro—re51dues in the protein.. Thus the first step in
the analysis_';ef any. protein speetfum?wts lto pbfaﬁn
!assiénments of the resonances}i’ R | o
\The'_methodsn of asSignmentS:areteertainiy as varied as
there are proteins.'A)eomnén requirement tb'all to”fl cdurse,
is that the amlno ac1é sequence of the proteln be known.‘If
the x-ray. structure 1s known, correlatlon of the behav1or of
the proteln s "F‘“NMR spectrum»w1th for example, blndlng :
substrate or changlng PH m1ght allow the a551gnment ofﬂfthe-ig

:resonance -from the fluoro re51due at the blndlng 51te or on

‘"the ;sufface of the~ proteln. vBarr;ng ~such meth065’~ of
103
@E\
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assignment, it 1s necessary to induce specific changes‘in
the spectrum. To this end, site—specific proteases and/or
chemical cleavage may be used to remove Onhe Or more fluoro;
residues from the protein, Monitoring the reactions. using -
1OF NMR correlates the processes wlth changes in.the reson-
ances of the .spectrum,“thus aiding their assignments.
Simllarly, chemical' labelllng experiments may be used to
specifically modify a certain residuev thereby inducing a
corresponding vchange “in  the NMR spectrum.. An alternative
approach to assignments was done by - P. ;Lu “and coworkers,
maklng use. of the available molecular genetic technlques
(Jarema et al., 198l). They have 1ntroduced a series of
point (nonsense) mutations :at the tyroslne codons in the
lachene (lac-:repressor prote1n) of  E. .Coli. Usingb.
suppressor ~positiue- E. colj stralns ‘and 1nclud1ng Ftyr in
the. growth medlum;,they obtained a serles of - Ftyr-labelled
vrepressor protelns lackgng_Ftyr at the’ mutant sites,AThe '°F
NMR Spectra of those proteins were correspondlngly missing -
oned orc the other‘ of the Ftyr resonancesj ‘hencé their,
. asslénments were ohtained. A o |
Exper1ments - to study the; structure'lof the- and‘
Ftyr- labelled M13 coat proteln when - bound by sodlum deoxy—
'cholate (DOC) mlcelles jare .outl1ned 1n th1s Chapter. The
tructure of DOC 1n the ac1d form, is shown in F1gure IV 1.
ThlS b1le ac1d forms mlcelles at a cr1t1cal m1cellar ‘concen-

tratlon (CMC) of ‘T mM when_ in a“ 0.1 M ionic strength

aqueous~ solutlon* (Small,'1971); Atjooncentrations’close to
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]

- Figure IV-1 The chemical structure of” deoxycholic
-~ acid. ARV 3 : R . L TR
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its CMC (for example 8 mM), there are 16 deoxycholate mole-
cules per micelle; Webster and co-workers found that the DOC
/micelies containing coat protein also-consist of 16 (£2) DOC
molecules per}micelle at ‘an ionic strength-of ~O.‘1.’M; there

are two coat proteins per micelle [Makino et al. (1975)] If

the DOC binds theﬁcoat protein dimerlas cholate. solublllzes'

lecithin' (Small 1971), the DOC molecules would ‘be arranged

.1n a double- layered r1ng about the hydrophoblc reglon of . thef

proteln with 8 DOC molecules per r1ng

‘The '’F NMR spectrum of the- and Ftyr conta1n1ng M13

- coat proteln “in  DOC m1celles is shown in Flgure IV 2. The

';fluoro resonances of thlS spectrum result from three Fphe

and two Ftyr re51dues 1n the proteln (Flgure IV 3) The}comf'

par1son of‘thls spectrumvto that‘of the the and_Ftyr»’aminoz‘

.acids “(see Flgure CIIISY), immediately’ aSSIgns “the

asymmetrlcal resonance at’ —37 76 ppm to the the re51due(sl

- and ithe; doublet at" —61 03 ppm to the Ftyr res1dues. The"

'ﬂfurther ass1gnment of 1nd1v1dual resonances to partlcular

nproteln re51dues 'has7 been v done by temperature andja

) : o
e‘proteolys1s experlments. The results are presented hereln.

LI

Results

Flgure IV 4 shows the 3';F' NMR spectra -of DOC boundfpip‘
prhe- and Ftyr labelled coat proteln as a functlon of tem—j;*'

?ulperature. The pH of the sample was adjusted at room temperaﬁifrﬁ
~iture so that at least part of the chem1cal Shlft change w1th'l

"ﬁtemperature is due to the change 1n pH Flgure IV 4(A) shows»»l_

o
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.:; 4F1gure V- 4 The "F NMR spectrum of the—-and

Ftyr- labelled M13 coat protelns in DOC micelles
" with varying temperature. The sample and. acqui= .
. .sition parameters.were the’ same as given in the .
legenid of Figure I1V-2. The resonances in'A are
from Fphe labelled protein while those in'B are
the Ftyr resonances. The spectra were collected.-'"
ats i) 327°K; 1i) 317; 111) 307 1v) 297' v)
287; vi) 277, '

Ll
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~ the Fphe spectra ht 277°K.(Figure.IV;4[A (vi)]), the: reson-
-ance ‘appeared to contaln at least three overlapping reson—.
ances: a broad one (~154 Hz) centered at -37 59 ppm and a
narrower one (f58 Hz) at -38.01 ppm and a very broad one
(f216AHz)%at -38}54 ppm. The relat;ve areas, determlned bu
computer Simuiation .ofi the spectrum | were approxlmately

44:34:21. As the temperature was 1ncreased the‘ peak shape

:changed untll at 327 K (Flgure Iv- 4[A 1)] : there vere three_b'

1

.‘resonances resolved :aplbroadk resonancev (“163 Hz)' at
© -36.92 ppn fandltwolnarroner peaks (35 and' 33 Hz) at -37.37
',and '-37 53 ppm.‘ Computer 'simulation showed thatrltheir
vrelatlve areas ‘were.approximately 44:26:30. There were'two
majd?) Ftyr protein B resonances at'~ all temperatures
.,(Flgure 1v-4[B(i- vipl) . The downf%eld resonance at 327° K (a

i‘ —60 41 ppm),was 76 Hz w1de whlle the upfleld resonance’,iat
*60.75 ppm) was 51 Hz Atrlower temperatures,'twopaddﬁtional
resonances_fappeared; At Niiibx, the two eresonances Bt
-61.17 ippm ~and- 76‘.63; ppml broadened'fto f42,and 134~H£,°
respectlvely The tuo fnew, resonances, .which"appeared :at

,f-62 63 and :—63 92 ppm, were 100 and 383 Hz w1de, respéd;

- tlvely The relatlve area of the four resonances determined

'rby _computer ‘51mulatlon,vwere approx1mately 35 38 }4 23 in;;e_;

: order from the downfleld resonance~f v“'j61f‘7 ppm:f f'the_
"mupfleld resonance at‘—63 92 ppm o | | .'!

f The a551gnments of the th% resonances were obtalned bym
‘monltorlng;u'he chymotryptlc dlgestlon of DOC mlcelle boundu,'

&
fluoroflabelled _coat proteln Chymotryp51n B spec1f1cally

. ! o - . . T . T n . ' ' T T
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cleaves_at phe,.tyr and trp (and; more slowly, leuCineI. The
F ' NMR spectra of the'digestion'are shown 1In Figure‘IV-S.
The digestion of Fphe 1is shown 'in the spectra in (a).
vFigure IV S[A(u)] was colIectedf'before”xtheijaddition of
chymotryps1n F1gure 1V- 5[A (ii- v1)] show _ the Tdecrease Ain
1nten51ty of the narrower central componentvof the comp051te'
'..the proteln peak after the addltlon of . the enzymev and the

'.iconcommltant appearance.-'of_ a ‘narrow peak upfleld

-'-38 84 ppm The time- course of the dlgestlon is~ shown - more,f

o clearly in Flgure IV 6. The curve shows that the ‘release of

L 'release’y*

"the from the proteln 1s b1pha51c, the: 1nten51ty ,of‘xthev
' narrow 'resonance rlses qu1ckly for the flrst 100 m1n, then
mmore slowly untll the qompletlon of the dlgestlon-‘(‘éé hrs-
;elater) _ determlne what fractlon of the total the 8. arej

[y

released 1n the initial burst. phase, the area of ‘th broadf

~.com£“ it ithe spectrum 1n F1gure\IV 5[A 1v)] at’ 1 29 hr:‘f
fwagg} »;eo‘vthe .total area ’gf the : spectrum _In}
ffiFigggi 1?Ii)JFL 14;.955. found that 1/3 of the m- the s
| ;fiy 5c1eaved ’ 't_ longer tlmes (Flgure : IV 5
fhé broad proteln resonance slowly dlsappears tO aj-
ﬁihﬁﬁuaé il area of the broad component ff Flgurev IV 5#[»
| A {5‘22% of the total area of Flgure IV 5[A 1)] |

fe'1V~5(B) shows the Ftyr resonances throughout the_"i

': Chymotft pin dlgestlon.v There does n»;T

”ffrom the m1celles as the,e is. no appearancex“

of a narrow peak correspondlng t6 free

appear to be anyf;f’

tyr contalnlng pep;,“¢’"'

. htldes (Flgure IV 5[B i- v1)])' The 1nten51ty f the boundiffift:

ot
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F1gure Iv 5 The "F NMR spectra of the chymotryptlc 1
.dlgestlon ‘at 277°K of Fphe- and Ftyr labelled
' 'M13 coat proteins in DOC micelles.  The m1celPh~
© bound coat” proteln sample was prepared ausing -
-~ 26.5 mg of each.of the Fphe and Ftyr, labelled . -
... M13 ‘phage. (sée Chapter II- D) ‘and 0..1M; NHRHCO, (leu
" 9.0), 8mM DOC buffer (the final D,@ content was.
S L B9 %) The resonances in ‘A are.from. the Fphe. REET
... regions . of the ‘spectra w?}le those in B are. froml;;]”‘
- the: Etyr. The ‘spectra were collected at the fol- "=
" lowing'times after ‘the addltlon of chymotryp51n-_fﬁ '
-1} .0 hr;. ii) 0.76; “iii) 0,724 iv) 1.29; ¢) 7. 72°'

'ﬁfgdf;‘*v1) 21.14. The -spectra each. resulted from: 2500
C v cen o Jscans’ with 10 Hz 11nebroaden1ng They were
© oo collected using a 16 isec (80°%). pulsew1dth

~'$5000 Hz: sweepw1dth 4K data and a: delay of 200
.pmsec between transpents ,155” L e
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" _Figure 1V-6 The graph of the increase of intensity .- |
. " of the Fphe chymotryptic fragment resonance. with .- "
. ~digestion.time. - The data, points were obtained . .
© .- from the complete set of‘chymotryptic digestion . ... .
" ‘spectra,a few of which are shown'in Figure IV-5. - ' "
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« Fryr peak does, however, decrease after a lond t ime

(Figure IV-5[B(vi)]). This 1is due to linewidrh and T,
changes caused byl‘aggregation ‘(see Chapter 11-D) after
exténsive cleavage of the protein at-the .phe residues.

To correlate the observed chymotryptic digestion pat-
tern ”witn the release of specific fluoro-residues from the
protein, the chymotryptic digestion of the coat protain in

DOC micelles was monitored wusing paper electrophoresis.

Figure 1IV-7 shows the appearance of the  hydrophilic

fragments as a function of digestion time: cleavage at

phe 11 results in an acidic fragmentiﬁwh}ie the cleavage at
PN

phe 42 and phe 45 both result in basic fragments (fragment

4§745'being more basic than 46-50 (see Figure IV-7).  Lanes

,i%¥ ii, xvi and xvii contain free amino acids used as

references,'ln particular, lanes ii and xvi cpntain aspartic
acid for #an internal standard Lane iii is an aliguot of
sample.withdrawn‘béfore chymotrypsin was added WQﬁle lanes .
iv-xv' are of aliquots'withdrawn at various times Ehroughdnt
the digestion. Amino acid analysis‘ of the separated

fragments from another chymotryptlc digestion of the}coat

'proteln in mlcelles resulted 1n the a551gnments of fragdénts

given in'. Table IV-1."JFlgure Iv-7 shows, then, that
fragment 1—11‘is released first,: followed by 46-50. Fragnent
43-45is the most slowly released fragment.‘ '

The assignment of the two major resonances .0f the Fryr

N’ .
regigﬁ of the spectrum requires an alternative technigue

other than chymotrypsin as the Ftyr residues are apparently

| »



a1

115

.. v eseong @
- Is

Y Y

TN YEEIYY J

\

N R

st voowvnoix XL i xv oxv

)

f

Figure IV-7 . The paper electrophoresis of the
fragments released from -the chymotryptic diges-
‘tion at 277°K of Fphe- and Ftyr-labelled M13
coat proteins in DOC micelles. Aliquots were
withdrawn from the digestion mixture and the
digestion stopped at the following times: Ldne
C§¥ii) 0°min; iv) 5; v) 10; vi) 15; vii) 30; -~
viii) 45; ix) '60; x) '90; xi) 120; xii) 180;
xiii) 420; xiv) 24 hr; xv) 51; xvi) 72. Lanes i
and xviii contained control mixtures of amino ~
acids while lanes ii and xvii contained the '

© aspartic acid standard.- = L S

oo
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Table IV-1

Paper electrophoresis mobilities at pH6.5 of the
chymotryptic fragments of Mi13 coat protein:

116

Fragment : 'Rf
1 - 11 < 0.48
46 - 50 -0.59
43 - 45 | ‘ =1.07

Asp ' , 1.00
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protected‘from that protease. Hagen:et al. (1979)'had found’
that ‘the Ftyr ~residues could »be digested whenlthé non-
specific profease, pronase, was uséd.-'Thé"experiment Qas
fepeafed, using both the¥ and_Ftyr*lébelled M13 éoat,pro?
tein to make the DOC micelle sample; the '’F NMR spectfa §f
the digesﬁion are éhown in Figure IV-8. The '’F NMR spectra
of the Fphe- ana Ftyr—lébelled coat p;oﬁeins, pridr to ‘the
addit%on of the pronasé, are shown in Fiqure IV-8, A and B,
respectively.)A Fphe fragment'resénénce'at '—37;91 ppm‘.waé
detected within Vlthe first half = hour oq digéStiOn
(Figure 1v-8[a(ii)]); Ftyr frégmeﬁts'at\-61.89 ppm were not
seen until approximately one hour after the addition‘éf'the
pronase (Figure IV-8[B(iii}]). The Ftyr. protein :resonanceé
'show that the protein sfruttufe“in the vicinity of the
‘tyfoSiﬁes éhaﬁges before the Ftyr residués becbﬁe digeétibie
(comparé Figure IV-8[B(i)] .to B(iij. It‘éppéars, from the
Ftyf spectra shown in Figure 1vV-8, B(ii) to.B(v), thét‘_thé
Ftyr reéidue fesponsible for ihe do@nfield-;ésénanqé\iS“
'cleaQea first. After 48 hours of digestion, dhly-)Fpﬁe 1ahd‘
Ftyr  fragment resonances age seen [Figuré IV—8(yii)]. Tﬁe;.f
fragment infgnsities a}e ﬁuchviess than those‘df’theﬁinitial’

" protein resonances due to their longer T,'s. The resonances |

from the Fphe and- Ftyr rqsidUes remaining with Jthe Doc‘“"

micelle are no longer seen due ‘to the T, and<linewidthv
changes that'oc¢0f uponQprotein éggregation (as seen for the .

»chymotrypticvdigésfion).,

i
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. Figure 1v-8 The.''F NMR spectra of the pronase

digestion at 300°K of Fphe- and Ftyr-labelled

. M13 coat proteins in DOC micelles. 20 mg of

- eachiof the labelled ‘coat proteins was used to

- prepare the-coat protein 'in DOC micelles sample;

. the"final;sample‘cqntained 0.1M NaHCO;(pH 9.0),
8mM DOC- buffer (- 85 % D,0)..The resonances in A

are from the Fphe region of the 'spectrum while

those in B are from the Ftyr. The spectra were -

.~ collected af the following times after -the addi-
““tion of-the pronase: i) 0 hr;ii) 0:42; L

Ciii) 0.98; iv) 2.67; v) 6.60; 'vi)21.17;

vii) 48.16.- The spectral acquisition and line-

broadening parameters were as those given in

Figure IV-5 except that the ‘pulsewidth was 13 .

_usec (58°). e s O o
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~Discussion
In this,section experimentshhave been done to assign
the fluorinet resonances in‘~the spectrum of the the-'and
Ftyr labelled coat proteln in DOC .micelles to TpartiCular
re51dues in the proteln. From the sequence of the prote1n
one exbects_that there w;ll»be resonances from three the
residues (at positions 11, 42 and 45)'and'from two Ftyr
residues (at positions 21 and 24). The ."spectra' of
Fphe- /Ftyr labelled coat protein in DOC micelles contain
only three d1st1ngulshable resonances-at 297 K; the two“res-
~onances from the Ftyr re51dues are resolved but only a
comp051te Fphe ‘resonance is observed At 327°K~ three.»the
resonances vare seen, wh1ch have approx1mately equal areas,
con51der1ng the error 1n the measurements of the. broad reSf
"onances As the temperature i's decreased the three reson- .
. ances sh1ft and broaden4so that at 277 K the broad resonance
and the upf1eld narrow resonance from the 327°8 K spectrum»
\ ,remaln, ‘and-a new, broad reSOnance, upfleld ofh the -narrowv
resonance, appears' Agaln, the relatlve .areas of these three
resonances‘are approx1mately equal Therefore, although the.

-room temperature spectrum mlght lead one to thlnk that there

'V is only a 51ngle the label 1ncorporated 1nto ‘the' proteln__
d‘ (see F1gure IV 4), at other temperatures three resonances
~are detected (The 51gn1f1cande of the varylng' llneWIdthS
'ruith.-redards _to.‘structure w111 be‘ discussed in Chapter

IV-B.)
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Although the Fphe spectrum appears to not have enough
resonances at'297°KL the‘FtYr region of the'spectrum‘appears
to have too manyh(Figure IVfZ .‘The extra réSOnances upfield
of the doublet appear most clearly in the 277 K and 287°K
spectra in F1gure IV 4 B)[(v) and (vi), ,respectlvely] Thelr
origin 1s not cOmpletely understood but a number of exper-

. - :
iments have beenr carried out to characterlze thelr behav1or

be(see Chapter IV—B).
 The assignments of the the'resonances were‘obtained by
'comparlng the spectral data of the chymotryptlc dlgestlon of
the fluoro- labelled coat protelns bound by DOC m1celles, in
kFlgures IV 5. and IV-6, to the analyses of the d1gest1on'
vfragments shown in Flgure IV 7. The flrst fragment released,
as shown by 1ts appearance on the electrophores1s paper,,wash
1-11. This vas followed by fragnent. 46-50 ‘and then, most
"slowhy, -by‘43-45‘ Comparlng th1s data to the changes in the-h
"F NMR spectrum w1th dlgestlon assigns the narrow,' qulckly.i'
d1sappear1ng, resonance" to‘ the11 ‘and the resonances from
Fphed2 and 45 to the broad resonances. The spectrum~-around

the free resonance becomes .t00_ compl1cated to determlne

”nhether theu'broad ‘upfleld resonance is from the42 or

ﬁ'the45 vOne 'might speculate that the broad resonance that .lxjt

'narrows at higherl;temperatures,.(E1gureA IV 4(A)Hhis* from
the45 . 51ncel it is further 7thanivahe42 from the DOC-'
*solublllzed hydrophoblc reg1on of the prote1n, but tglsv.ls~"‘
fhot proven conCIUS1vely by the present data .

S
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,(compare '-th the spectra. to JthOSe of the Ftyr ‘in

121

A possible assignment of. the Ftyr resonances is sug-

gested by the pronase digestion results (see Figure 'IV-B)

Ftyr2i -1s on the edge of the hydrophobic domain of the pro-

tein, while Ftyr24 is three -amino acids deeper into the

hydrophobic core. The Ftyr residues are not susceptlble to
chymotryptic 'cleavage Vsuggestlng that both’ Ftyr S are
protected by the -DOC».ﬁhen treated with'pronase,’however,

the re51due respon51b1e for the downfleld resonance appears

» to  be removed more . rapldly than the re51due respon51ble for
'-the upfield resonance Pronase can only dlgest re51dues ‘that’
are in the aqueous medlum so 1t seems that with the removal

of the hydroph111c ends, the Ftyr re51dues_.become }exposed_

*

Figure fV—B). This suggests .that the downfield 'reSOnance-'
“affected first by the\digeStionfiS‘from Ftyr2t, leauingithe

| ’upfleld resonance to ‘*7?from ‘Ftyr24 although’" possible”

19

structural changes occurrlng before cleavage make this con-

.clu51on, ’tentatlve (Addltlonal »ev1dence_v ford | these

v -

Ta551gnments is glven in. Chapter IV-B.)

't.

B, The Exposure of Fphe and Ftyr Amino Ac1d Res1dues of - M13

Coat Proteln in DOC M1celles s T S

-

g*To fully understand the mechanlsm by whlch a prote1n3
';performs 1ts functlon, it"fis: necessary -to determxne fits.p

"dstructure iand the conférmatlonal changes that occur dur1ng -

i

P
o~

.ut,t,«f‘ .
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function Ideally, thiS/ 1s achieyed through comparison of
" the x-ray’ cryStal structure of ,the.'protein' with :dynanic
struCtural» studies (such ab chemical labelling”and/or NMR
experiments). hn example "of a uaterrsoluhle protein” for-
which ‘this has been done is, bovine pancreatic'trypsin_
inhibitor (BPTI) (forlia'“short vreview,' see "Wuthrachf and
nagner,‘ 1984; Simon, et'a}.,‘1984)..1f, hoyever, the_x-ray-
structure‘of the prOteinlis notﬁknown 'then‘one-must rely on
the 1nterpretatlon of the dynamlc structural studies.

Two types of 1nformat10n that can be obtalned cfrom
dynamlc studies are proteln re51due exposure and moblllty
_‘These may be: correlated W1th the structure of the proteln 1n.
the 'v1c1n1ty of the re51due: if a chemlcal modlflcatlon is -
' eaS1ly achleved and/or ana1y51s of the NMR“spectrum shows
the residue to be very mobile,. then chances are it 1s on the
surface of the proteln, conversely,‘lf it ‘cannot. be ‘cheml—'
cally 'labelled and/or ‘is found to be 1mmob11e -then it is»
probably buried w1th1n the hydrophoblc core of. the proteln.

'Qne must- be ‘careful though in applylng thlS 51mple
'fru1e‘of’thumb,vespeclally in deélnlng exposure. One method

‘ ot'“measuring exposure ~is,‘tof monltor the permeablllty of

water and/or deuterlum ox1de into a protern through measure— .

_3ment of,'they.rates of exchange of the amlde protons of the,
proteln backbone~(SImon et al., 1984) : Most proteln amlde
’protons are exchangeable w1th1n seconds. Thls shows that,j

regardless of where they are w1th1n a proteln,_the amide yis“

expOSed to water W(whether by local unfoldlng or through .

N
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penetration of the proteln (Kossiakoff, 1982)). Thus, amide
protons within the core of the protein are exposed. On the
other hand, some amidehprotons do not exchange, even on the
timescale of a year (Kossiakoff,. 1982)7 These .slow rates'
were found to be independent of the’distanoe of the proton
from the surface of the prote;n but rather to be part of
ﬂ—sheet structures. Therefore, an amide proton that is close
to the surface.of the: protein may appear ltor be buried.
Clearly, other experiments would be necessary to obtaln-the
complete 1nformat10n des1red ‘

o The appl;catlon of structural technlgues to ‘the study
ofl nembrane proteins is  more complex,‘ yet potentially
extremely 1nformat1ve Measurements of exposure and mohility’
-g1ve 1nformat10n not only of proteln structurq, but as well,
of the topology. of the profeln in the lipid bllayer or
detergent mlcelle one'can’determine which-proteln‘ re51dues

/

are w1th1n the bllayer or micelle (the hydrophoblc domain)
and whlch re31dues are in the region of the prOte1n outside
'the ‘lipid bllayer or detergent micelle (the hydrophrllc
“domain). The degree of protectlon of the proteln re51dues of
' the hydrophoblc domain by the 11p1ds or detergent molecules
“ls also of 1nterest W1th these goals in m1nd ‘ experlmentsf
to. determlne the exposure and mob111t; of the the and Ftyr
re51dues of labelled M13 coat proteln in DOC have been done.

The - results are descrlbed hereln



&
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Theory :f’% S o ’ )

The exper1ments usedvto study the exposure and moblllty-
of the the— and Ftyr labelled coat protelns in DOC m1celles
include »SIIS, fluorine photo—chemlcally 1nduced - dynamic
‘nuclear polarlzatlon (CIDNP)- proteolysis with pronase at
277°K,: c1rcular d1chr01sm (CD?, ) pH - ‘titration and
"-quantitation of internal motion“of-the'the;and Ftyr rlngs
by the analysis of fluorine QMR relaxation‘data. The‘ theory‘

S ] w

for the SIIS studies was decribed in Chapter II11-B and the

formulae necessary for the motion anal{ses are given in

i :
Chapter V- B.. The two other technlqués requ1r1ng 1ntroductory
explanat1ons are fluorine photo CIDNP and CD Their - defini-

tions-are glvenjbelow. k : § .

Chemlcally ;nduced dynamlc nuclear polarlzatlon -
'CIDNP" is an NMR technlque that requ1res a laser, a
photo¥ercitable dYe [such 'as' flavin, mononucleotlde
(FMN) see Fiéure IV-11]) and ~an available tyroSine;r
tryptophan, and/or hlst1d1ne res1due ltoo interact yWith

,the dye (see Kapteln et a].,.1978). The reactions of

v1nterest occur as follows: S

“F WP 4 °F
L f. P + TyrOH » FH: + TyrO: |~

H"' +’I‘ygﬁr 3 F + TYrOH*
'where oE‘.lS the flav1n dye, 'Ffand‘iF is the,dye-in the
”;'51nglet and trlplet energy states, FH- and'Tyfofrafe"fhe B

’;}rad;cals_'of, the dye and a tyr051ne molecule and TerH*

Ty
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"is  the polarlzed tyr051ne The result of the polariz-

ation is that the tyr051ne proton resonances in partic-

”13 5 protons, are enhanced and are e1ther'
hfve. The d1rect10n of the enhancement,
ftptlon ot an emlss1on, can be predlcted'f
[with certain 11m1tat10ns " (Hutton

éfé f;‘a' _955]. CIDNP of fluorlne resonances have also
;w1th 3- fluoro tyr051ne (Sykes and Welner,
application of this technlque to stuoy pro-
tein ‘is due_’to the dependence' of the
enhan? fi h,x”f the dlrect 1nteractlon ‘of the dye with
thetfél Ai,‘a‘ prov1des‘-av method of measurlng 'thew

the re51due to the medlum in whlch the dye

?:ectrophotometrlc technlque Whlch measures,F
3 ticity of c1rcu1arly polarlzed llght after
_:passingv‘through an’ optlcally actlve molecule" (see?

.Friefelder, 1976) :The : orrelat10n~'ofl,the' c1rcular"

~ dichroism (the dlfference between ‘the -exthctlon,,””

xcoeffioients"oﬁ‘hthe left and rlght components of the‘;
‘l'polarlzed 11ght (Ae) w1th a- hel1cal B sheet and randomn
"structure in protelns ‘is)semplrrcal; hef CD data of7:
"only L- 1y51ne‘hin“a hellx, fﬂ¥sheet ‘orf?{tandom-‘ c011

'conformatlons (Greenfleld and Fasman 1969) have been o

“‘used to 1nterpret 5the :CD spectra off protelns& The;ﬂ

Sqution of proteln X= ray structures has allowed a more=_f
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preciSE_ analysis ;of CD - data' Chen'ét al. (1974) have
l‘suggested a multlparameter method the 'coefficients of
which have been determlned hrough correlatlng known
i’protetn structures w1th the1r CD spect¢ra.  This .method

has been used to analyse the data in thlS Chapter

The datav obtained from"a CD spectrum is the
ﬂ'celllptlcity t(é)_ (= 3300Ae) as a functlon of wavelength'
[For_theHCB-of'proteln backbone‘structure, hence,’the CD:
‘of peptlde amides, thelspectrum is run froleOO nm_(orp

‘ less) to 250 nm] The~mean.residue‘ellipticity at a par= .

'tlcular-vavelength’is_given by:~*
. .‘/ o N
(8] = mle'd

10 1lc

' where m, is the average re51due molecular welght :l' is

'“vthe pathlength in dm,‘c is’ the proteln concentratlon 1n”

g/ml and 9 1s the observed elllpt1c1ty in degrees [For '

: CD ~exper1ments descr1bed hereln,r m -105 g/mole,i

’l 5x10'°dm and c=2. 90x10" /ml see Chapter II D) ] The g
g a- hellx, 8- sheet and random cb l are then calculatedhﬁ.vf

by uslng the ratlos of the multlpaﬁameter .equat1ons ,at'

l'

'dlfferent wavelengths throughout the sen51t1ve reglon of,f"
fthe spectrum (a hellx negatlve maxlma are aat‘ ~209 and'w
. - 222 ‘nm. whlle B*sheet structure has a. negatlve maxlmum at

v¥;'216 nm and random structug%.has a small pqs1t1ve max1—,

Q

'-mum at‘"218 nm. The coeff1c1ents were those glven 1n they;hf"
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(922Q71800)1276+(9225+264)7860

a(220/225) =
: o 267595840
8(220/225) =-xezzo+1soo) 31300(a)
— 7870 n
a(245/225) = (62,5+669)1276+(0225+264)10009
. . } 323547520 .
' 5(215/225) = (8;,5+669)-26369(a)
o g — 10009
a(210/225) = (85,0" zzoo>127e+(ezzs+zs4)5990:'
| R —204373560 o
b(210/225) - (8510+2200)- 28200(a)
- o 5990 ) .

" %4 = [a 220/225) + a(215/225) + al 210/225)] X 100
A SREIRE R ;, o
B = 18(220/2251'+ B(215/225)r+ B(2107225)] x 100

..... R e 3 — .
: ~%random = 100~ %a “wp b
- Results R

SIIS studles:

.Tﬁe- exposure .of the the and Ftyr res;dues of the

.0!
<

‘r_¢sr_1abelled coat proteln in mlcelles wasg f1rst probed by

L ‘uo. : SNl
,jsolvent 'lsotope 1nduced sh1ft (SIIS) exper1ments (See

‘Chapter III B ﬁor;fan explanatlon' of A ej‘ theory)

-'Flgure' IV 9 shows ;fb;}“’F NMR spectra ﬂE; fsamples

conta1n1ng the/Ftyr labelled M13 coat proterns DOC

' —..—-—.—.—-.._—__—_-—_—

o'<”Handbook of B1ochemlstry and Molecular Blology Protelns

“(Volume 3) 1976, ‘ed. Fasman (CRC Press, Cleveland
Oth) pp138 139 SR L : S




128

3

micéllgs at 297°K as the H,0 of the solvent is replaced
with D,0. At this temperature, only Fphell [the narrow
resonance at -37.76 ppm in the B87% D20 spectrum of
Figure IV—9(A(i)]y is resolwed and can be accurately
monitored. The resonances from Ftyr21 and 24 age clearly
resolved from each_other at -60.87 ppm and -61.16 ppm,
respectively, in the 87% DO speétrum of Figure IV?9(ﬁ)
(see Chapter IV-A). The amount of D,0 in the sample
affects the chemical shifts of these three resonances
differently; the position of the resonance for Ftyr2i
has greater dependence ubon the D,;0 content of the
medium than that of Ftyr24, while Fphell has an inter-
mediate dependence. The changes in chemical shifts seen

»

in these spectra ‘are illustrated 1in Figure IV—10;
Graph A is a plot of the Fphell chemical shifts as a
function of % D.;0 while the liﬁes in graph B show the
behavior of the Ftyr21 and Ftyr24 chemical shifts. The.

S11S's of the residues (= &4 —6h20 -SIIS,,cx, S€e’

;0
Chapter 111-B) were obtained using the data showh in the
graphs and are listed in Table IV-2.

The coat protein Fphe and Ftyf residﬁe SIIS's were
then compared to those obtained for -the respective free |

"amino acidé and N- and C-terminal blocked amino acids

(Chapter III-B).

e
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Figure 1V-9 The '’F NMR spectra of Fphe- and ’

‘ Ftyr-labelled coat protein in DOC micelles with
varying D,0 content. The micelle-bound protein
sample was prepared using 20 mg of each labelled
phage (see Chapter II-D) .and contained 0.1M .
NH,HCO, (pH 9.0) and:8 mM DOC. The resonances in
A are from Fphe while those in B are from Ftyr.
The D,0 concentrations -are: i) 87%; ii) 70; .
iii) 50; 'iv) 33. The spectra resulted from 5000
scans at 297°K using a 16 usec (72°) pulse, 4K
data, +6300 Hz sweepwidth and a delay of '
200 msec between transients. 10 Hz linebroaden-

_ing was used. '

>
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CHEMICAL SHIFT (ppm)

A B
' -61.20F h
; I
-61.16 b 4
-37.82}) 8 '
'6'.'2' -
p s )
-wm.’ -
-6086l
-6082
~-3766} . 4
‘ -60.78
-60.74} .
0 20 40 60 80 100 o Zb 40 6‘0 86 100
% D,0 R

N

Figure IV-10 The graphs of the '’F- NMR chemical
shifts of Fphe- and Ftyr~labelled M13 coat pror
teins in DOC micelles as functions of %DO. The
data were obtained from the spectra shown in
Figure IV-9, Gfaph A is the Fphe data, while’
Graph B is the Ftyr data: i) Ftyr24; ii) Ftyr2i.

Tf
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Table 'IV-2

The SIIS data for the Fphe and Ftyr resonances of
labelled coat protein 1n DOC micelles

Amino Acid SI1I1S*
‘&
Free’:’ Fphe - C-0.16 (=0.17)7
Ftyrr  -0.26 (-0.27)
Protein*: Fphe 11 | -0.01
Pryr21 .  -0.10
Ftyr2d - -0.02

'‘The SIIS units are ppm. _
:The data were taken from Table III-4 (pH 9.0); the error

‘was #0.01 ppm.
~’The data (pH 9.0) for the Fphe and Ftyr amino acids that
were N-acetylated and methyl esterlfled are given in -

paretheses.
‘The data were taken from Figure IV-10 and corrected for the

SI1S of the lock resonance (Chapter III- B) the error was
+0.03 ppm. ’ '
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The exposure of the fluorine on the ring of the residues

\

in the protein relative to its exposure in the free

“amino acids was quantitated as follows:

-

%exposure =, SIIS, x 100 %
SIISaa

_where SIIS, and SIIS,, are the SIIS values of the pro-
tein residue and the amino acid, respectively. The

results are shown in Table IV-3.

"CIDNP .experiments .

~Ftyr residue’(ﬁ(posu;e in ‘the Ftyr-labelled coat
protéin in DOC micelles was also determined'using' laser
photo JCIDNP measurements (see Theofy); The CIDNP exper-
iments wefe»done by a summer student; Mr. ~Meyer: Aaron,
using one of two dyeé: flavin mononucleotide (FMN) or
3-N-carboxymethyl-lumiflavine (CM—LUM)f the structures
are shown in Figure IV-11. While both'dyesbwere chOsenA |
designed_to " be hydrophilic and water soluble, FMN,
having the mononucieotide'attéc ed to the flavin ring,
might be A?Ehﬁless able to penetféte the micelle than
CM-LUM. Thus, FMN could. interact with tyr residues
oﬁtside the micelle,\whiie CM4LUM; could partition ‘inﬁo‘ §
the 'micéile' and: inferaétf‘with‘Ftyr“(or tyr) residues,.,
either,a; the micelle/water ihferface9vor within the
micéllé} "Figuré inIZ shows fhe;resuits of thg FMN apd
CM-LUM,experiments(spéctra‘Aand B,:respedtively)} The

darktgpebtra [Figdre IV—12(iii)]'were col}ected}with-the
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‘Table IV-3

The %posure of the Fphe and Ftyr residueé of the
labelled coat proteins in DOC micelles a
determined by SIIS v ’

I

% Exposure relative to: /
Residue Amino Acid Blocked' Amino Acid
Fphe 11 , 722 | 6+19
Ftyr2! 36513 3513
Ftyr24 -g+18 —7412

‘The "blocked amino acids" refers to Fphe and Ftyr amino

acids that had been N-acetylated and methyl esterified (see
Chapter III-B). \ : L
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EBC N\ NH
HE NS "ko
R CH

G

Figure IV-11. The chemical structures of the dyes
used in the photo-CIDNP experiments on Ftyr- -
labelled coat proteln in DOC.micelles. .
~Structure A 'is flavin mononucleotlde, whlle B is,
3-N- carboxy methyl 1um1flav1ne :
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F1gure Iv-12 The '°F NMR CIDNP spectra of Ftyr e
_ labelled M13 coat protein in.DOC micelles.  The
‘coat- proteln in micelles sample was. prepared.
‘using 15 mg of Ftyr-labelled phage (see
Chapter 1I-D) and contained 0.1M NH,HCO; -(pH9),.

~ 8mM DOC (85%°D;0). The resonances in A were

~ taken using FMN as the dye, while the" resonances
in B were using. CM-LUM; the final concentration.
of dye was 0.2 umole/ml The spectra were taken
as follows: i) Might-dark; ii) light; iii) dark
" The spectral parameters are given in : ,
Chapter II-F, with only 72 scans/spectrum. The
"resonance at “-59,95 ppm, which is present in

~all but the difference spectra, 1s a spec-
,trometer artifact.
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- laser shutter in pléce so that no light was allowed into
the 'sample while the light 'spectra [Figurd 1v-12(ii)]
were collected after irradiation for 1 sec. The dark
- spectra show the normal;ﬁtyr resonances from the coat
“protein in micelles: an absorption spectrum. The photo-
activation of the dye .and its éubsequent interaction

~with the Ftyr re51dues, results in tHe 'perturbation- of

the '’F spin state populatlons =Yo) that the ?Esult1ng

spectrum may be an absorption or an ~emission. In the

';experiment using FMN, the result was the equilization of-
“tht '°F spin state populations. so that no resonance was:

observed. In the experiment with the CM-LUM, an enhanced

emission_was?obtained;5the enhancement was 6-fold. Both
Qf' these results are different from the. '’F NMﬁ CIDNP
effect found for the free Ftyr amino acid, which is an

enhanced abSOrption (SykeS'%nd Weiner, 1980).
N 8 ) ] ( . :

Pronase dfgestioﬁ
~The _pronase digestion " of  the Fphe-. and
| Ftyr-labelled proteln in DOC micelles at 300° 'K resulted

in the release of both the and Ftyr containing

’fraéments (Chapter IV-AX. Since the spectra :in - Figure

Iv-4 showed thet additional Ftyr resonances were present

at lower temperatures,‘the digeStion was repeated at.

277°K to determlne the exposure of the Ftyr residues
correspondlng to the’new upfield Ftyr resonances - (see
Flgure 1v- 13) ‘The same,amount-bf,pronése was used as in

Flgu:e IV—8 hence the progress of the digestion was

Sy
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Figure 1V-13 The '’F NMR spectra of the pronase
digestion of Fphe and Ftyr labelled M13 coat
protein in DOC micelles at 277°K. The micelle-
bound coat protein sample was prepared using
10 mg of each labelled phage .(see Chapter 11-D)
and contained 0.1M NH,HCO; (pH9) and 8 mM DOC
(61% D,0). The Fphe resonances are shown in A,

- while B are from Ftyr. The spectra were
collected at the following times after 'the addi-
tion of pronase (final concentration 58 ug/ml)
i) 0.hr; ii) '0.27; iii) 2.79; iv) 6.00; v) 8.50;:
vi) 19.5; vii) 35.7 There are 10,000 .
scans/spectrum, which were collected using _
6 usec (30°). pylsewidth, 6300 Hz sweepwidth, 4K

~ data and a 20 msec delay between transients.

15 Hz linebroadenjng”was used.,
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much slqwer due'go the lower temperature, The comparison
of the spectra of Figure IV-13(A) with those in,
_ ‘ fi
Figure IV-13(B) shows that, in agreement with the
results at 300°K, the Fphe residues are cleaved faster
than the Ftyr residues. Resonances corresponding to
three Fphe fragments can be resolved during the diges-

, -~
tion: one, released quickly, whose resonance was first

;o
detected after a quarter of an hour (Figure 1v-13[A(i1)]
at -38.11 ppm); a second fragment, whose ‘release was
'almost as fast as the first, was also detected after the

first quarter of an hour (at -38.95 ppm); and. a ’slowly

‘ released 'fragment .the resonance from which did ot

appear until two - and three quarter hours after the addl-_

!

tion  of the pronase (Flgure 'IV 13{a(iii)] - at
—38 52 ppm) . The appearande of a ”F NMR resonance from
Ftyr fragments at -61. 92 ‘ppm in Flgure 1v- 13(B) followed
a 51m11ar t1me course to that of the appearance of- the
most slowly dlgestlng the fragment- it only became
detectable after two and thﬁee quarter hours_ of dlges~:
tion (Figure IV- 13[8-111)151 The upfleld Ftyr resonance
at -62,43 ppm in Flgure IV 13(B(1))-was present»”inv’the
Fspectra unt;l  the _Ftyr fragment resonanCe (at
-61 92 ppm) became well resolved (Fzgure IV-13[B(iv)]).

' The upf1eld Ftyr ‘resonance, thén’ d1sap§kared with

contaned dlgestlon (Flgure IV 13[B(v v11)])

“m
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CD experiments -
To determine ~whether ;he upfield Ftyr‘resonances

present 1in the low temperature spectra were the result

of extensive changes in the structure of the‘protein, CDh

spectra of'the protein 1in DOC micelles were. recorded at

-

temperatuﬁes between 279°K and 323°R. Sample spectra of .-

the elllpt1c1ty as a functlon of wavelength are ‘shown in.:

Figure 1V-14. The spectras were used to calculate %

a-helix, %‘B—sheet and % random coil content of the pro-

. tein using the formulae given in the Theory Sectlon°°' a

.l

graph of the results as a function of temperature is-

shown in Flgure IV-15. The yerrors were calculated as
shown in Chapter' IIfD."The only effect seen over the

temperature range studied was a small decrease in the

content of a-helix and f-sheet with concommitant rise in

the % random coil (from 0 to 10% .as the temperature was
‘raised from 284°K to 323°K). '°F NMR'spectra as a func-
"tlon of temperature were run u51ng the same sample The

results were the same as shown in Flgure IV-4, 1' -~

'

pH titration

The behavior of the fluoro- resonances wlth pH was

also monltored The experlment was done u51ng 25 -mM‘

sod1um borate rather ‘than' 0.1 M NH HCO; to prevent

ianomalles due to the carbamate formatlon af 1y51ne amlno,'

—— i - ————

3 eThe coeff1c1ents used in the calculatxons were determlned
~at room temperature 1) they are not completely accurate .over

ca. range at which the measurements were ‘made-.
fcedbphowever was small . Vs

.
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Flgure 1v-14 The 'CD. spectra of the— and

Ftyr-labelled M13 coat proteins in DOC mlcelles.'
as a functlon of temperature The coat. prdtein .

_in micelles sampl s ‘made using 11 mg. €ach of
. Fphe and Ftyr ‘labelled phage (see Chapter II-D)
. and contained 0.1M NH,HCO, (pH9.0) and 8mM DOC,
The temperatures shown are‘-') 323 K 11) 294--
"j111) 280.. = e , _
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‘Figure IV-15 .The graphs of the % a- hellx - -gheet

and random coil in the labelled M13 coat protelnv g;

- in DOC micelles as 2 function of ‘temperature.
' The data:were obtained from. the analyses of- tdie—, .
: N

CD spectra in Figure IV:14 (where only three %
" spectra of the series were shown). The curves o

'=are' A) a- hellx, B) B sheet C) random c011 o {".‘v‘
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x'groupg (see Chapter 111-A). The pH was adjustéd at
287°K. Figure IV-16 shows the ‘Fphe (A) and Ftyr (B)
spectra as the pH was increased ffomcz.73 to 11.85 at
287°K. The Fphe resonance did not have much dependence
on pH, "but the Dbehavior of the Ftyr resonances was
interesting. The upfield Ftyr.resoﬁances were observable
at ‘pH 10 and less (Figure IV-16[B(iii-v)]). As the‘pH
- was increased above 10,'howeve:, the intensities of the
upfieid resonances decfeased. Aé well, the Ftyr
intensity of the major Ftyr resonance increased until,
at pH 11.85, partial resolution of the Ftyr2i and Ftyr24
resonances is obtained; an increase in pH causes similar
effécts to those seen when the temperature was
increased. )

The behavior of the Fphel1l and Ftyr21/24 chemical
shifts and the upfiéld Ftyr resonance intensity with pH
is shown in Fig;re IV-17. There is little change in
chemical shift for the Fphe resonance (curve (C)). The
" chemical shiftK‘Ftyr21/24 resonance moves upfield with
increasing 'pH and is shown in curve (B); the simul-
taneous vdecfease of intensity of the upfield resonances
relative to the total Ftyr resonance intensity is shown
ia curve\ (A); Analyseé:of the two Ftyr curves using a
- ;Bn-linear least mean squares program gave a pKa foér the
Ftyr chemical shift titration of 10.25#0.07 while the

"pKa" of the decrease in intensity of the upfield reson-

ances was 10.10+0,10.
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F1gure IV-16 The "’F NMR spectra of the pH

titration of Fphe- and Ftyr-labelled M13 coat
proteins in DOC/ micelles. The coat protein in
micelles sample was prepared using 14 mg Ftyr
and 16 mg Fphe /phage (see Chapter I1I-D) and
contained 25 mM sodium- borate (pH 9.0) and 8 mM
DOC (final D,0 content was 43%). The spectra in
A are from the Fphe residues, while those 1n B
are from the Ftyr. The pH values are: i) .85;
ii) 10.82; iii) 9.96; iv) 9.00; v) 7. 73.'The
"spectra were acquired at 283°K using the same |
parameters as in Figure IV-13, except that a

7 usec (45°) pulsewidth and no delay between
_transients were used.
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Figure IV-17 The graphs of the '°F NMR chemical

shifts of the Fphell and Ftyr21/24 resonances
and of the intensity of the Ftyr upfield reson-
ances (relative to the total Ftyr resonance
intensity) as functions of pH. The data were
obtained from the spectra shown in Figure IV-16

(where only five spectra were shown). The curves
-are as follows: A) the upfield Ftyr resonances

relative intensity; B) the major Ftyr resonances
chemical jshift; C) the Fphell resonance chemical

shift.
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*'F NMR relaxation ‘data
Table IV—4 shows the spin lattice relaxation times

(T,) and tﬁe,linewidths of the the11; Ftyr21 and Ftyr24

resonances‘ at 299°K.iThe T,'s were measured at 254 MHz

using an inversioﬁ recovery techndque'(see Chapter II-F)

and analysed using a'three parameter-fit pfogram (Levy
and Peat, 1975). Theblinewidths eere measured using‘ a

curve-fitting program and have been corrected fog cont.
tributions from both the linebroadening used to improve

the spectral signal to noise ratio and the width of the
Fphe and Ftyr amino acid J-cdupling. This data will be
‘analysed to quantitate the ring.mobilities of the the

and Ftyr residues of the labelled coat proiein in DOC

micelles.

Discussion /

As suggested. in the Introduction, stfictural inf@rme-
tion can be obtained from the determination of residue
exposure and/or mobility. For membrane proteins, the
topology of the protein relative to the hydrophobic bilayer
- or micelle can also be determ}ned; The chymotryptic and
pronase digestions described in Chapter IV-A have suggested
1ﬂé§ relatlve p051t10ns of the Fphe and Ftyr residues
relatlve to the micelle: the11, 42, and 45 are "exposed" to .
both proteases while.Ftyr21 and Ftyr24 only become exposed
to pronase after significant dlgestlon of the protein. The‘

‘dlfferences in rates of cleavage between the the residues.

. t
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Table EV—4

The chemical shift, T,, and linewidth data
of the '°F NMR resonances of Fphe-
and Ftyr-labelled M13 coat protein in DOC micelles
\ :
3 — \

Residue Chemical shift(ppm)' T,(sec) Linewidth(Hz)

Fphe 11 -37.79 . 0.38: . 21%5
Fphe(?)+ -37.45 - - 23050
Ftyr21 -60.86 0.40 3615 2
Ftyr24 _ -61.19 0.43 4745
Ftyr(?) -61.97 | 0.24° 81£10
Ftyr(?) . -63.66 - 330%50

'All meaﬁhrements were made at 299°K.

iThe error in the T, values were * 0.02 sec.

3The error in this T;.value was * 0.03 sec.

‘The residues denoted by (?) are Fphe and Ftyr resonances
that have not been assigned to a particular residue.
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may be due 'to either primary sequence specificities and/or
secondary and tertiary structure. The lack of exposure of
the Ftyr residues to the clymotrypsin indicates that the

micelle protects those residues; they only become exposed to

pronase after release of the hydrophilic ends, suggesting

that there was disruption of protein structure 1in the
vicinity of the‘Ftyt residues. “

It was also suggeSted in the Introduction that one must
be cautious when talking about exposufe of residues; a
residue which may be exposed by one technique fmay seem

buried by another. This is exempl1f1ed by the SIIS results.

Table 1IV-=3 shows that Ftyr24 is less expdsed-to water

compared‘ to Ftyr21. This agrees with the pronase digestion:

results (which prompted the assignments of the two reson-

ances). The sequence position of Ftyr24 is further into the

hydrophobic vdomain of the protein (see Chapter I-C), hence
.wouldbbe expected to be further buried in the micelle and
less ‘exposed to water than’Ftyr21; The anomaly occurs when
the exposure of Ftyréi is comparedlto that of the11‘ ano,
‘indeed, whem, the exposure of the11 is compared to that of

,free the The the11 appears exposed to enzymes for dlges—

tion, but burled from solvents. SIIS is predomlnantly due to

van der Waals and H- bondlng interactions (Chapter III-B).
Thus, direct contact between the ring fluorine and water

“molecules are necessary The p051t10n of Ftyr21 1n " thé amino

~acid sequence and: mlcelle structure suggests that carboxyl'

{ groups in its 1mmed1ate v1c1n1ty (frOmueltherjglu 20 or the

P
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DOC itself) may be involved. These would hydrogen bona to
water creating an artificially high concentration of water
close to the Ftyr fluorine. This might explain why the
Ftyr21 SI11S° is high, even though it 1is not readily
susceptible to proteases. The explanation for the low value
of the Fphe residue is not so easily found. One question is
whether the f;ee'amino acids are good controls for 100%
exposure of SIIS aé they have both charged amino and
carboxyl groups. Chapter I11-B showéd that. there was no sﬁg—

nificant difference between the SIIS of the charged and N-

o N :
and C-blocked amino acids. As well, Table 1IV-3 gives the -

\

g exposures Oobtained usihg the pH 9.0 SIIS's of the N- and //’

1

f.Cjblocked_amino acids; the % exposures are the same regard-A'
R . . * . ,/
less of the control used. Another question i's whether the

denatured coat protein would be a better ‘control ‘for the

S

100% exposed residue. Six molar guanidinejHeT’ng“fgﬁnd to

n ' L S '
cause the DOC. and/or protein to polymerize®'; 8M urea

sOlubilized the profein but"caused/ a decrease  in SIIS
compared to the native state. It appeared to bé forming a

FCOmplex with the protein thus!limiting water—access. A final

test ‘6f the use of the free amino acids as 100%-egsture
controls was done'by Dr. Roul Hansen (visiting Professoq'»ih
this laboratory “from the University of Roskilde,'Denméik).v
He determined thé“SIIS Qf'tﬁe thé11 resonance of the chymo-
tryptic fragment 1-11. He obtained a value of -0.16 ppm;
s1panford ‘and. coworkers thaineﬁ_the,same result but also
found that if the concentration of the guanidine-HCl was
greater than 7.3 M, denaturation could be achieved*(Nozaki~~
~ et al., 1978). . S ~ o

- 0



this 1s the same as tﬁe SIS of the free Fphe
(Chapter 111-B). Hence, the low é&is of-thevaheﬂﬁ' fluorine
of the micellejboqnd_coat protein appears to be due td the
Structﬁre about the Fphell residue and not éie. to a poor
- choice of control; it seems ‘that the Fphe ring fluorine
resides, at least partiallyJ in a hydrophobic pocket (it
must have some exbosure to the: solution, however, to allow
the chymotrypsin to.recognize, bind. and cleave the the
residue at the‘observed fate.) |

One other technlque was used to measure exposure of the
Ftyr - reSidues " laser photo CIDNP-measurements. Flgure 1v- 12
shows that CM- LUM interacts w1th the Ftyr residues much more
than' FMN. As CM-LUM is’ 11p0ph111c and is similar in struc-
ture to the DOC (compare Figures IV—1 and IvV-11), it would
‘be expected to 1ntercalate 1nto the micelle and react with
residues within the mlcelle. The relative area of the Ftyr21
resonance to the Ftyr24 resonance is approx1mately 1 prior
to 1rrad1atlon (found "in the usual NMR spectra) wﬁile it 1s
0.70 afterlrradlatlo;. Hence Ftyr2?1:® 1nteracts less with the
dye then Ftyr24, p0551bly 1nd1cat1ng it 1is, less buried than
Ftyr24. This datum, as well agrees with the 1n1t1a1
.assignments of the resonances. correspondlng to"%tyr21 and
Ftyf24, using the loglc outlléed prev1ously

The experiments dlscussed so far demonstrate that the
coat proteih in 4DOCv micelles is not a random c01l but
,conteiﬁsisecondafyi if not tertiary, structure. Further

evidence for structure was . seen in the spectra of Fphe- and

%
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Ftyr-labelled coat protein’ in DOC micéllés at different tem-
peratures (Figure IV-4). At 327°K the Fphe resonances could
be fit with three Lorentzian lineshapes: two narrow and one
broad: this changed as theMemperature was decreased until
at 277°K, a fit required two broad and one narrow. The tem-
perature bebavior of the Ftyr resonances ' was even more
. dramatic. At 327°K, there were two narrow Lorentzian reson-
ances seen, while by 277°K, there were two narrow and two:-
broad resonanees present. Chemical shift changes result from
chénges in the magnetic environments about the nuclei and
resonance l%%ebfoadening rééults from decreasing internal
motions (assuming that the broadening is not due to‘exchange
processes and  that the pobulation of micelles is
homogeneous.) There werg-changes in béth the chemical shifts
and linewidthé of‘thé gbhe and Ftyr residueQ}esonances with
temperature thus guggeSting that there are structural dif-
ferences between the broteins at high temperature compgred
to thé proteins attlow temperature. |

CD speétra were collecéed over the temperature range of
280;323°K to.determine whether gross strudtﬁrai changes in_
the DOC micelle—bound‘céat p;otein occurred.'The shapes of’
the curves‘ianiguré IV-14 showed that £here was consider-
able a-helical content at all temperatures measured. [As
well, é;ét the ellipticity values returned to zero outside
of the absérption band (>é40 nm) indicagés that\the contri-
butionév to the spéctrum ~due to lightScatterihg . are

négligible (Dorman et al., 1973).] The analysgs of the CD



spectrum collected at 2B80°K shows that there 1s 63122 %
a-helix, 37%15 %‘w-sheet and 0+15 % random coil-\structure
present in the .DOC micelle-bound Fphe- and Ftyr- labelled
M13 coat proteins (see Figure 1IV-15). This agrees fairiy
well with the results of orhers (Makino et al.; 3975;”Nozaki
et al., 19765 Williams and Dunker, 1977; Chamberlain et al.,
1978) Figure 1IV-15 also ‘shows that, wirhin experimental
| error, the relative contents of a-helix, B- sheet and random
coil do.not change dramatically over the temperature-range.
Above 300°K, the 1herease in % random coil may be 1nd1cat1ve
of a loosenlng.of the protein structure at the hydrophlllc
ends, resulting in the resolution of the three Fphe reson-
ances; below 300°K, there was little change 1n structurel
content. Thps, the development of/ the broad upfield th@
resonances at temperatures ,below. 298°K as well as the
changes,in the the spectra over the temperature range, are

not the result of gross conformatlonal changes of the entire

protein. but rather appear to be local. The lack of

resolution of the Fphe resonances at most temperatures made

vthelr study difficult. The Ftyr resonances are ‘resolved
- enough to allow further analysis. To study the relatlonshlp
between the Ftyr re51dues corresponding to the resonances of

the .two major peaks to those reSpon51ble for the upfield

Ftyr resonances,.two experlments were done: 1)_'a‘ pronase

dlgestlon at 277° K; and 2) pH t1tr§t10n at 287 K.

The pronase dlgestlonclit 277° K) showed clearly the

®
order of release of the the -and Ftyr re51dues.
& "G‘ e
. 5

J
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The narrow resonance from Fphell of the protein spec-
trum is the first to disappear, hence the_fragment resonance
at 738.11 ppm, that- appeérs at the same rage, contains
Fphel11. The reletive rates of appearances'of the other frag-
*ment resonances combined with the observation that the last
Fphe fragment resonance appears with a similarA?ate as the
Ftyr21 fragment resonance (Figure IV-13), suggest that the
Fphe fragment resonance at -38.95 ppm is from a fragme%t
codtaining Fphe45, while the most slowly appearing fragment
resonance at'—38.52 ppm 1s ffed a Fphed42-containing peptide.
éonfirmation of these assignmente requires the correlation
offthe spectral data with “the characterization of the
fragments released (as wee done for the chymdtrypsin diges-
tioh.) The Ftyr’resonance assigned to Ftyr21 1is -seen to
deepease in intensity at the same time as the last
protein-bound Fphe resonance. Ae well, the upfield Ftyr reé-
onaﬁce at -62.43 is@present througb‘the-épectra ki) to (iv),
but disappears with contihued digeétion. This indicetes that
remoVal of - a certain eumber of Ftyr2i residues (or other
residues beforevand including Ftyr21) .disrdpts the inter-
éction causing .the upfield resonance. Little of Ftyr24 is
removed byAthis time. Thus, at least Ftyr21, if not Ftyr24,
Jis ’respdhsibiee for .maintaining a structure of the pfotein
whieh éXhibits=Ehe upfield nyr resonance ati—62,43 ppm.

The pH tifratidn of the and Ftyr labelled coat pro--

teins in DOC mlcelles at 287°K showed interesting behav1or.

;InCreas1ng the pH from 7. 73 to 1. 85 had 51m11ar effects as



inereasing the temperature on the '’F NMR spectra, particu-
larly for the' Ftyr. resonances (compare Figure 1v-16 to
Figure 1v-4). further, the‘pKa determined from the loss of
the upfield resonance intensity was the same as, the pKa
determined from the change in the Ftyr chemieal shift (eee
Figure 1v-17). Thus, ionizations and/or deionizations of
~ some, as yet, unidentified residues aépear to disrupt the:
interactions causing the upfield Ftyr resonances.

Amino and tyr-hydroxyl groups both have pKa's 1in the
region of pH 10; thlS presents a number of p0551b111tlés for
the orlgln of the upfleld resonances. The protein/is a dlmer
&:hen bound by DOC mlcelles (Chapter I-C). Thus, if they are
in a head to tail or;entatlon, there may be interfehain
interactions between glutamic acid " 20 " and lysine * 40. An‘

| _aiternate possibility is that Ftyr21 (or tyr21).may stack on
Ftyr24 (or tyr24) resulting in an, intra-chaih interaction.
This ’wouid suggest that the protein is a-helical in the
»reglon ofgthe tyr residues. Additional experiments)» includ-
155 the determlnatlon of the relat1ve orientations of the
‘proteins i the micelles and the t1trat1onsﬁ§§tﬁ§ cand- lys
residues by proton and/or carbon NMR are necessary to deter-
hine all of the residues yﬁvolved

Theu‘ dast type of experlment performed to g1ve struc—
tural 1nformat1on of Fphe- and Ftyr labelled M13 “coat pro-
telns in DOC mlcelles was the motlon analy51s of the ”F NMR

relaxatlon data. Qualltat1vely,.one can observe that there

re-{both mob1le and motlonally restrlcted reglons in the
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micelle-bound‘coat proteiny there are always both narrow and
broad components 1in the Fphe and Ftyr resonances. The width
of a resonance reflects the overall motion of the nucleus in
solutiqn: the faster the nucleus'tumbles in solution, the
narrower will be its linewidth (thus, the amino aclds have
narrower‘lines than the micelle-bound‘ protein residues,
which are narrower, in turn; than the resonances forqthe
coat protein in vesicles). The presence of internal motions
faster than:,the overall tumbling time (for example, about
the_aﬁ~ and fy-bonds ln'the and Ftyr) causes additional
‘narrowing of the resonances. If the micelles 'in the samples
are-predeminantly of one size, the distributlon l lihe?
widths seen 1in any ong spectrum. reflect a d15tr1but1on of.
internal motions: the.narrow resonances are from re51dues

/

having 'rapid 1nternal motlons, while"the broad resonances

3

are from residues that are essentlally restrlcted to moving
< ) . - -

with  the micelle as a whole. The wvariation in the
vfrequenc1es of internal motion suggests ~that there _are»

structured regions in the coat proteln, whether as a result-

‘of intra- or interrproteln interactions or 1nterapt10ns with

i

the DOC. _
~ . The motions of ‘the Fphe .and Ftyr rings in - DOC

, u,mlcelle bound labelled _coat protein have been quantitated."

Q?'llned in’ deta1l in Chapter V B.. The calculated results were

compared with the llnewldth (av) and - sp1n latt1ce relaxatlon

é‘meQ-measurements of the m1celle b0und proteln resonances.r .



‘Briefly,‘ the model for the Fphe/Ftyr ring motions (shown in
ZFigure v-8) allows free rotation about the By-bond with a
diffusion constant D,, wobble through an angle v, about the

af-bond with a diffusion constant D}; and overall spherical

symmetry -for vesicle (or in this case, micelle) rotation in

solution, with a correlation time. r. (= 1/(6D). The'

assumption that the micelles .are spherical, will be dis-

.cussed, further. Both dipoie-dipole‘ and .chemicai shift-

anisotropy relaxation mechanisms were includedc dipolar‘

interactions were: assumed to only occur between ‘the fluorlne
and nelghbour1ng r1ng protons. Computer.ggograms were: writr-

ten (given 1n Appendlx B) which calculatef the T, ‘AV -and

nuclear Overhauser effects (nOe) when glven Teir D,, Dg and’

Yo . ‘The best-fit values for both the the and Ftyr residues

are glven in Table lV -5. The §5mparlson of’ the results for

the resonances a551gned to the11 Ftyr21 and Ftyr24 'shows

that there was not much dlfference 1n the wobble frequenc1es-

about the aﬁ bonds nor in theiarotatlon frequenc1es about‘

‘the B7 bonds The key ‘differences were 1n the Yo angles,,

7

_140° for the11 8Qf for Ftyr21 an%§70° for Ftyr24 In all

'cases, th lll’lEWldthS f1t well bx}t“ the.'T @were too long

i Inspectlon of the sample results in Appendlx B show that "at"'

LY o

each 7o value,_ the_ llnewldths do Whot change much with

- 1ncrea51ng D, and Dz, while the T, s have def1n1te m1n1ma at,

0

'h D, and Dz values glven above, hence they were chosen,l

A ¢ hd

That . the values of T1 at the m1n1ma were too long,{:suggestsf"'*

jthatvithere are . more 1nteract1ons present than the modelfe(

Y Sl
[ .
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Table 1Vv-5

The T, and linewidth results calculated’
using the best-fit values of D,, D, and 7,

}Residhe ‘T{(sec) linewidth(Hz)
Fphe 11" Y 0.68 (0.38) 22 (21)
Fphe(?)? R 258 (232)
 Ptyr23° " 0.70 (0.40) 37 (36)
‘ Ftyr24* 0.72 (0.43) 45 (47) R
Ftyr{z):® 0.89 (0.24) . 81 (81)
' - 305 (335)

Ftyr(?):?

. v
<

. All results were calculated using r.=3x10"" sec. The values
in parentheses are the experimentally measured data, shown
in Table 1v-4, . ' \
'D,=1x10* sec”', D,=5x10* sec ', 7y,=140°
D, and D, >> 7. : o
ID,=1x10* sec™', D,=5x10* sec™ ', |yo=80°
'D,=5x10" sec:', D2=5x10* sec™ ', |y0=70°
sD,=1%x10" sec-', D2=5x10° sec™ ', 7,=45°

‘. \
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takes into account. Rapid interactions wi%h ~neighbouring

. 0
residues and/or DQC molecules are implicatedﬂ

These values were obtained using a correlation time,
r., of. 3x10°? sec for the hicelle rotation. This value was
chosen as the correlation time which allowed thé calculated
linewidth for motions with D, and D; << 7. tO be comparable
to the broad lines measured in the Fphe and Ftyr spectra as
well' as giving the shortest T, values (see Table‘IV-S and
fhe sample results in Appendix B; the T;‘s decrease slightly
with decreasing 2 7Tc, while the y.linewidths decreasé
proportionally.) An approximation of thé correlation timé of
a protein 1n solut%on may be obtained by knowing the molecu-
lar weight of the protein'(Marshall, 1978; ‘Brauer and Sykes,

1984). The volume of the protein (Vp) may be calculated

using the protein's molecular weight (Mp) by the following:

VplgMp[;)P + 6';Jw]
No

where », 1is the partial specific volume & the protein

(<0.72cm>/g), &' is ﬁhe amount of water boundlto the pfoiein
(-0.359 (H2O)/g(protein)),”ﬁw is the partial specific volume
of water ('1cm’/g), and No iszyogadro's.number. Oﬁcé Vp is
detérmined, it ’may>Abe substituted ;nto Spokes- Einstein

\

equation to obtain 7.:
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where 7 is twe solution viscosity, k is the Boltzman con-
/

stant and F is the temperature. When the protein is in a

detergent micelle, a third component 1s added: . the deter-

gent. Hence} a third term in the equation must be added:

Vm = Mp[r, + 6'v, + kvy] .
No

where Vm is the volume of the micelle, Mp is now the molecu-
lar weight of the protein per micelle, k is the amount of
detergent bound per protein ( =70.63g DOC/é éoat' protein[
“Makino et al., 1975) and v, is the apparent partlal specific
volume of the detergent (= 0.765 cm?’/g, Small (1671))
Solving for Vm, ‘using a Mp of 10,480 g/mole for the coat.
protein dimer (see Chaptef IV-a), oﬁe obtains a Vm of
2.7x10°7%° Em’, which results in a 7. of ‘6x1Q" sec (6
nsec). This i§ signifiéantIY‘smaller that the best-fit cor-
relation time of 3x10°" sec (300 nsec).

The explanafkon for the discreparicy may be in one of
thg three assumptlons made in using the equation for Vm: 1)
there may. be more water bound to the mlcelle protein complex
than 1s included gp the relationship; 2) the m1celle—prqﬁe1n'
complex is probably non-spheric¢al; and 3) the solution
‘viscosity is hiéher thaﬁ that of water alones The calcu-
lation allows forub.35'g watéf.ﬁer gram of profqin. This
JValue_ ig probably high for the coat protein as it is
extremely hjdréphobic. The relationshiﬁ, howevef, did vﬁbt

include the water that would be bound by the DOC so that it
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was. assumed that the over- estimation for the protein would
approximately cancel the under-estimation for the bile acid.
This may not . have beeﬁ a good assumptién; more water may
aétually be bound by the DOC, thus the effective micelle
volume may be larger than calculated. The second possibility
would contribute little to r.. From Small (1971), DOC is 8 A
' écross the plane of the rings, 15 5 long, and 6 & thick. In
Chapter 1IV-A, the coat protein—micglle" complex . ;Zs
described: the hydrophobic domains of the coat pro;eid dimer
are surroundéd by two rings of DOC molecules (8 per ring).
Given the dimensions of the DOC, the diameter of the hydro-
phobic domain of each coat proteln' would be  ~10 A. This

results in an estimate of the mlcelle WIdth of 32 & .- The DOC

molecules are ~15 & long thus the mlcelle length - would be

-30 R. TIf the total .length of the protein outside of the -

micelle is estimated to be 45 A, then the ﬁotalb léngth of
thei complex would be '75 &. The axial ratio would then be
75/32= 2.3. In Figure 7-23 of Marshall,'(1978) itlAis“ shown
that an axial ratio- of "4 1s necesséry to . cause the
frictional wratio. f/fo to vary from 1, whén«the.moiééﬁle is a
‘sphere (a/b = J), .25, Thus, even if thg*gxlal ratio,
estlmated above was wrong to the limit of a/b = 4, the cor-
relat1on t}me, T, would only 1ncrease by 1. 25 tlmes (r. and
f aré'prépoftional)r The thlrd assumpt1on, ‘that 'n' éanv be
taken as the v1sc051ty of water at 300° K, is likely a 5ource
of.erro;ﬂ _Th¢ addition "of solutes, partlcularly macro-’ 

molecuies; caﬁsés hito i%crease (Marshall,.1973;‘Fre1fe1der,
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1976). Whether the viscosity of a sampleicontaining 0.1M
NaHCO,;, 8mM DOC and "~ 1mM M13 coat proteih Fis fifty times
more viscous‘than water, would have to be determlned

One other possibility for the difference between the
calculated correlation time and the 7. determined from the
linewidths of the resonances is -that the ‘resonences for
Fphe 11, Ftyr 21 and Ftyr 24 are¢. not single resonances but
are actually composite resonances haviﬁg similar linewidths
but slightly different chemical shifts. This situation cdﬁld
be tested by measﬁfing the T, relaxation times of the reson-

ances, for example, a Meiboom-Gill technique (see Farrar and

(8

Becker, 1971).
The experiments in this Chapter have given some insight

as to the structure of the M13 coat.protein in DOC micelles.
~The exposure studies showed that although thedf is very
suscepﬁibie to proteases; water does net have easy accese to
~the ring fluoriné. This suggests-tha¢ the Fphe ie not out in
»SOlUthﬂ, but spends some of its time in." 'hydrbphobic
pocket. ‘This 1is 'supported by the motlon analyses in them

- theiT i's not signiflcantly more moblle than e;ther "of the
'~Fty?‘ re51dues. Ftyr21 and Ftyr24 were found to be protected
from chymotrypsxn and 1nteract10n with: the hydrophlllc‘ dye,
E-FMN .In partlcular, Ftyr24 is not accesslble by water, as
1nd1cated by the SIIS experlments, and 1nteractS~ w1th ‘the
‘llpophlllc dye, CM LUM, thus Ftyr24 seems to be well w1th1n
the m1ce11e. Ftyr21, on the other<hand appears to be at the,

%éter/mlcelle 1nterface_‘as it fs;eXposed £o wgter, }s the'f=

ViR, - ' ' ) ¥

g” ' ' T S ‘ 3
. : v : ;
. . . . T

4
«
H
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first Ftyr to be released by pronase, and interacts less
than Ftyr24 w1th CM LUM Structural changes ,appear td 'octur
in the vicinities of the Ftyr and Fphe rings with tempera—_h
ture. The Ftyr temperature degpndence is partxally'

°

reversible by ‘increasing the pH to greater than_11, ﬁEgce
the interactibn'involQes ‘either .an ionic 'bohd,» or. fing
stacking. Finally, the presence of both broad and narrow
resonances at all temperatures ,studied' indicate that the

_protein dimer contains regions of both immobile and mobile

protein residues, suggesting the presence of structure.



v.thhé and Ftyr Labelled M13 Coat Rratein Recon§tituted
into Phospholipid Vesicles
A. The Exposure of the Fphe and Ftyr Re<idues
\

Introduction

The‘ study of an fntrinsic_membrane protein can be no
more complete than ta characterize its behavior 1in 1its
.native environment: a membrane. This, however, has been’
difficult‘with regards to most physical and biochemical
approaahaa to the study al‘the protein due to the reasons
disdaased_in Chapter I. Hence, bhysital bibthemists,_inplud—

ing NMR. spec&rosc0pists, terd to prefer, detergent micelle-"

bound membrane proteins.

b‘i .,
ﬁ< et
“"'-_’g:l

‘;

Experimentab‘with mémbrane proteins in° micelles can
certainly give uséful‘ information. Their smaller »'size
.cémpared to lipid,vesiclés»{hen¢e.narrouer'liagwidths).may
alloQ the resolution of «inleiéaal .tesldue resonances;
detailed analyses of structural and mobilityachangastan be
monitogéd (see Chapter IvV). _Mibelles, ho&everl‘,'canaot
imitate ° membranes completelyv Same‘fypes}of detergents form
shall'mlcelles .So that no more’than one or two proteins may
be bound per m1celle. Thus, the communlcatlon, if‘present,‘
bétyeen protelns ‘in a membrane i's not: allowed between pro;

:te1ns ’19 mlcelles._,TheL cooperat1v1ty present between the
--ifllplds of a membrane bllayer (as exh1b1ted by the gel to

i)lJQULd cryspal phase ~t:an51t;on) may also have effects on”i

B
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the structure or motions of a protein surrounded by them;
For membrane proteins possessing measurable. activities, the
pfesence of specific'lipids and the orientation of these
‘ R .

proteins across the bilayer have been found important. Thus
-stullies with lipid-bound proteins, although théy may éeem
~ less spectroscopically and biochemically satisfying, are
neéessarf to complete thé picture of a membrane protéih's
biological dynamic behaviorf ,

The coat protein ffom M13 coliphagé is a cytoplasmic
membrane pfotein dpring,infectioq'(See Chapter I—g).~1t is
found‘ofiented with Eté N-terminus in the periplasmic space
and iﬁs C-termings in the bacterial cytoplasm, I&s function,
during infection, is to aid the phagerDNA through the 1lipid
bilayer to both en?er _and' lLeave the cell,. Clearly,»the

_ N
orientation of the protein across the cell membrane and

(perhaps) communiéatibn between protein monomers (to allow
smooth entries and exits) are{néCESsany for §ts' biological
function 1in thé hembfane. As well, it has been found to
cause an increase of synthesié of cardiolipin in the £. coli
(Chamberlain and Webs;ng 1976). Altﬁough cardiolipin is‘not
essenfiél_for M13 (or fd) infection (Pluschke ét al., 1978),
it " may enhance/somébaspéct of the coat pr;tg}ﬁ'stactiyity. |
~ Its éciivity (dfu'phage‘ DNA tran5p§rt), is difficult ‘£o
>qﬁahEify,.'hence the differenceéfbetyeén its3§§ruéture and
"inte;nal'motjphé in the'micelles compé?edbto‘ tﬁé ‘membrane-
~''v”_'.;b,ouri‘c'ltfq’_rm’are nqt.readily'ﬁeaSQrable; T%e.best tpét oneéan
do;is tocompafe thé fesQlt$_6£.danmic §xbérim§nts_dbne on

. «
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the micelle-bound protein to data obtained from experiments
done on lipid-bound protein; NMR studies of the behavior of
Fphe and Ftyr residues of labelled M13 coat protein in syn-

thetic lipid vesicles are described herein.

Results
Figure V-1 shows the '°F NMR spectrum of Fphe- and
Ftyr—lahelled M13 coat protein reconstituted into syhthetic
lipid vesicles, consisting of 80% dimyristoylphosphatidyl-
choline(DMPC), 10% cardiolipin (CL)?”?, and 10% dipalmitoyl-
phOsphatidic acid (bPPA); the structures of these lipids are
shown ih ‘Figure V-2. The lipid to protein ratio of these
vesicles was 54 + 8 (see Chapter II-E). From comparing the
specttum in Figure V-1 to those of the coat protein in
~micelles :(Figu;e 1v-2) and of. the free amino acids
JFigure S III-1), one can immediately essign the resonance at
-38.0 ppm to the Fphe residues and resonance at —61.0_\ppm,
to the Ftyr re51dues. Nenhher the J-coupling of the rlngM
protons to the fluorlne (seen 1in Flgure III 2) -nor the
partial resolutxon of the fluoro-resonances from Ftyr21 and
24 (Flgure 1V-2) are seen 1n the spect¥um of Flgure V-1 due
to\the ‘width of the lines. ~ ®
Figures V-3, 4 and''5 show the effect of temperature on
%£hé- the»iend Fty;_resonadoesiiln these vosioles, the'moho_
fluorinatéd 1ipid, e—fiuoro—dioalmitoyl» ohoSphatidylcholine

(8 FD C) was also 1nc1uded in the p&eparatlon to allow the -

-———-—__. —-.-—-—_-.._._—-

be a mlxture of stearlc and ole1c ac1ds

)
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B

0o - |
gH-o-E—(CHZ)ucm CH; 0-C~{CHa ) CHs
CH-0-C-(CHyJ, CH CH 0-C~(CH, ), CH,
(CH, o . CH 0
o | 9

o=é—on - _o=$—0H
0 | OH

. | 9 .
' (: OH  0-C-(CHJ; CHCH(O%)CHQ
CH()P 0-CHrCH-TH-0-C-(CH,), CH,
0 O_

‘fk C1ﬂ ()F4‘; S *\
() L . C)

| hCHﬁ)P 0-CHy CH=CH;- 0-C-
| OH»( ()C(CHL
S0

CKHLCW’
CH=CH-(CHy); CHy

\ Vo
Fzgure v-2 The chemical structures. of dlmyrlstoyl- b
phosphatldylchollne (DMPC) , - dipalmitoyl phospha-*
. tidic acid (DPPA) and card1ollp1n (cL). R
‘Structure A -is DMPC, structure B is DPPA and BRI
- structure C-is CL-. The CL /stfucture shows two = -

stearic and two:.oleic: fatty acid chains per mol_ef:;”,poo

" ecule. The CL is from beef heart, whlch actually

contains a heterogeneous m1xture of stearate esdx . L,

‘ oleate chaln content v : e
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fluidity of the lipids .to be monitored simultaneously.
Flgure V-3 shows the spectra obtained at two temperatures,

the 8-FDPPC resonance appearing: at -104.7 ppm. Comparlson of

-t%e spectrum obtained at 317°K [Figure V-3(ii)] with that

obtained at 1292°K [Figure Vv-3(i)] indicates that all three

resonances, but particularly, the Ftyr and the 8-FDPPC res-
onances are broader at the lower temperature. In addition to*
the linebroadening at the lower temperatures a change in

lineshape was observed. With the signal to noise of the

-

'spectra'shown, the resonances at 317°K may be fit approxi-

matefy with a _single horentzian curve. At 2926K;‘however,
this 1is not possible; there 1is a..‘"broad" 1 component-
underneath the "narrow" component . To‘improve the signal to
noise of'the. B—RDPPC ,resonance‘ to."allow a Qquantitative

analysis ot the spectra, vesicles were- prepared with a

. o :
: hlgher concéntration of the 8-FDPPC. The, resulting 8—FqPPC

4 _
spectra at 292 K ‘and 317°K are. shown in the insets of

Flgure V- 3. All of the 8-FDPPC spectra in the temperatLre

o

serles‘ were analysed as . the sum of two Lorent21ans ‘and the’
\

relatlve contrlbutlon of the broader component to the total

A coe

area- o{ the 8 FDPPC resonance as a functxon ‘of temperature
is shown im Elgure V- 4(A). AsS well hef llnewldth of the
broad component 'of the 8- FDPPC resonance as a, funct1on of -

N ‘_ ’a

1nverse temperature is” shown 1n»F1gure V- 4(B) There fis¢la7_

certaln amount og'error 1n the measurements but the trend is

\ readlly apparent as the temperature is. lowered through ,ﬁéj;;t

R

phase transltlon fof‘<th DMPC f(24 C) there 1s a trend ‘ ‘
S T A , o R

’f:u

.
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F1gure v-13 The ' °F NMR spectra of the- ‘and :
‘Ftyr- labelled M13 coat proteins reconstltuted
=~ into 8- FDPPCflabelled vesicles at two
temperatures. The sample was ‘prepared by the
cholate procedure uklng 15 mg each of the— and;
Ftyr-labelled , lyoph1llzed, coat protein and
0.8 % 8-FDPPC (by weight), and contained 60 mM
NH,CO; (pH 8.0);. the final D;0 content was -37%..
.The spectral resonances are: A) Fphe; B) Ftyr-
"C) 8-FDPPC. The, spectra were acqu1red at:
i) 292°K (40,000 'scans); ii) 317°K (20,000
scans). The spectra were collected using a -
pulsewidth of. 12 usec (64°), a sweepwidth of -
. 450,000 Hz, 8K da a€p01nts, and a delay of 300/
f msec between transients. The 1nset 8-FDPPC res-
onances were from ve51cles ‘made with 2.4% e
"'8-FDPPC (by welght) The -upper -inset-resulted: .*“»
~* from.30,000 scans while the lower, from 15, 000 S
= The’ broad and narrow spectral components of s
these resonances (from computer 31mulat1ons) are
hown by the smooth curves. ... S T 8

o \
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 Figure V-4 The analyses of the proad spectral+ L
component igf the: 8=FDPPC res%nance from. ! "*f“fffﬁf-

A JHE

. '8-FDPPC-labelled vésacles co
'Ftyr-labelled M13 coat protejns with' _ R .

_ 'temperature. ~(A) The- increase if percent area o TS
" of -the broad spectfal componbnt of. the - 8- FDPPC '
resonance’ as; a- function of the inverse. tempera~

. Fighre Vr3), The computer then calculat
~_relat1ve areas of the- simulated peaks..
~_through. the p01nts is the'same as that jdrawn. = . .

~'throught the points in—B). (B) The’ "ﬁ%NMR 11n¢—v7~“'

‘widths of the: broad components of th :

o of, inverse: temperature.”(C) The:,

}temperature. The/B FDPPC. resona
integrated, ‘then’ normai1zed to
'ilntens1ty, at:319°K. The cu{ves
\,.up01nts in F1gures‘V 4 and: Vr5-w
"~ indicate alevelling of f ‘at:'low
- be con51stent wzth the data for;

'i;ﬁn01se ratlo.a i

320 30 300 290 280 °K

% AREA

 LINEWDTH x10° (H1)
ry

-3 b
2
o

INTERSITY
\
\
Yol
(9]

A 3z 33, %4 % B

(Vnm‘.m("') ;

taining aphe* and

ture. The data were obtained by simulating the: R
8- FDPPC llneshape using two Lorentz1ans;(see ;J._“' SRS
d-the_

he cu:ve e

spectra (see Figure V=3) plotted

1nten51t1es of the 8- FDfPC peak

Ty L »1:‘.’;. b
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towards the broad component. This trend is Teversible asjthe
temperature was variled pseudo—randomly.‘Tae behavior of the
llnerdth of the broad component of the 8—FDPPC resonance
with temperature also reflects the phase transition tempera-

ture of -the DMPC [as does the linewidt of the narrow

~component . (see below)].
To determine whether we were.seeing all of ‘the 8- FDPPC»

signal, the‘}rea of the 8-FDPPC resonance waS“measuredfas “a

s

function of temperature. The resukts are shown  in

-

Figure V-4(C). Thefspectral parameters were the sgme for all

. 3 l . " . . 3
the .spectra collected. A significant decrease ¥n 1intensity

is observed below, and.a slight decrease above, | 310°K. The
decrease in intehsLty. below 310°K is ‘interesting as the
1nflect10n p01nt of‘the curQe is near the Tn, of the DMPC,
297°K. Again, this behav1or is reversible as the p01nts were
sobtained pseudo randomly R
~To study " the correlatlon betweeg temperature amd the,

- /

. » . /

linewidth of ‘the narrow components for Fphe, Ftyr and
8-FDPPC, the linewidths of the ~Narrow components were
i plotted as a fUnction of the inverse. temperature " in
Figure. v-5. The melt;ng temperature (T ) of the DMPC is
’3.376x10-°°K"' on ‘these graphs Curves - A “and B -show, the
effect of temperature on Ftyr and the resonances, respec—
tlvely, of labelled proteln in veS1c1es while curve C shows
the simultaneous effect of temperature on the 8- FDPPC As

the temperature is lowered from 317°K (3.155x10"°K"),r the

linewidths of all three resonances initially !broadened
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Figure V- 5 The plots of the linewidths of the

narrow components .of the '°’F resonances of the—‘

and Ftyr labelled "M13 coat proteins reconsti-
~tuted into B-FDPPC-labelled vesicles as a func-
tion of the inverse temperature. The linewidth
. data were obtained (see Figure V-3) from the

following resonances: A) Ftyr;-B) Fphe;

C) 8-FDPPC. The curves through the data poIwRts

in Flgures V-4 and V-5 were drawn to indidat

levelling off at low temperature to be
.consistent w1th the<data for 8-FDPPC

[Figure V-5(C)] which had the hlghest

: 51gnal to- n01se ratlo

171
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R _
llnearly with rec1procal temperature As the Tm of the DMPC .

us~"approached, the 1ncrea5e in-the llnewldths of the Ftyr
and 8- ~FDPPC resonanceS'becomes nonlinear and the llnewldths
1ncrease dramatlcally The 1ncrease in llnewldth of the’ the
resonance remains ljinear throughout the temperature aége
untll “292°K, where it,. as welly 1ndreases nonllnearly
The chymotryptlc .digestion of' 'the”' Fphe- ,’and
Ftyr- labelled coat proteln 1H,ves1cles was done . to determlne
both the relatlve exposures of the‘re51dues ’to" the .enzyme
and. the or1entatlon of the proteln across the bllayer The
results of ¢this dlgestlon 'arek shown . in . Figure . v-6.
Flgure tV—6(A) shows the_'dacrease oﬁethe areavpf.the‘the
protein resonance at ~-38.0 ’ppm ‘with _hthe "concomitant
appearanceu of a free Fphe peptfdevresonancecatz-3825 ppm.
.,The relative areas of the protein andh peptidev resonances.
cannot bef compared' as care . was-”not htakenl‘to' prevent \%

L

isturatlon of the peptide resonance} spectral 'parameters

were optlmlzed for collectlon of the proﬁeln resonanée whlch

»

has a shorter T1 than the peptlde resonance. . Compar1son of

either resonance as a functlon of t1me 1s, however, valld
-

Comparlson of the area under /the’ the proteln resonancé\\\\\;s

.‘
before _the addition of chymotryp51n,¢to that of the proteln_

S N e

* ,resonance after 3.5 hours of dlgestlon 1ndxcates‘ that 1/3-.
of the Fphe's have been cleaved Chymotryps1n predomlnantly

cleaves at the C- term1na1 51de of exposed phenylalanlne,,

e

tyros1ne,' and tryptophan re51dues. ‘The phe (the) cleavage

4
51tes of the coat prote1n were avallable when 1t 1s>.in - DOC

»

N “ .
- ‘o,
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F1gure V—6 THe '’F NMR spectra of ‘the chymotvyptlc

v dlgestlon of the Fphe- and Ftyr-labelled M13.

coat proteins reconstituted into vesicles. The
sample was prepared.as outlined 1n*Flgure V-3

(the final D,0 content was 50%). ‘The. resonances

in A are from Fphe residues, while the reson-

ances in B are from Ftyr re51dues. The "spectra .

were collected at the following times after the
addition of the enzyme (the final concentrat on
was 67 upg/ml): i) 0 hr; ii) 0.5; iii) 1.5;

iv) 2.5; v) 3.5. The spectra contalned 10,000
scans each and were collected at 309°K wlth a
pulsewldth of 14 us (74°), a sweepwidth of
#6300 Hz ;4K data, and a delay between
tran51ents of 200 ms. The. llnebroadenlng was

h _ZO‘XHZ . S _ ) .

s
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micelles; the  tyr (Ftyr) sites were ~ hot  exposed N

(Chapter IV A). When the proteln is in lipid vesacles only

”

half of the protein termini are exposed the other half are
protected 1n51de‘the vesicle. Thu5e1/3 of the the re51dues-' v
would be released, regardless of the or1entat10n of the prom

tein: ‘in the membrane' exposed N-termini wouh‘ be eleaved at

.

phell relea31ng Fphell, while exposed C term1n1 “would be
cleaved at the42 and/~the45 relea51ng the45*?1n both

or1entat10ns, two phenylalanlnes fwould be left “Nlth the‘
N . .:'. . o
vesicle-bound protein. Paper electrophore51s of: the released .

peptlde fragments showed that fragments were obtalned from

. h

\‘A

both the N= and C- term1n1 (data not - shown)

_ Flgure V- 6B shows the Ftyr reglon of the spectra durzng

digestion. Th?ﬁﬁ is no. release of Ftyr contalnlng peptldes

seen 1in /se',spectra (these would have peen seen at,h

is tyr051ne found 'in“the amino ac1d

. ’l . /'../
anal rs/of the fragments. It is apparent however, that th :
r ease of the the peptldes causes a change in the/ nv1ron~

‘sment of the Ftyr residues as _1nd1cated hy///he change 'in-‘

“-61.8

o

llneshape w1th dlgestlon.

D1scussxon

The temperature and chymotjzpt}c/ 1gestlon studles have' _ .
g1ven 1nformatlon on the’ lggatlon of the the ‘and Ftyr‘
e —

_res1dues{vof' the coat proteln with respect to the membrane.
) (Although the the and Ftyr »resonances from the' ve51cle- ,f 8 :‘

bound coat prote1n are too w1de to detect 1nd1v1dual re51due |

'
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behav1or, he 1nformatlon obtazned shows whether or not they

-are w1th1n the membrane bzlayer ) At temperatures above the

N

| phaSe tran51t10n temperature of the ma]or lipid (DMPC), the R

Iinewidths of the "narrow comonnents of the the, Ftyr:“ ndf_~‘
B iz . PR, "

'.Bf?EPPC 'have ‘a linear dependence upon’ the reclprocal tem-;i
perature'(Figure V—S) Thls is the expected dependence‘rifﬂ
the linewidth AVlﬂ\Li dominated by Teu the overall corre—

'lation,timéfb? the particle: t‘ef"part1cle , in thlS qase,

is the vesicle Whéch-has heen'assghed'to be'spherical,vthu57

.the;Stokes-Einstein relaticnshiphwrll apply:
Wy

RIS
L 3- kT T

' AvAalrc,'therefore Ay o 1/T

’

' where r is the radlus of the ve51cle,'n 1s the v1sc051ty -~ of

the’*med;um,. k 1s Boltzman S, constant and T 1s the tempera~'

"ture,

F]

As | th temperature is lowered: through the phase

-

Ry

'tran51tlon temperatﬁre,,:the Ftyr and 87FDPRC réSonances

‘broaden dramatlcally Qualltatlvely,’ thiS' sugdests thatftf‘

5the1r 1nterna1 motlons are belng severely restrlcted the

.f,tran51tlon of the DMPC llpldS to the gel state is 1nh1b1t1ng~

"+ the Ftyr r1ng and 8- FDPPC methylene chaln mob111t1es. (n 'is(

.e

3fno longer a . onstant but '1ncreases as the 11p1ds becomeJ_

r1g1d ) The the is not affected at the tran51tlon tempera-d

f~ture qbut:fappears to broad;n/nonllnearly below; 19 C Thlst
possibly reflects - an ,rncrease in'. the vlscosatyn _f‘\thee



| SOlUthﬂ ae the partlcles in it have become "rigid". It is
clear, A though that the the linewidths do not reflect the
Tm Of the DMPC as the Ftyr and 8~FDPPC llﬂGWIdthS _do, thus -
.showlng,”that ‘the. the re51dues are outsilde the':lipM%
bllayer _ |

The topology of Lhe the and Ftyr‘re51dues with respect

- to,llpxd bllayer suggestpd by the temperature> stud1ee 'gas
‘«ﬁl conf1rmed by* the chymotryptlc dlgestlon results. Prev}oue,
'Studkes have shown that the chymotryptlc dlgestlon 5£ the
proteih 'in DOC micelles resu{ted in cleavage at the three
phenylalanlnes but = not at- either of* the two tyr051nes‘
(Chapter IV~A) It was coqcluﬂed that the Ftyr residues were
~within: the hydrophoblc core’ of the mlcelle and consequently
‘ffwere protected from the protease, Whlle the the residues
were out51de ‘the mlcelle and 'therefore exposed. The
sltuat;on for the ;e51 le bound proteln has . been»found to. _be
“51m11ar in that the proteln the re51dues aredsusceptlble to
chymotryptlc ‘cleavage- whlle the Ftyr res1dues are not. In
thls case; however, only half of the teghlnr are exposed,
.the, other half are in the 1nternal space of the ve51cle
' Thls rarsea the questlon of prote1n or1entat1on. is the pro—
tein Oriented with -t he” N-termini on only one side of the
. : : e
‘membrane (asymmetr%ii' orlentatlon) ‘or . are-'the: N-. and
Crtermin;p distributed tandomly on both s1des of the . bxlayer

\ l (sfmmetrical 'orlentatlon) Paper electrophore51s of the
,phydrophiiicf fragments reheased show that there is d1gest10n

Mh th'e' ~N"r - : Nos g t‘mlnl_

A

.h;s 1nd1cates that the :h
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proteln 1§ symmetrically incorporated into the vesicle’

Wwickner (1976) has suggested that symmetrical orientation .

may also result from the protein ?éing‘ incorporated not

2

transmembranously, but in a "U" conformation. \.— }
aor

v A
The .curve-fitting analyses of the spectra of \the Fphe/
\¥howed the

* Fyyr-labelled goat proteln n ve51cles not onlg\ﬂ
sensitivity of their 'linewidths to temperature (dictussed
‘above). but “as. ie%;7 showed that thelr l1neshapes changed
~with’ temperature  (Figure;_IV~4).‘~as the temperature was -
decreased, a broad foomponent _developed. Two possible
explanations for the two (multl—)state nature of the system;‘
are ~discussed herein: ve51c1e aggregatlonA(wlthout fu51on)
or phasecseparatlon ‘due to the mlxed 11p1d comp051t10n
Evzdence for the existence of reversible ve51cle aggre-
gation isv‘found in two observatrons. 1rstly, it was
‘qualitatively 'observed that as the temperature.was lowered,
" the ‘NMR sample . became ’turbid; inarcative of :"larger-
‘particle” fofmation.v [If the sample was placed .in the
refrigeratorf(4°C5voverhight, the vesicles”would settle to .
the bottom \of . the tube ) Secondly; the comparison of the
11new1dths of thg broad components with- those of the narrow
compOnentsdﬁthed they were approx1mately e1ght times - larger
_ at alk temperatures.lln the 11m1t where " the 1nternal motlons

= Q,f ‘t"he_ proteln am?no ac1d sidecha™s are faster Q'han ‘the .

e
overall rotat10na1 correlatlon t1me for ve51cle rotatlon,

which“certaihly'pertalns to thlS 51tuatlon, the llnew1dthﬂ3£'

;jthe_reSOHance is directly‘proportlonal ‘to the correlatlon

/

».
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time '(Marshall.et al.X 1972), ahd' hence}’.to r’> (see the
Stokes-Einstein’ eq@%;idﬁf’given above.) This predicts that,
if the broad component results from an paggregate.'of the
monomerlc veslclesaﬂthe ratio of the rad11 of tﬂe aggregates

to “that of the monomer should be glven by:

!y
.Véﬁg =.Tp
' 'AV,, I"r\'r

~_ -

p where Ayt and Fo are the llnewldths and rad11 of the broad

~com onents.and Avn nd r, are the llnewldths and rad11 of'
mp _ j .

»

“the narrow components : From the data at all temperatures,
* -the - radlus of the ve51cles glv1ng the broad component ofpthe
spectrum 1s oélculated to be 1.94 +0.17 times that of the
ve51cles giving the narrow component | |

In terms of this model the decrease ‘in 1ntens1ty of the
8—FDPPC'resonance below 310°K, shown ln .Flgurel V- 4(C),’ is
taken as evidence' for hlgher Orders mof.aggregation.'lf
 tetramers were formeo, for example, thelrlllnewidth would be
64 ‘times that of the narrow monomer component and they would
bevtoo~broad to be observed The decrease in 1nten51ty ‘seen
| above 310°K° where only the narrow component ex1sts 1s most

likely due to the expected changé in T, w1th 1ncrea51ng tem-

‘ perature s'-the temperature 1ncreases, “the” T}fbecomes

longer " The spectral acqu151tlon parameters‘ were constanth_

°)

throughout - the entire temperature study 50 that as the T,)'

increased, the resonances became more saturated
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Although the above discussion offers an explanatxon for. .
the 1lnew1dth data, Figure V- 4( ) shows that in the tempera—
ture range (2 82 317 X)), there is never less than -20% of the

broad component. present at the hlghest temperature If the"\

Xe
L 4

two- qompogent phenomenon was purely a DMPC phase tran51t10n-
. modulated aggregatlon, one, would expect the curve to show.
all monomer above the T ? That,there is’ 25% of the. broad
component present ~?t 317°K 'ralses the suspicion that7the g
noh—DMet”iipldsl<20% of the coral lipid), wHose ‘Tm's_ a:ézﬂ
higher than‘.317 K, may .actually be in s pseudo gel state
~patches. fhis”would result 1n‘two‘ commponent spectra:‘ Thén
’preeence of the narrow. component at 282°K may be explained.
- by, typical behav1or of.b small, Unllamellar l'weslcles
‘(SUstl(see Evaqs and Parseglan, 1983) SUV s are’ stralnedv
_spheres with high rad11 of curvature above the T of' thelr
'lipidsr -As the temperature 1snylowered through the phase‘
'transition' _the strain ,causesb'the.lsphgres to become :
:Polngnal to “relievei the'ttension The' lipids'in':the_yv
1nterspace between the polygonal facqg would have greater
methylene chaln mObllld? than those 1n the gel state faces
" and- consequently A label <l1p1d (ot proteln) in these
Zreglons would result 1n “the narrow components seen. -

~From the above dlscu531on,»1t is not clear whlch model

e1ther rever51ble ve31cle aggregatlon or l1p1d phase separa-fri

8

'tbgn, 1s. the best explanat1on of the results. However, it

does  not affect the va11d1ty of the motlon ana1y51s to be:

"presented-rn‘Chapter,VfB ‘as the data used was obtalned from

~
L
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]

, the narrowf component At 303°K (above' the DMPC  phase
) : : ’

’itran51tlon temperature). and therefore pertains to the pro-

™

]

te1n in llqu1d crystalllne l1p1ds 1n monomerlc veS1cles

The results of this Chapter have shown that the -

- -

topology Sf ve51cle bound coat pkoteln is the same as that

-3

’ of DOC. miceIle—bound~coat,proteln. namely, the the res1dues
4

v
N

4
. -

‘

are out51de the bllayer and the Ftyr re51dues are either at.

therllnterface or 1nsxde the bllayer As well, the coat pro-
. ! 4 .
te1n in ves1cles were found to - be symmetrlcally orlented,

‘fwith both ‘the N- and C term1n1 acce551ble from the out51de

of the vesiCle , ThlS observatlon, ) cOmblned '"Wlth a

prel1m1nary result that asymmetrlc 1ncorporat10n of the coat7

protein (the N- termlnus on the out51de of the -vesicle) ’canl

be obtalned when the ve51cles are prepared u51ng hlgher con;h

centratlons of cholate (+he modlfled cholate procedure )
-

leads one_toiwonder whether the ve51cle bound coat proteln%

.are"dimers; or hlgher aggregates_ and .whether the . DOC

mlcelle bound dlmers are uf head to tall or head to head

'conformatlons These questlons, along with f determ1n1 g

t“experlments.

whether bhe absence of cardlollpln has any effect on thel

'coat proteln structure, rema1n to be answered by further}

R ' - o RN

B..The”Analyseffdiprhetand;ftyrpnlng'Motions;
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Introduction : . ¥

] r . , ]
There has been considerable interest in’ the internal
. ' . . :

motions'of amino ac1ds of proteins. 1Results'\of‘ residue

;

' moblllty studles glve 1nformat10n as to tMe structure around

% Y

the re51due in the proteln the more‘"struﬂ&ured" the less

- -

"moblle the residue. Most work has been done on water- soluble

-~

pfOtElaﬁ whlch tend’ to be the best characterlzed the most.

A .
avallable and the easiest to study (for a recent rev1ew,,_

see Jardetzky and Roberts,,'1981).' Membrane bound protelns

‘fhave been studied muth less»(Kinsey et al.,r“9&]) For. these'

-

yprotelns the moblllty of ° 1nd1v1dual residUes ,fs not only

'1nfluenced by the secondary and tertlary structure of the

'dproteln, but_ as well, by the structure of and '1nteract10n .

'Nwith' the surrounding llpldS The extent of the 1nfluence of.~

the 11p1ds is not- well documented

Motldn ‘analyses wlll also glve another cr1terlon to

\ %

-determ1ne whether DOC mlcelle— ound coat proteln structure

rsf the same as that of phosphollpld ve51cle bound cOat pro~V‘

'teln. Qualltatlve and quantltatlve dlSCUSSlOnS have been

L}

presented ,i Chapter IV B ﬁf ft Vthe- and Ftyr ,r1ng ;

gmobllltles of DOC mlcelle bound coat proteln. The Yesults ofth

"the motlon‘_analyses of the and Ftyr relaxatlon data fromldq;?

2

f ve51cle bound coat’ prote;n ~W}llrube presented[ , th15*¢4.

‘ _ .t : ) o . N ‘.\. - - . .Yb o
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’ The overall goal of this Chapter s to quantitate the

'1nternah moblllty of the 51de chaln re51dues of a membrane-

\’_ .

bound proteln from an. analysms of NMR relaxatlon parameters

,measured as @ functlon“of resonance _frequency;_ The .

'

relaxatlon parameters °include the 'spin _lattice-‘relaxatlon~

time ,(Tw)}‘ the transverse ’relaxatlon time (Tz),‘andAthe

VY N . . Y

~'nuclear Overhauser effect (nOe A bnlef description of each

itd o

.

Of_ these follows' (more detalled explanatlons are avallable
\ .

"

'in,gfor~example,'Sllchter, 1978r),

‘Spln Lattlce and Transverse Relaxat1on T1mes, T, and T,
. l . N

In a one pulse Fourlar transform NMR experlment

!

the »net~ magnetlzatlon .(Mo of bemagnetlc sample

':starts allgned galnst the fleld B ) as .shown in

.

’,Flgure V- 7( ) (ThlS 1s arbltrarlly called the z axls of

the Carte51an coordlnate %ystem) A second fleld (H ) is’
T

'applled along the x=axis .in_ the form of a radlofrequency
*pulse,_the result belng that the magnet1zatlon is. ,moved

'*aaway from the z axis 1n Flgure V-] 11) (The dlagram is

nfassum1ng that there; is _only ﬂa s1ngle type ’of_‘Spln,

nucleus in- the sample and that the v1ewer is 1n a refer-

e

-ence frame that is rotatlng at the resonant frequency of

',that ’nucleus so that the magnetlzatlon vector foIlows>

SR ' : o

the sxmple pathway from the z- aXIS as. shown R

’

[OPY
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b . a¥

re Vg7 Diagrammatic representations of the v#{.
behavior of the net magnetization of spin 1/2

nuclei in a reference frame rotating at the res-
onance frequency of the nutlei. The ¢

3-dimensional axes show the net magnetization of
the nuclei: i) after the sample has been placed
in the magnet (M; = Mo, M = 0); ii) after the

H, field has been applied along the x-axis fér a

time, t , to cause the net magnetization to

‘rotate throggh an angle, a radians [in this case

n/2 radians (or a 90° pulse)]; iii) as the net
magnetization relaxes along the z-axis from ~
M, = 0 to M; = Mo, with a time constamt T,. (The
component of the net magnetization along the.
y-axis relaxes with a time constant: T,.)

t .
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The longer the pulse, the further the magnetization 1s

moved such that

a = 7H1tp

where a is the gngle go the z-axis in radians, 7y is the
gyromagnetic ratio of ﬁhe nucleus, and t, is the iength
of the pulse. Thus, a 7/2 rad;an’pulse (§O° pulse) 1is
one that is on long enough to mbve the magnetization to
the y-ak@s. Once H, is shut off, the magngtization
slowly‘(or quicﬁl}) returns to equilibrium by fealigning
with By. T, is defined as the time constant for the
exponential reco&ery of the magnetizétion aloné the
z-axis to return to 1ts Mo value:
’ -
Mz(t) = M, (1-{1-cos(a)) exp(-t/Ty))

T, can vary from less than a second to hours, depending
upon the-nucleus and 1ts env1ronment (spln lattice).

Figure V-7 also shows,the behavior of the net mag-
netizationxalhng the\y;axiS'after a 90°pulse,fAs the net
magnetizahion_incpeases—along the z-axis to M, = Mo,'the
. magnetization along the y-axis decfeasés ﬁroh M = M to}
M = 0. The time consﬁant for the exponential deCreasé
of the magnetlzatlon along the y-axis is T,. Tz is visu;
alized by the decay of the FID durlng acqu151t1on (which
is directly proportional to expl t/T ) where t is the

time after the 90° pulse) and, hence, by the width (Av)
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/7
of the Fourier transfonpmed signal [Ag.& 1/(7T;)].
forped sional Lyus i

~ . The T; (observed) that 1s obtained from the meas-
-/ 3 W .
( \\ furement of the resonance linewidth 1is caused by two

— » N
| tspes of mechanisms. The first, is due to the natural T,

processes of the ‘'spins; the second 1is due to field

inhomogeneity (T.1). Thds,

1" =L+ 1 ’ o
T, (observed) T, T,t . >

}
! SN
. .

For n&rrow linewidths (<5 Hz), field ,iqhomogenéity
contributes siénifiéantly to iﬁe wid£h>of the line; SO
tﬁat elaborate pulse sequences afe required to detérmine
the ;rue T, (Farrar and Becker, 1971). Fornb:oad lines
{>20 Hz), the contribution to the linewidth from field
may be used (proQiding that broadening‘ due teo other
processes ‘like chemic§l -exéhange is not present). The
maximum that T, can be is T, = T,, when worc%<1 (wo 15
‘the spectrometer frequency and 7. 1s the overéll corre-
lation time of the ‘tumbling of the molecule. in
'fr. éolution). For protéins, wor; is usually >> 1, thus ﬁro—

tein Tz values tend to be much smaller than T;.

Nuclear Overhauser Effect g : |

The nOe is a method to determine "through-space" =

g

interactions. It involves - the irradiation (and

saturation)(dﬁ\:he nuclei to which the observed nuclei

inhomogeneity is small, therefore linewidth measurements

]
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are dipolar coupled, prior to the pulse and- acquisition
of the observed nuclei (see Chapter II—F). The egfectqis
to elther increase, to have no effect on to decrease the
observed nuclei signal *intensities. The mechanlsm by
which the effect takes plaCe is complex (see Noggle and
Schlrmet 1971) but involves alterations of the equilib-

rium populatlons of the energy states of the observed

and coupled nuclei, and the mechanisms by which they are

A ‘ : ¢
relaxed. The. resulting "enhancement" can range from

.

0.5(y,/v:),. where vy, 1is the gyromagnetic ratio of'the

coupled nuclei and y; is the gyromagnetic ratio 'df the

observed nuclei, to - (v./v:), depending upon the corre-

s
latlon time of the molecule and the nuclei 1nvolved For

6bserving '’F and irradiating 'H, the enhancement ranges‘

[

from 0.53 to -1706.

Ld A

14

The Model ' | _ . .

e " )
In the derivatibn of the equations ,which relate the

experimentally measured wvariables to the ‘parameters
whithCharacterize the motions within the ‘system, two
/
/

' approaches are possible (for recent reviews see London,
- 1980; Jardetzky annd Roberts:, 1981). The first approaéh

(
is to make no a55umptlons about what kinds of- mot1on are_<

present; the second 1s to assume ai partlcular' phy51cat

[«

model for the umOtfonSJ "We have chosen the ?second(f

approach for two reasons. Fifstly; it’limits the‘ number

&

"of wvariable parameters by f1x1ng the bond angles around

which motions are allowed and only lettlng the

3
4
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" timescales of the motions be unknowns. This 1s necessary
1n our case given'that only a li%ited number of meaeufe~
ments are possible andm\twes>relaxation\ mechanismsv are
present.rThe second reason for choosing the model depen—
dent approach is thatlthe contrlbutlons of the wvarious
time. scales determined wjth. the model indepéhdedt}
approaehlare:ievariagiy rationalized in- retrospect ie
terms of; the: physieally most meaningful model for the
motiOns. Time sgeles of the same orders of'magnitude are
extracted fteﬁ the data in either cabe.

The model we have used for tgeibossible motions is

s ~
shown in Figure V-8. This model allows restricted

rotation (or wbbble)’aeout ‘the ap-bond of the aromatic
ring - of the emino'ac1d_51de chain, free rotation about
the By-bond, and oJeball spherical“Symmetry fef :vesitle |
rotation. Othe? motions of the a- carbon’ backbone of thev

i

proteln with the ve51cle such as léteral dlfquaon_ are,

N

~.

of course, possible and can. be incorporated into this
mbdel by reduc1ng the effective overall rotat10na1 COr—
relatlon ~time .tor the protein. Further, experlmental,
evideﬁée from solid state NMR (Gall et al., 1982) indi—
¥ o '
’cates that rapid v1brat10n of the'aromatlc rlng, coupled,
w1th rarer 180° fllps may be a better model than free
‘ dlfoSIOn for rotatlon about the ﬁ7 bond. |
N The derlvatlons\\f the equations of motlon are out;

lined by :Wigtebort and Szabo.(1978); We have“extended'

their equatfens to include chemical shift anisotropy. as
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Figure V-8 ‘A diagram of the rotations, angles, and
possible dipolar interactions of the model :
assumed for the analysis of the Fphe and Ftyr -
relaxation data. o o o AR
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a relaxation mechaniSm. fpolar 1nteractlons are calcu-

lated ‘between the fldorine nucLe; and the adjacent rlng

( .
prptons only The dlpole %1pole contribution to the 'spin

‘ N y »
1/T,¢¢ = K-F, k
Fr - S
. ///‘ /T, - (K/2)F: |
a ) N
. , %}" } V ‘ K . .
where ’ ’
= (1/10)yp ¥ ﬁ /rF .

(,-

- J(m_F—uj ) ¥ 3J(wF) + 6J(wF + w‘H‘)‘

H.
. ..‘/ \
“F, = Fi o+ 43(0) + 6J(uwy) |
- | .
O 9 2 Ce - _
| S(w) = b F E JUEE A wET L (Ye)
R - 'n=0 b)b,; =--2 nb,” " “nb; ~ bibin Yoo
i E ’ B - . B ‘ . - —".’
o : g : 2
cldy (B 10dy o (B 12
N
(o, = 60+ Dibrl + biD,
RS 4vd
;n.ffp_i bxbyanq) | sin (blyfy“blY?}‘
_ n'Z.iki//r blbln;}ya) =
“« R ':biyg [cosz(bayo)<1—( 1) ) + slnz(b1v°>(1+( -1’ )l;_,

C(biv2 - (nn/z)zlzi
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-

refyxatlon rate is. given by

Shlft anlstropy contrlbutlons to the

9
CSA : 2 2 P . .
/777" = (6/40)y2: HZ 6 ) L c, J,. _(w.)
1 FU° %2 g qpmg  Pan Tban F
‘L ] ] \ 4
) \ . 2 9 o
CSA . o2 nrc2 e ¢ e
/T = (1/40) Y2 HZ' S L.
/ t ‘F ' z b‘?‘ =0 n=O bzn
: X[3J (w ) + 4J (o)]
where
by . o -
¢ 2 2
Jb (w) = Zfbgn / gfb +.g )
»szn = 66 + n?n?D, + b;Dz
g ® 4,Y'02 :
a R -
- . b3
? .
5 _ ' | N
= L : oyo) [d )]= C
Cbzn _ bi:=,‘2 plbln T b1b2 b,
cg . c, = (1/4)((3cos?3—1) 4 nsin&80052y]7 £
b2 ' , o : o
~Cy o= (1/3)51n B[cos 8(3 ncosZY;- + n?éin?2y]~‘
¥ . ,
fC} = [/ 74 31n B + [n/(a/_) (l+c0528)co$2y]2
(n /3)51n 2y cos g

+.

3
A

P
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Neglectingh ctoss-correlation between  the two

relaxation mechanisms, the total relaxation rates are

given by: , *&
1/Ty = /T, %%+ 1/T, ©*?
3
= 1/T,%% + 1/T,°*?

1/T2

\

\ and the hOe ﬁs,given by:

+ O

Fphe: 'H ¢ %u,p * %Hup - _ 'H H,F ¥ °H,F
. a— - '
Y*. pp , DD _ CsA. .'F 1/7,FPhe
4,7 PH,F T °
Ftyr: 'H HF . _ 'u °nF
\ DD , CSA ' tyr
. TF oo+ p 'F 1/T1R Y

~ The nomenclature is that of Hull and "Sykes
(197;,1975€3 and Wittebort and Szabo (1§78), wvhere . vy
ahd Yys are the fluOrine‘end phbtoh gyrbmagnétic'fatios,
respectlvely, W and wy are the fluorlne and proton res-

priance 'frequenc1es,ﬂ_respect1vely, Dbé 1/( 67C where Ty
1s the overall rotatlonairdorrelatlon t1me for the pro-
teln, D, 1s the wobble frequency about the af- bond "Dy’
is the rlng rotatlon freguency about the By~ bond and 7o
,is the angle through whlch the ‘rlng "wobbles ‘(see

Figure V- 8)
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Results
| The NMR spectral data required for motlon analysis
'inelude T,, Av, and nOe measurements ‘These data. fpr the—'
and Ftyr- labelled coat proteins reconstituted into ve51cles
‘are glven in Flgurelv 9 and Table V-1. These measurements'
were taken at 303 K where the resonances are domlnated by
the narrower component (see Chapter V—A). The linewidths
wére measured ‘at 14], 254 and 376 MHz, while-the T,“s and f
nOe's were colleetedvat 141 and 254 MHz .- lThe T,'s were
obtalned by progre551ve saturatlon methpd in the absence of
any ‘H 1rrad1atxon (Hull" & Sykes, 1975a) (see Chapter I11-F).
The nCe'S resulted frem’ irradiation of the entire proton:'
spectrum (see Chapter I1- F) | v
One Other,parameter that is required ts'the cerrelatiOnt
‘time for the vesicle,rotation, 7c. This is related to 'the
radius. - ofx‘the vesicles byk Stokes- ElﬂSteln equatlon (See

below). An electron mlcrogsaph was taken of ve51cles from an

*NMR sample used for the above meaSurements The 51zes of 178‘

.

‘“ve51cles were measured thEII 91ze dlStrlbUthﬂ i¢ shown in

‘A

yFigureLV—1O The mean rad1us was 15% +638

Discussion R AR
S t e ¥y
Upon inspection of Flgure V-10 showlng the 51ze dlstrl—‘

"butlon of the ve51cles, 1t is obv1ous that the ve51cles are
_a mlxed populatlon of 51zes. As every 51ze of ve51cle wlllv

have 1t5 own characterlstlc correlatlon t1me and that the‘

,hT1;.,nOe, and partlcularly, llneW1dth results depend on thel
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Ftyr-labelled M13 coat proteins in vesicles
plotted as a function of the sguare of the spec-.
trometer frequency. Line A is the Ftyr data
while line B is the Fphe data, The spectral- -
parameters for the. measurements at 303°K were as.
“follows: the‘1¢T"MHz-(1.99X101.MHZJ) spectrum ..
was -the result of 15,000 scans using a.25 us
- (78°) . pulse, .a £10,000 Hz sweepwidth, BK data
" .and. a~300:ms delay between tranhsients; ‘the -
' 254 MHz (6.45x10*MHz?) spectral parameters were -
as listed in Figure V-1; the 376 MHz - - L
~ (14.17x10*MHz?) spectrum was -obtained from . -
60,000 scans using a pulsewidth of 10 us (75°%), . - -
a sweepwidth of #20,000 Hz, 8K data, and a delay -
- of 300 ms between transients. BRI ' s



. T, and nOe data’

coat proteins reconstitute

‘Table V-1

of Fphe- and Ftyr-labelled M]3
d into phospholipid vesicles

194

* Q v
2 k . T1(S)
Fféquéncy (MHz) thé Ftyr
141,178 . 0,437 0.52
© 254,025 1 0.50 0.52
hOe
. Frequency,(MHz) thé"  Ftyr:
141,178 ¢ .. -0.51 -0,40.
254,025 - -0.28 . -0.46
"4

- 1The. measurements

P

were
i
S

maae at 303°K;‘;
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PROBABILITY -

0051

20 74 128 182 236 290 344
VESICLE = RADIUS; (A%)

WLz

’ _ 1'vesitles‘cbhtaininngphe—1andy tyr-labelled M13.
H'E;cﬁat'p;dteins'"ThefvﬁsineS“1été.PreparedﬁhSiDG, :
‘ t.e‘Cholate~procedUre_tsee Chipter II-E). A .
1 .gotal'of 178 vesicles were measured from an.
9 - v_’-,i‘_"el_e'c_tvr-on'-'m-ﬁ-i‘c:r,og.,faph. 'Fr"o.m‘th‘?”d'i.s.tfibut_ion"_'1 o
¥ obtained, it was calculated that any vesicle in
the preparation has a 95% probability of having

" a radius between 2Oﬁkah673273;“Thégmean:radiusvaT JM

15 159 £63R. .
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, .
o7 O

overall correlation. time (see Theory section) the'measure-’

_ments of these data are actually we1ghted averages accordlng
to the sizes of the ve51cle? ‘and the1r elat;ve

probabilities in the vesicle population.

To determlne the "we&ghted" effective.oyerall_correa.

‘lation tlme correspondlng to the observed data, the effect
of the sample‘ size heterogenelty on .the OllﬂEWldth was
analyzed 1n the followlng manner Correlatlon t1mes at 303 K

were calculated for each of the 51zes of ve51cles shown in

FiéUre_v—IO, using the,Stokes-Elnsteln equation: -
7o = 4mriy
3kt .

-

. These were used to calculate a’ Lorentzian lineshape fer:eaCh_
"51ze [w1th the assumptlon that the linewidth is'proportibnaﬁv
A to the‘ overall «correlatlon time (Marshail‘et'al,}1972)].

These llnew1dths; were used in conjunctlon with - their‘

relat1ve probabllltles ‘to 51mulate a "welghted" llneshape

;The 51mulated 11neshape was then measured 1n the same manner»

as the experlmental ‘data were analysed and a best fit 11ne-nve{
w1dth was determlned Thls l1new1dth was used etO- calculate':'
.an . effectlve we1ghted"voverall rotatlonal correlatlon tlme-;;
| 9x10"‘sec Thls effectlve’ correlatlon- tlme _derlved;'
.'_from Tz measurements has also been Msed for the analysls of-
vthe_T, and NOE data 'srnCe h T, calculatlons yareddndti

“ - sensitave,_tc“ithew exact ch01ce of the overall correlatlon B

time(see Table V?Z). -

I
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Table V-2

The T,, Av, and nOe results obtained
using the best-fit values of D;, Dz, and 7o
for the analyses of the Fphe and Ftyr residue ring

¢

motions in vesicle-bound coat protein

Parameter : Frequency (MHz)

141 ] 254 376

‘ Ftyr: D1= 2X10', D2= 4x10‘, Yo~ 050, T¢e = 1.9X]0“

T, 0.9600.52)" 0.72(0.52) 0.59
Av 315(143) 242(257) 461(336)
nOe -0718(-0.40) -0.17(0.46) -0.13

- Fphet: D,= 2x10%, Dz= 4x10%, 7o= 90°, }c= 1.9x10"°¢

T, 0.62(0.43) 0.69(0.50) 0.69
Av 86(96) 173(139) - 17 323(138)

nOe -0.15(-0.51) -0.26(-0.28) -0.27

3

Fphe: Dy= 2x10*, Dp= 4x10°,. 7= 90°, 7c= 1.5%10" ¢

. ?1 . ) 0.62 0 ‘i? 0.72 0.59‘
oy ' 68(96) 137(139) 256(138)
nOe -0.15(-0.40) . ~0.26(0.46) -0.27

'The experimentalhy determined data are given in parenthe-
ses. - : ’
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With the evaluation of the effective overall rotational

- V.
correlation time, we are now {n a position to analyze the
measared relaxation parameters determined for the Ftyr and
Fphe residues of the vesicle-bound protein. Quantitation of
the motions of the Fﬁhe and glyr residues was done using a
computer program based on the equations outlined 1in the
Theory section. The‘rate of the diffusion,about the af- and:
gy-bonds (D, and D,, respectively) and the wobble ‘angle
about the af-bond (yo) were varied to obtaig the linewidth,
T, and nOe values closest to the experimental ddta. The cal-

'CUlated valuee closest to the linewidth data at 254 MHz were
chosen as these linewigths were measured in six 1individual

: experlmencs and so are known with greater accuracy than the
data at the other two frequencies which were measured only
ence. _ }

It was found that ’the calculated; T,, ~ linewidth and
noe's. for Ftyr were closest to those obtained experimentally
when‘D,= 2x10% sec ", D,= 4x10* sec™', and 7yo= 75°. The
linewidth data agree quite well but the. calculated T,'s are
too long (see Table V-2). This 1nd1cates that some rapid
‘intermolecular }nteractions mustz also be present. Such an
interaction could be between the ﬂhtyr aad paseing lipid
chalns (Hagen et al. 1978) . Thfs would decrease the T,
value but would have negllglble effect on the llnewldth

The best. fit values for the Fphe data were D;= 2x10°

b‘secf‘, D,= 4x10° secf‘ and yo= 90° (Table: V*2)._‘In this

case, however, neither the linewidths nor T,'s fit the data
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Jery well. That the calcﬁlated linewidths are too large
indicates additional motion is present that is not 1included
in the model. This implies that the hydrophilic ends must
have more backbone motion allowed 'than the hydrophobic
domain. The effect og‘this would be tovdecrease the-overail
correlation time of the wvesicle (as far “as the thé are
concerned). The 'results of a simulqtion with the overall
"correlation time reduced from 1.9x10"°¢ fo 1.5x10“~‘sec 1s
sﬁown in Table V2. The lihewidths now ar%; closely
simulated.‘The T1'§Zare still tob, long, however. InterA‘
molecular interactions are vagain indicated. In this case,
the fluorine could be experiencing dipolar inferactions with
either the bhosbholipid heéégroups of the lipid or other
protein residues (either intra- or inter-). The ;%e'é in
both the Fphe and Ftyf.cases do not fit very well. This is
expected as the nOe .calculations depend upon the T, values.
Since the.T‘ values do'not‘fit well, then the nOe's will not

either.

These studies have outlined an overall picture for the

M13 coatfprotein's iﬁ;eraCtion with 1lipids when ’recoqstiﬁ
.tuted into phospﬁOIipid vesicles. The rotations of the tyro-
| sine residués in the hydrophobic domain of - the protein,
althéugh not greatly restricted by the lipids, are sp}ll
“influenced by them. Above the T, of the lipids the motional
properties of the side chains of the FtYr residues in the

portion of the protein surrounded by lipids are very similar

to thosq found for. typical globula%»proteins in aque&us
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solution (Hull. and Sykes, 1975a). The Fphe residues, as

markers of the hydrophilic regions of the protein, were
found to. be only slightly more mogile than the tyrosihes.
This finding indicates that the hydrophilic eﬁds are not
"waving" around in solution but must be either structured or
‘associated wifh the phésbholipigsheadgroups. Further e&per?
iments, as suggested in Chapter 5-A, are necesggry to deter--

mine whether the structure of the coat protein in vesicles

is the same as the structure of the coat protein in DOC
~ i

micelles. '



Concluding Discussion

A. Thesis Overview ‘

" This thesis has described ’structural~ studies‘of an
intrinsic membrane protein, the coat protein :of ‘the
coliphage, M13, when bound by either deoxycholate mlcelles
or phosphollp1d ve51cles The hydrophilic~ and hydrOphoblc‘

domains of the proteln were blosynthetlcally labelled with"

the 3-fluoro- analogsaof phenylalanine and tyr051ne respec-
tlvely The exposure and mobilities of the the and Ftyr
re51dues in those domalns were monitored usxng“’F NMR

The first experlments described were performed with the
Fphe and Ftyr amino acids, themselves: the effects of bicar-
'bonate buffer and of the % D,O present in the sample on the
'"*F NMR spectra of these‘fluoro~amino acids-wereh character—
ized. It was found that the spectra of the and Ftyr 1in
blcarbonate buffer contalned extra resonances when compared
to the spectra of the and Ftyr in other buffers or just

+

Dzb. The cause of'the‘exfra resonances was»studled to deter-
mine if these‘resonances would befpresent in‘theVSpectra of
fthe»the and Ftyr-labelled coat proteins. The fesults-shoued
thaf the"free amino groups of.the fluoro-amino acids wefe
1nteract1ng with the dlssolved CO2 from- the bicarbonate
buffer and that ‘the carbamate Spec1es “formed were the orlglnf"
hof.the additional resonances. Ne;ther Fphe nor Ftyr 'isA the.v,
N?ferminal amino uaoid “of the M13 codt pfotein,'thus,uthe

-

direet”interaction‘ofwthe3the and Ftyr protein residues

201"
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with CO, was not possible. Therefore resonanxes in the
‘;FvNMR spectra of the labelled coat proteins due to the“
blcarbonate‘ buffer should ‘nOt " be. present{ (‘he”"F.NMR g
spectra of the Fphe and Ftyr coat: prote1ns in DO micelles‘
in sodium borate buffer‘were the same ‘as the sp ctra‘of the:'
fluoro- labelled coat prote1ns in DOC mlcelles 'n!bicarhonate
buffers, ‘thus conflrmlng thlS conclu51on ) The econd studyQ
_1nvolv1ng the Fphe and Ftyr amlno acxds, was to_-determine
the effects of changlng the aqueous ‘solvent from ﬁzoito'DZO

on the '°F chem1cal shifts. These exper1ments deltermined the-

solvent 1sotope 1nduced shifts KSIIS s) of the the‘and Ftyr

chemlcal shlfts when the amino ac1ds were completely exposed
_to the solvent. These were then compared to the SIIS's of
the. fluoro re51dues 1n‘the M13 coat proteln whe bound by
. DOC micelles; thlS prOV1ded a measure of the % exposure ofwr

the fluoro- re51dues in the DOC mlcelle bound coad proteln

- The 1ncorporatron of the the and Ftyr amino ac\ds 1nto

the M13vcoat proteln and the' a551gnments of th resolveg;\
fluoro resonances to spec1f1c resxdues 1n the prot in 1n DOC ‘\&*\

~
~

~..

has allowed a detalled study of the' striycture of

m1celles'

co esiduest

the m1celle bound proteln about :those,

fStrUctural lnformatlon‘fwas. ~the
exposure and motlon ‘of "~the’ ‘
"F NMR The exposure of the fluoro‘re51dues wa Vl'

the - results of proteolytlc dlgest1ons, solvent -
1nduced chem1ca1 shlft measurements ~fluorine

.

_cally 1nduced dynamlc nuclear polar1zat10n experiments‘and
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ApH titrations. The data showed that although Fphe 11 was .

exposed to proteolytlc cleavage by chymotrypsin or 'pronase, ,

water did not 1nteract Slgnlflcantly w1th its fluor1ne This

indicated that the ring ‘of the. rem?ue _was | outside tg ‘

-

mlcelle but was, at least, partlally buried in a hydrophobic

pocket. Ftyr 21 and Ftyr. .24 were protected from chymotryp51n
and only became exposed 0o pronase after exten51ve removal
of the hydrophlllc ends. The fluorine of - Ftyr 21 1nteracted

wlth-‘water 151gn1f1cantly more than Ftyr 24 (and the 1),

" ‘while Ftyr 24_ interacted with the llpophgl;c rdye,

.3—N-carboxymethyltlumiflavine more than Ftyr "27. These data

ne

suggested that Ftyr 21 was at the water/micelle interfaCe"

and Ftyr‘ 24 was 1n51de the mlcelle. These. conclusrons werer-'

supported by the r1ng motion analyses: the i Wasl more

[4 B

mobile than Ftyr 213 Ftyr 21 was more moblle ‘than Ftyr 24. f-
: ' 3 . «

the 11, however, was not mpch more moblle ‘than Ftyr -211

suggestlng that the proteln sequence in the v1c1n1ty of the

;'thearl re51due was structured

Changes in temperature 1nduced changes. in‘the-structure

fabout the - the and Ftyr reszdues of the labelled coat - pro-

teins in DOC: mlcelles The structure in the hydrophlllc ends‘

was found to be- rever51bly d1srup€ed by 1ncrea51ng the, tem—'

’perature to 327 'K .c1rcular d1chr01sm spectroscopy showed an

1ncrease ‘in random c01l structure as ‘the ''F NMR 'resonances =

foffdthev three the re51dues became resolved Increas1ng ther

1 temperature had no effect on the Ftyr. "F NMR resonances-~

rather, decreaslng the temperaturev'to 277 K appeared to~’ g
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cause structural '~ changes in the immediate £ vicinity of

-

Ftyr 21 and Ftyr 24.

. The exposure and mobility\§f,the Fphe and Ftyr residues

in the labelled coat proteins reconstituted into synthetich

lipid vesicles were 'fndicated from the results of chymo-
tryptic digestion, temperature and ring motion analyse$. The
Fphe residues were susceptible to chymotrypsin:~chymotryptic
fragments from both the N- and C-termini were obtained show-
1ng that the. proteln was reconstltuted symmetrlcally 1nto
the ve51cles whlle the Ftyr residues were protected from the
protease Temperature stud1es showed that the mob111t1es of
vthe the re51dues were not affected by the’ 11p1d phase
tran51t10n, hence they were'-outside - the bllayer The

mob111t1es of the Ftyr re51dues were 1nfluenced by the phase

state of the 11p1ds, hence were, 1n51de the bllayer Analyses

_of the '’F NMR relaxatlon data gave ,the ‘and Ftyr vring‘

motions comparable to those found for the DOC mlcelle bound '

.'coat proteihs: the Fphe residues were not much more. moblle~

than ﬁthe Ftyr re51dues, the Ftyr-residues had comparable
'mob111ty to that found for: tyr re51dues within the 'hydro-;

phOblC domaln.?of ‘a water- soluble protein. .The’ lack of

‘mob111ty of, the the re51dues compared to fthe mob111ty f

the Ftyr re51dues suggested that the hydrophlllc ends of thef‘

proteln]were not, dlffu51ng .freely in" ‘solution but werelbt

structured.
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B. Possible Future Studies
The motion-and exposure of the Fphe and Ftyr residues

of labelled M13 coat proteins when bound by either DOC

‘micelles or phospholipid vesicles were studied in this

thesis. The interpretation of the data allowed statewlents to -

be ‘made as to the pdﬁsence of structure in the vicinities of

the the .and' Ftyr amino'aCids.'Theseclabelled amino acids

were only repOrting “on .the surroundings of 5 protein’

residues ‘out of'a total of 50; clearly,‘more work is neces-

sary - to obtaln] a complete pLCture' of the micelle- or .

VeSlCle bound structure of M13 proteln
'Amlno ‘acid resrdues'ln the coat 1protein, ~other than

phenylalanine and tyrosine, . are-'being‘ monitored "by' two

approaches.-The first,'taken by Dr}f_Gillian Henry, 1s to

“incorporate 7“‘C—enriched' amino -acids into the protein ‘and

follow the behavior of the ’residue( ) with '2C° 'NMR. The
second, made fea51ble by the use of perdeuterated detergents‘
(or llpldS) and the forthcomlng arr1val of '500- MHz  NMR

' Spectrometet,'fis to look at the proton resonances of the

'micelle-SOUnd'(or'Vesicle%bound),coat protein; thls“llne‘ of

study w11l b¢, undertaken- by’Dr' Joe O‘Neil ihe cOmbined»

‘results from thlS thes1s and the1r experlments w1ll dive';ah

EY

'comprehen51ve v1ew of the structure of the ent1re coat pro- pf

teln 1n elther mlcelles or. ve51cles

In_ the DlSCUSSlon at the end of :th Chapter specificlr

experlments to clar1fy or complement t
the Chapter, were suggested Those experlments .although

-2

;results' given in
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_immedlately relevant to the work described in the Chapter,
are only short term projects. In the long term, a number of
"~ pathways could oe followed.‘ | | |
| There is interest as to the effects..of different

detergents on the structure of intrinsic proteins: which
detergent 1s the least perturblng to the proteiln's .struc-
‘ture7 A comparlson of the structure of M13 ;oatvprotein in
dlfferent detergents could be done to determine . which one :
best maintains “ the  structure found 'in vesicles (or
: membranes) | | |
h:_ Ve51cle studies, themselves, promlse to.be 1nterest1ng
The’ modlfled cholate procedure appeared to produce reconstl—
" tuted M13 coat proteln in vesicles that were orlented w1th
the N- termlnus out51de and the C- termlnus 1n51de (This was
determined b? the analy51s, of the chymotryptlc fragments
released from the ve51cles and the amlno acid analyses of
the protein left with the vesacles. only the fragment 1—11
| was detected by paper electrophore51s and the proteln left
w1th the llpld was a mlxture of the intact proteln and frag—“

Jment 12- 50 ) The ab111ty to assymetrlcally 1ncorporate the
‘.fcoat protein into 11p1d vesicles raises :the p0551b111ty that

hplac1ng a 51ngle label at"each f the N termlnus the
c- termlnus and in the hydrophob1c core of the proteln,:would
v51mu1taneously result in three resolved resonance5° ‘one from
each of the domalns of the proteln.

Ve51cles could be prepared varylngl. -ej lipidﬁ compo—

sitlon._ Infectlon-/ofp the E coll WIth M13 phage causes an

o
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increase 1in cardiolipin synthesis. An obyious study would be
to compare the ease of reconstitution and the structure  of
the. coat protein when'cardiolipin is or 1s not present.'fhe
major lipid foundi in E. coli  is phosphatidyethanoiahine
(PE). To see if the exposure and mobilities of thevcoat pro-
tein re51dues are dlfferent when PE 1is the major l1p1d would
certainly be Hrelevant (Another possibility, of course, 1s
to try to study the coat proteln that actually is - in the
E. “coli membrane "The_ coat proteln obtains hlgh concen-
trations in the inner membrane of E. coll bacterlum durlng
1infection, -hence one may be able to prepare ve51c1es of the
host membrane that are su1table for NMR studies.) A third
tyF of ° experihent ~would be to study. the effect of
’.cholesterol on the protein Cholesterol "1s . not' normelly
found - in E..'cofl,membranes, but the coat proteln could be_
usedvaS"a” model intrinsic. proteln"to hsee }yhether_ the
'cholesteroi causes ‘the protein to be "squeeZed out"‘of the
”membrane,Aas suggested by Borochov and Sh1n1tzky(1976) |
Another ®area of research would be to study the mecha—t
nlsm of the cpat protelh s functlon' what 1nteract10ns- and
'ystructural changes occur ‘as the coat proteln helps the phage&m
:DNA“tnto and out of the bacterlum Two approaches cbuld bev‘
'attempted. ‘The flrst “would be to monltor the structural
1vchanges\present when the © proteln 'is reconstltuted _1nto
; ve51cles in the presence or absence ‘of 51ngle stranded DNA”
'fragments, with or wlthout the gene v protelns b0und to the;-

jDNA."Thev other would be to study the observatlons that
o , _ » N
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Griftith | and‘ coworkers made using electron microseopy
(Manning et al., 1982), that by treating a;solutfon of M13
phage with chloroform, the coat protein arrangenent onvthe.
DNA changed When thlS "altered" phage;was mixed with =~ lipid -
ve51cles,- the phage particies disappeared: they concluded
~ that the protein was leaving the DNA and -going »into the
~membrane Preliminary 1R NMR experlments us1ng the- and
Ftyr labelled M13 phage 1nd1cated that the coat prote1n does
4,go, into the .ve51cles Further studles of the process,
1nclud1ng analy51s of the NMR tensor elements of the coat
protein on the phage before 'and after theyichloroform
treatment, the study of where the DNA is after the coat - pro-
tein' leaves it ({E the DNA 1n51de the ve51cle?), and the" -
determlnatlon of the struetural propertles of ,the -ve51c1e—

bound proteln could glve a great deal of 1nformat10n of the

events that occur d&rlng the M13 1nfect10n of the E COII
C



" Bibliography

BecconsallJvJ.K.”a6d ﬁHampspn, p. (1965) Mdf. Phys. 10,
- 21-32. BT . o o
Borochov, H. and Shinitzky, M. (1976) Proc. Natl. Acad. Sci.
| USA 73, 4526-4530. S - o
Brauer, M. and Sykes, B.D. (1984) ~ Methods Enzymol. 107,
- 36-81. N S N ' ﬂ o ‘
" prenner, M. and Huber, W. (1953) ‘Helv. Chem. Acta. 36,
‘ 1109-1115. - . : o .

Bdckingham, A.D. (1960) Can J. Chem 38, 300-\307.

‘Buckingham, A;D,; Schaefer, T. and Schne1der, wﬁG,f(1960)“J._,f

Chem. Phys. 32, 1227-1233,

Castellam‘ G.W. (1971) ~in PhySIcal Chémfétry,b
Bonner, F.T. (Addison-Wesley’ Publlshlng Company,f
Reading, Ma., U.S.A.), pp. 770-790. "~ :

Chamberlain, B.K. and Webster, R.E. (1976) . Biél}"Chem;
251, 7739-7745: L .

5 ,

Chamberlaln B.K. Nozéklf Y., - Tanford, C. and Webster R.E.
‘(1978) BIOChlm Blophys Acta 510, 18-37. :

Chen, Y.-H. Yang, J.T. and Chau,gK‘H.‘”(1974) BiochemiSth'
13, '3350- 3359. : o S Lo
Coleman,'JwEﬁrand‘Armltagé'I;M; (19775 in- NMR' in -Biology, .
S eds. - Dwek, R,A., Campbell,. Richards, R.E. and’

williams, R.J.P. (Academic Press, New York, N.Y.,
S U.S.A), pp 171-200. L - T
 Cross, T A, and Opella,' .J.‘(19?95 J. SUpFamO7. SthuC”  11,
, 139-145. e T
”Cross, T.A. and Opella, s.J. (1980) Biochém;‘ Biophys. - Res.
B Comm 92, 478 484. IR S
- Cross, T A. and Opella, s.3.° (1981) Biochemistry - 20,
U 2900297, L L e

fbér529n, . (1983)_d.j5ioeneng, B iomem. 15,23?7f334-<?’



210

. De;tman;. HaD., Welner, J.H. and Sykes; B.D. (1982)

Biophys. J. 37, '243-251.

Dettman, ~H.D., Weiner, J.H. and- Sykes, B.D. ' (1984)

Bjochemistry_zf, 705-712.
Dorman, ; B.P., Hearst, J.E. and Maestre, M.F. (1973) Methods

“‘Enzymol. 27(D), 767-796. v

Emsley, J.W. and Phillips, L. (1966) Mol. Phys. 11, 437-456.

‘Emsley, J.W. and Pnillips, L (1971) Pnog NMR Spectrosc 7,,,

1-36.

| Efnst,_ R.R.--and Anderson, W.A. (1966)v Rev . Scienfjfic‘

Instrum. 37, 93-102.°

Evans, D.F. (1960) J. Chem. Soc. 877-880..

AEvans,urE.A, and Parsegian, V.A.*(1983) Ann. N.Y. Acad. Sci.

419, 13-33.

‘Farrar, T.C. and,  Becker, E. D‘ (197T) in Pulée and Fourier

Transform NMR: Introduction-to Theory and Methods,
‘(Academic Press, New York, N. Y., U. S A.) PP 22~ 29

| Faurholt C- (1924) J. Chrmze Phys:que 21, 400 455

‘Frelfelder, D. (976) in Physical Blochemlstry Applicatlons

to Blochemlstny and Molecular Biology., ed. Davern,
C. (W.H. Freeman and Company, San Franc1sco, Ca.

I.

. Gall, ~C.M._ Cross, T.A. DlVerai, J.A. and Opella;'S{J;
. . . 1 B

(1962) Proc. Natl. Acad. Sci. USA'79, 101=105,

: Isaacscn,,.Y.A. _ Deroo, P. W,;'Rosenthal, A.F;,_Bittman,'R.,

Mélntyre, J.o., Bock, ‘H.-G., Gazotti, P. -and |
Fleischer, S, (1979) J. Brol Chem. 254, 117-126.}\“

'Gétié, 3.T., Loehr, D.T., Luk, K.F.S. and Roe,. D.c§'a(1979)

d -Amer. Chem Soc 101,.7482 7487

 Greenf1eld N. and Fasman, G.D. (1969) B:ochem:stny 8,

4108 4116

N ;

-',Gurd F.R.N. Matthew, J.B; wlttebort, R.J.,. Morrow,l J. s

* and. Frlend (1980) in BlophySlCS and. Physrology'
‘of Carbon DIOXIde, ‘eds. Bauer,‘fC.f Gross, . G. 'and.
Bartels, .H; (Sprlnger Verlag, Berlin,, Germany) N

PP 89 101 , _ R A



.211

Hagen, D.S., Weiner, J.H. and Sykes, B.D. (1978)
Biochemistry 17, 3860-3866. : '

Hégen, D.S., ‘Weiner, J.H. and Sykes, B.D. (197%9a) in NMR and

: Biochemistry: A Symposium Honoring Mildred Cohn,
eds. Opella, S.J. and Lu, P. (Marcel Dekker, Inc.’,
New York, N.Y., U.S.A.), pp. 51-58.

Hagen, D.S., Weiner, J.H. and = Sykes, - B.D. (1979b)
Biochemistry 18, 2007-2012. :

Hall, N.P., Cornelius, M.J. and Keys, A.J. (1983) Anal.
Biochem. 132, 152-157.

Hansen, P.E. (1983) Ann. Reports NMR Spectrosc. 115, 105.
Hartree, E.F. (1972) Anal. Biochem. 48, 422-427. e

Holmes, J.R., Kivelson, D. and Drinkard, W.C. (1962) J.
Chem. Phys. 37, 150-152.

T

Huang, H.J. and Niemann, C.J. (1951) J. Amer. Chem. Soc. 73,
1541-1548. .

Hull, W.E. and Sykes, B.D. (1974) Biochemistry 13,
& 3431-3437.

Hull, W.E. and Sykes, B.D. (1975a) J. " Chem. Phys. 63,

867-880.
Hull, W.E. and Sykes, B.D. (1975b) J. MoT. Biol. 98,
121-153.
Hull, W.E. and Sykes, B.D. (1976)  Biochemistry 15,
1535-1546. ‘juépﬁ |
- Hutton, R.S., Roth, H.D. and Bertz, S.H. (1983) J. Amer.

Chem. Soc. ]05, 6371-6377.

Imaizumi, K.,‘Imai, K. and Tyuma, I. (1982) J. Mol. Bibl.
’ 159, 703-719. N

Jardetzky, O. and Roberts, G.C.K. (1981) in NMR in Molecular
" Biology eds. Horecker, B., Kaplan, N.O., Marmur, J.
and Scheraga, H.A. (Academic Press, New York, N.Y.,

U.S.A.), pp-‘448"492@

-Jarema, M.A.C., Lu, P., Millér, J.H. (1981) Proc. Natl.
Acad. Sci. USA 78, 2707-2711.
»



212

Kaptein, R. (1971) Chem. Commun., 732-733.

Kaptein, R., Dijkstra, K. and Nicolay, K. (1978) Nature 274,
293-294.

-

Kauzmann, W. (1961) in Quantum Chemstry (Academic Press
Inc., New York, N.Y., U.S.A.), pp. 503-517.

Keniry, M.A., Gutowsky, H.S. and oldfield, E. (1984) Nature
307, 383-386. '

Kern, D.M. (1960) J. Chem. Ed. 37, 14-23.

Kinsey, R.A., Kintanar, A. and Oldfield, E. (1981) J. Biol.
Chem. 256, 9028-9036.

Kinsey, R.A., ‘Kintanar,' A., Tsai; M-D., Smith, R.L.,
Janes, N. and Oldfield, E. (1981) dJ. Biol. Chem.
256, 4146-4149. ‘

‘knowles, F.C. (1984) Arch. Biochem. Biophys. 230, 327-334.
Kossiakoff, A.A. (1982) Nature 296, 713-721.

Lauterbur, P.C., Raufman, B.V. and Crawford, M.K. (1978) in
Blomolecuiar Structure and Function, ed. Agris, P.F.
(Academic Press 1Inc. New York, N.Y., U.S. A ),

pp. 329-351.
Levy, G.C. and peat, I.R. (1975) J. Mag. Res. 18, 500-521.

London, :R.E. (1980) in Magnetic Resonance in Biology, ed.
4 Cohen, J.S. (John Wiley and Sons, New York, N.Y.

. U.S.AL), pp. 1-69.

Lorimer, G.H. (1983) Trends in Biochem. Sci. 8, 65-68. ,
, N , ) ‘ ! ) 3 : ' Je
Makino, S., Woolford, J.L., Tanford, C. and Webster, R.E.
(1975) J. Biol. Chem. 250, 4327-4332.

" Manning, = ‘M., Chrysogelos, S.  and Griffith, J. }(i982)
Biophys. J. 37, 28-29. : -

Marshall, A.G. (1978) 1n BlophySlcal Chemistry (John wlley
and Sons, New York, N.Y., U.S.A. ).

"Marshall, A.G. Schmldt P.G. and Sykes, B.D. (1972)
BIOChemISth 11, 3875~ 3879 L ‘

Morroﬁ, J.S., Kelm, P. .and Gurd E;RfN. (T9§4) d.thof;
Chem. 249, 7484~ 7494 , o

L



Muller, N. (1976) J. Mag. Res. 23, 327-334. g
Muller, N. (1977a) J. Mag. Res. 25, 111-121.
Muller, N. (1977b) J. Mag. Res. 28, 203-216.

Mhrray—Rust, P., Stallings, W;C., Monti, C.T., Preston,” R.K.
and_Glusker, J.p. (1983) J. Amer. Chem. Soc. 105,
3206-3214.

Narahashi, Y. (1971) Methods Enzymol. 19, 651-664.
Neuberger, A. (1937) Prog. Roy. Soc. A 158, 68-96.

Noggle, J.H: and Schirmer, R.E. (1971) in The Nuclear
Overhauser Effect, (Academic Press, New York, N.Y.,
U.S.A.).

Nozaki, Y., Chamberlain, B.K., Webster, R.E. and Tanford, C.
- {1976) Nature 259, 335-337. o :

»

Nozaki, Y., Rey%olds, J.A. and Tanford, C. (1978)~
' Biochemistry 17, 1239-1246.

§'Leary, .M.H., Jawbrski, R.J. and Hartman, F.C. (1979)
‘ v Biochemistny 76, 673-675. ' ’

orrell K.G. and Sikl, v.'(1980) Anal. Chem. 52, 567-569.
. /‘ . . N .
pluschke, G., Hirota, Y. and Overath, P. (1978) J. Biol.
| Chem. 253, 5048-5055. R

Post;'J;F.MIijottam, P.F., Simpiaceanu, v. and Ho, C.
(1984),J. Mol. Biol. (in press). ‘ :

putter, 1., Baretto, A., Markley, J.L. and Jardetzky, O..

(1969) Proc. Natl.. Acad. SCi. USA 64, 1396-1403.
-~

~ Raheja, R.K., Kaur, C., Singh, A. and Bhatia, I1.S. (1973) J. o
, Lipid Res. 14, 695-697. o ; |
_Robinson, - N.C., Strey, F. and Tfalbert, - L.  (1980)
Biochemistry 19, 3656-3661. ‘ :

Roughton, F.J.W. (1970) Biochem. J. 117, 801-812.°
Roﬁghton, F.J.W. and Rossi-Bernardi, ‘L (1966) Proc. Roy.
" Soc. B. 164, 381-400. . R .
‘Simon, I.W,Tﬁchsen,’E.’and Woodhérd, c. (1984) Biochemigtry j
" 23, 2064-2068. ' I -



’ | 214,

Singer, S.J. (1971) in Structure and Function of Blo}ogzcal
Membranes, ed. Rothman, L.I. (Academic Press, New
York, N.Y., U.S.A.) p.145.

singer, S.J. (1977) J. Colloid Interface Sci. 58, 452-458.
Singer, S.J. and Nicolson, G.L. (1972) ScienCe 175, 720-731,

Slichter, C.P. (1978) in Principles of Magnetic Resonance,
ed. Fulde, P. (Springer-Verlag, Berlin, Germany) .

‘Small, D.M. (1971) in The Bile Acids (volume 1), ed.
Nair P.P. and Kritchevsky, D. (Pléenum Press, New
vork, N.Y., U.S.A.),pp, 249-356. ’

Sykes, B.D. and Hull, W:.E. (19@8) Methods Enzymol 49(G),
270-295.

Sykes, B.D. and Weiner, J.H. (1980) 1in Magnet ic’ Resonance in
Bioldgy (Volume 1) ed. Cohen, J.5. (John Wiley and
Sons, New York, N.Y., U.S.A.), pp. 171-196.

Tanford, C. (197%6) Nature 259, 335-337.

Unwin, P.N.T. and Henderson, R. (1975) J. Mol Biol. 94,
425-440. ' - ’ : ‘

Van Kempen, L.H.J. Breepoel, P.M. and Kreuzer, F.. (1975)
Resplr PhySIOI 23, 223-241. - ' ' R

Webster, R.E. (1978) Biochim. Blophys Acta 510, 18-37.
Wickner., W. (1975) Proc. Natl. Acad. Sci. USA 72, 4749-4753.
Wickner, W. (1976) Proc. Nat]. Acad. Sci-. USA 73, 1159-1163.

Williams, R.W. and Dunker, A.K. (1977) d Blol “Chem. 252,
" 6253-6255. )

Wittebort, R.J. ‘and Szabo, A. (1978) J. Chem. Phys. 69,
1722-1736. | , : T o .

Wuthrich, K. and Wagher, G. (1984) Trends in Biochem. Sci.
9, 152-154, o ~



Appkndix A

This Appendix lists e recipes of the media, agar

plates, and dilutio Buffer used for the growth and titer-
determination of M1 acteriophage. The procedures are given'

in Chapter II-C.

" L Broth
Sodium chloride 5 g
Yeast extract - A 59
Tryptone . 10 g :
' Sodium hydroxide 1.1 ml of 1.0 M

Add water to a volume of 1 liter. For plates,

add 12.5 g agar.

M63 Minimum Medium

Pota551um phosphate (dibasic)
Potassium phosphate (monobasic)
Ammonium-Sulphate -
Ferrous sulphate

O WL
[§, Ve HTe Yo

. . Add water to 1 liter. For plates; add 13 g agar.

After autoclav1ng, add: . ) - | Ve
, t v o I
Magne51um sulphate - . 0.8 ml of 1T M~

Glucose - 10 ml of 20%
A5 required: |

Thymidine =~ =~ © . 10 ml of 0.5%

| -+ L-Amino acids = ve 10 ml of 0.4%
.~ + D-,L-mixture of Amlno ac1dso 10 ml of 0.8%
‘ Thlam;ne- B : o 0.5 ml of 1%

215



"Sterile Saline (10x)

NazHPOn'7Hzo i 26.8 g
NaH.PO, -H,;0 ~ 14.2 g
KH, POy : : 13.6 g

0 g

Sodium chloride 5.

Add water to 1 liter.

Phage Titer Media

Bottom Agar

-

Bactoagar E ' 11 g
Bactotryptone 10 g ‘
, 5 g

- Sodium chloride
add water tb,1 liter. After ‘autoclaving, ‘add:

Sodium citrate - | . ' 10 ml of 20%

Glucose x ‘ ' 6.4 ml of 20%
Top Agar

Bactoagar 7 g‘ ‘

Bactotryptone ° ) 10 g

Sodium chloride - : 59"

Add water to 1 liter. After autoclaving, add:

Sodium citrate » 10 ml of 20%
Glucose S B . 15 ml of 20%

f
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P ' o Appendix B

The Fphe and Ftyr '’F NMR relaxation daga were analyzed

using a moaeluap roach outlined by Szabo et al. (1978). The

.1 allows rebtricted rotation  about the ap-bond (D,)

and overall _sphérical symmetry for. micelle or- vesicle

rotation (D). (see Chapters I1V-B and V-B).

The Basic computer programs to be given, allow the gen-

eraﬁion“of linewidth, T,,'and nOe valués'for, first, a Fphe

™

through an-angle 7o, free rotation around the By-bond (Dz{ 0

residﬁe, then, a Ftyr"resiGUé/"usihg the model described'“

above. The programs allow for variation of 7 (the ovetall

correlation time for ves;cle‘ rotatioh), D,, D: and 7o.

Sample results, calculated hsing ‘the correlation times

jvappropfiate-for the micelle-bound coat protein, are given.



! ‘. F-PHE DIPULE-CSA ANALYSIS DDCSA_004
0 DIM D(-2:2.—2:2).8(2).Freq(5).6(9).D](5>.02(5).Sum(S.Z).E(—Z:Z.—E:J.E)
1. DIM R1(5.5.3).92(5.5.3).C(S).Coef(3).R]csa(S.S)‘R2csa(5.5).5umc9a(5)
2 DIM Both1(5.5).Both2(5.5).Slgma(5.5.2).Noe(5.5) a0
20 REAL X.Num,Den.Fan.Dall.Jw.Constant.Radlus.Bet1;H1.Jcsa.Kcsa,Dz
20 - INTEGER I1.B1.B2.N,J.L.K,M ) )

40 RAD o
> READ Bet{.B(l).R(Z),Da}l.Constant.Dz ' ANGLES OF INTERNRL'RQTMTIDN: BE TA(

S0

IN) AND THE ANGLES BETHEEN THE H-F VECTORS AND THE BE TA-GAMMA BOND.
55 ' 1/¢6=TAUC y.DD. CONSTANT,CSA TENSOR COORDINATE

60 . FOR K=1 T0 4 ‘

61 READ C(K) !GAMMAD ANGLES
62 NEXT K . S
70 FOR J=1 705 "
80 READ D1¢.0» 'WOBBLE FREQUENCY ABOUT ALPHA-BE 1A -BOND
90 - NEXT J , .

110 FOR L=1 1005 a
120 'READ D2(L» *'ROTATION FREQUENCY ABOUT BE TA-GAMMA BOND

130 NEXT L

140 . READ Freq(2).,Freq(d) 1OMEGA F AND OMEGA H
150 Freq(1)=Freq(2)—Freq(5) .

160 Freq(3)=Freq(2)+Freq(5)

182 Freat)=6 s ' | _
165 'INTERNAL ROTATION TENSOR ’ELEHENTS“’-u»ina_aunwﬁuﬂn&i-a.--aau;-«n-nguuninucﬂﬂ'ﬂ

166 D(2.2)=(§S(Bet1/2) 4 - -
70 D<2.1>=-.5~SIN(Betl>-(1+COS(Be¢\)) ‘
180 De2.0r=¢3/8) .5*SIN(Bet1) 2
130 D(2 -1)=.5+SIN(Bet1)=(COS(Betid-1)
200 \-D(2.—2)=SINlBet1/2)‘4_
210 ‘p(1.2)y=-D2.1) e R :
220- D(I,1)=.5’(23CUS(Bet1)-I)!(CDS(Bet1)+1)
230 D(1.,0)=-C(3/2) 5=SIN(Bet1)=C0S(Bet 1))
240 : 4D<1,=1>=.5~(2~CDS(Bet1)+1)~(1—CDS<Bet1))
250 Sper,-2»=De2.-1) o B
260 DeO.2r=D2.M
270 D, =D S
280 ‘D(0.0)é.S*(3~CDS<Bet1)-2—1)‘
290 - pco;-1r=pDC1. M
300 De0.-2>=D€2.0). , E : .
310 D(-1.2)=-D2.- D R o ‘ e
-320 De-1,1=DC1 -1 » . '
330 D(-1.0)=-DC1.0)
340 CLoDe-1, =D )
350 - De-1,-2)=De2, 1) - e
360 De-2.20=D0t2,-2) ..
©o370 - D(=2,1)»=-DCZ.-1)
380 . D(f2.0)=D(2.0>
390 - pe-2,=1r==D2. 1)
400 S D(-2,-=be2 2
L4010 CUFOR M=V TOOZ0 : ..
410 - E(2,0:M)=(3/8). . 5sSIN(B(M). 2 T
420 ]5(1fo;n>=-1<3/2)’.SrSIN(B<n>)~CUS<B<M>>>
430 F(0.0.M)=,5+(32COS(BMMY) . 2- 1) o
A E¢-1,0,M2-EC1, 0.0 = S e
432 K‘E(—z.o,nst(Z,O.H) S S
442 -1 . - NEXT M R o
© 452 FOR B2=0 10 2 L o y
C 462 " READ. Coef(B2) 1 -€SA TENSUR'CUEFFICIENTS‘

473 NEXT-BZ 2 S, .
473 " Kcea-(Freq(2)eD1)"2/40 ! CSA CONSTANT: -

PR
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OCHLCULQTING (‘SA 1/T’ AND d/']'24‘.‘&u-«ruaa;r;nun-uuuan&

-

452 PRINT. ) - -

483 © PRINT "Tc= ":l/t¢b=Daii)."Sk- “:INI(Freq<5>-!.EAb/(3~P1>4.5);“nﬂz“,“pn(ga'n
o4 UFPHE ANALYSIS™ : : -

490 FOR K=1 10 & , '

500 PRINT . i ‘

520 PRINT HDBBLF QNGLE* L INTCLEK) =360/ ¢2=P T+ .S i "DEGREES™

530 PRINT

[_)3] 'QULVING THE CORRFLQTION FUN(TIUN»---n--qunuqagnuuunnunnhnuc-uaunad..p.-‘.q
540 FOR J=1 T0 S . i .

570 FOR L= TU S
S&U FOR I=1 10 S
581 FOR M=1 10 ¢
590 Sum(] H)=0 s
591 NEXT M
593 Sumcsa(lr-= U
594- NEXT 1
600 FOR N=0O TQ ©

YA FOR Bi=-2 TO /-
£30 X=R1={(F)

540 IF N=ty THEN

64l 7 IF X=0 THEN

h44 GNDY =T

64t ELSE

650 (N) = >1N(K) JAX D

652 ENL N

560 ELSE . _

570 Num=C0S X 2o 0T-C=1) Ny eSINEX) 2ol =) N)

£80 _Den=X 2-(N=F1/0) C . T O
£90 GINY=X 2*Num/Den 2 ) ‘ &
700 END IF ‘ ' :

720 FOR R2=-2 10 2 .

730 Frnb2= b Dall’[)l( = (N=ET) 2/ea=((K) Jr+B2 Z2=D2(L).

750 FDR 1=1 105 :

751 . »DR M= TH < ‘ ' :
760 Ju= FnDL/(Fnb Z+FreatD L>~b(N)~D(E1 BM Z=E(BZ.U MY &
770 Sum€ ., H)=um(' M)+ T . .
77 o NEXT ¥ _ -

780 NEXT T ‘ o .

7940 NEXT BC : '

- 781 GOT10 909 »
8no NEXT. BT 5 v
a1’ NEXT N ) » , , .

813 'LHLCULHTINb JIPULRR l?11 1/72. AND THE NOE EQUATION NUMERATOR=ww»»=
g4 FOR M=1 TO = - ‘ '
3272 THICGJ.L. M= ConCtant'(Sum(‘ M)+ 3= Sum(’ M)+6=Sum( 3/ M)

- 830 R2CJ.L. M= Constant/d‘(Sum(1 MY+3%Sum(2 . M) +6#5Sum (2, My + 4+ Sumt4,M)y+H»5¢

‘831 SLgma(J L M)= (nnstant“(b’gum(B M- Sun(l M))

840 © NEXT M ’
NEXT. L

' CNEXT J o ,

"392°  GOTD 931 L . o
894 NEXT K . ' L ' Lk
395 . DATA 1 2’9183769 ﬂ 1. 047197%51 55555 SSSSSSSSSES.'1.6331253-5-125’5
900 .DﬁTﬁ 2.094395,2. 2689zP 2. 4434b095 617QS58Q ‘ '

901 -, .DATA SE?7,1E8,5E8,1E£9.5E9

902 ' DATA.SE7?,1E6.5E8.1E9. 5€9

304 DATA - 1.596086091E9,1. BQS460033t9

22 DATA. 668 L4073, 466 ;

. d IS E S22 R R R R R R A AN
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904 FOR B2=0 TU 2

910 Frb2=6=Dall+D1 ()= (N=P]) 2/ a=CK) 2)Y+B2 2=D201)

911 FOR I=2 10 4 STEP & ,

312 Jcca=2+Fnb2/(Fnb2 2+Freqt]) ) .
913  Mi1=Coef(B2)=G(N)=D(B1.,B2) 2-Jcsa

914 - Sumcsa¢I)=Sumcsa¢l)+Ml

15 NEXT 1 ’

916 NEXT B2
917 IF B1=2 THEN

918 IF N=9 THEN

919 RJcsagJ.L)=6-Kcsa~5umcsa(2)

920 R2csa(J.L)=Kcsa~(3~Sumcsa(2)+ﬂ~8umcsa(d>)

921 ' GOTO 810 N ‘

32 ELSE

923 Garo 8

424 END IF

925 ErSE . -
376 070 800 . . ’

327 END TF

330 'CALCULATING 1/71 (= 1/71¢DD) + L/TICCSAYY L 1/ 00 (- 1 TIEDm v H/TIC0LAYD

A.ND NOE (= CDNSTQNT = NOE EOUQTIDN NUHER(«\TUR /. 1/71)--.---»---.u-v---»»---’.g-'-.:u
931 FOR J=1 70 5 : o . -

332 FOR L=1 10 5

933 . -Bothl(J.L)=R1(J,L.T)ﬁRi(J.L.?)+R1csa(J.L)

934 Boch(J.L>=R2<J;L.1)+R2(J.L.2>+R2csa(J.L)

335 e Noe(J.L)=26.7519/25.167'(Slgma(J.L.1)fSlgma(J.L.Z))/Hothl(J.L)
93¢ TNEXT L . ’

337 NEXT. J . : {

938  PRINT

339 PRINT USINoé“9A.5x.DE.5x.6E.9x.DE.9x[0£.9x,né";“.n:,// D D21y D22 D2t
3).D2¢41.D2(5) :

'34' 'PRINTING T'. VQLUESDiﬂ’ngn-*._&uﬂﬁl"ﬁnu“ﬂbuaun.q&unnnunqn’-a.’-n-l-»-~u¢!-
943 FOR J=1 70 5 - . .

ELL PRINT USING "DE.7X,3D.BD.7X.3D.3D.7X.3D.3D.7X.3D.BD,7X‘3D.SD"EDI(j),!/E
oth1(J.1).1/80th1(J.2).1/Both1(J.3).1/Both1(J.A),J/Both}(J_s) -
345  NEXT J : : » A

94, PRINT - v . ' 7 _
3&8 'PRINTIN(" LINENIDTH ngUES’*CGlQﬁnupuuinﬂuuna-’-nau..uﬁ-vn--n-u--o--qqn..»
950 FOR J=1.TO S ©

351 PRINT USING "DE.?X.SD.ao.Sx.SD.3n.sxzsu.3n.5x.59.30.5x.50.3Df;D'<J>.not
h2§J.1)éP%.Boch(JJZ)/PI.Both2(J.3)/PI.BothQ(J.Q)/PI.Boch(J.S)/Pl .
952 NEXT J AR :

955  PRINT _ : | A
':’55 'PRINTING NOE vALUES!G«nuuﬂn-uﬂnua.-uﬁhtcﬁq-.oanbuu.huﬁ’ﬁqéiniv-v'ﬂ'nnu‘-nnuu
357 FOR J=7 T0 5. )

958 © PRINT USING "DE.7X.MZ.AD.7X.HZ;4D,ZX.MZ.QD.7X.ﬁZ.ﬂD.7X.NZ.AD":Dl(J).No(
(J.l).Noe(J.Z).Noe(JLB).Noe(J.A);Noé<J.5) : v

959 NEXT J. - = : .

960 IF K=4 THEN . ,

96 GOTO 965 o : ,

962 - 'ELSE

963 - .GOTO 894

964  END IF

.365  END ¢
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veTYR UIHULﬁaC:A ANALYSTS | GhCSA 00

DIM D(-2:2.-2:27.B¢2) ,Freq(S . 6(9, D1¢sS ).DZ <f>,ﬂum(ﬁ> Fe-2:2.-2:00.0(
DIM R1(5.5), Rc<5 ). Coef(3) . Rlceals.5), RZcsalh, 5) \umcsa(:) Poth1(J S
DIM Both?(5.5).51gmat5.5) . NoedH . 5H) ~’

REAL X . Num.Den.Fnbz.Dall.Ju.Constant, Radiues .M. Jcea,Kesa. D1

INTEGER 1.B1,B2.N.JWL.K

RAD .
READ E(1).Be¢2y.Dail.Constant Dz YANCLES. UF INTERNAL ROTATION: BETACINY AND

THE ANGLE BETWEEN THE H-F VECTOR AND THE BETA- GAMMA BOND, 1/(¢(6=TRUCH.

'DD CONSTANT.CSA D2
FOR K=1 10 4

READCC(K)Y b GAMMAU ANGLFS ' :
NEXT K. . = - N . _ .
FOWR J=1 10 S5 o ' . .

READ D1 ¢ " WOBELE FREGUENCY. HHUUY THE ALPHA-BETA BOND
NEXT J - : o

D EOR L=} 10 S

READ D2 (L) R%ra TON FREGUENCY ABIUT BETA-GAMMA BOND
NEXT L .
~READ Freatd). rréq(H) *UOMEGA, £ OAND MEGA
Freq(1)=Freqt2)- -Freqt4) -
Freq¢3)= Freq(2)+Freqt5) . ] o ‘ L
Freq(a)r=0 i .
' INTERNAL RUTQTION TENCCR ELLHFNTSqncn'cua.uj~-#-uunn~u~qﬂqnntnn»n-"ﬁrnu.-

De2. z> CUS(B<1>,4> 4

Del LSS THCROT >)~<1«C03<R(1>))_ ,
D(2. U) (?/8) LS=SINCBCYY)Y 2 . A
De2.,-1)=. S'CIN(B(1)>1(CUS(B(1)) . .
De2.-2)= %IN(B(l)/?) 4 *

per,zy=-Da2. ’

Der, 1=, 5’<¢-Cos(8(1)>A D ECCTSERCIIN +1) ]
Det. 0)——((3/2) %-QIN<B(1))~COJ<9<1>>>
DCT.-1o=, 5~(“-CU\<B(1)>+1)-<1—(ﬂ%<R(.)>>
D(i.—2)—D(2 -1

DCO.2r=D(2. 0)

peo.1=-DC1, .
Doy, 0y=.5+ (3 (0<(B<1)) -1
DCQ.-1)= Dt :

D<0‘-2)=D(2.0)
D(-1.20=-Dt2,- D)
De-1.1r=DCt =1

L DE-1.0 5001, 0) ‘ .
) D('1.‘1Y=D(].l) ’ '
De-1,-2)=Dt2

De-2. 2) D(2.~2)
De-2,11=-D(2. -1
D(-2.07=D¢2.0)
De-2.-1y=-D(2, 1)~
D(-2,-2)=D2,2) -

- B2, 0>-(3/8) S'QIN(b(“)) 2
Egl 0)--((3/2) LS SINCBCZ)a=COS B2
E¢0,0)=. 5-(J*COS(B(2>) Z2-1) : :

CEC-1,00=-ECT, D)
E(-2,0)=E¢2.0)
#orp2-0 102 S
REHD Coef(BZ) ' CSA TENSOR COEFFICIENTS
NEXT B2 - ’ : .
Kcsa= (Fraq(2)~Dz) 2/40 ' CSA CONSTANT
PRINT ‘ .

PRINT
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AN
N,

N -

, PRINT “Te= ":1/6/Dall .Sk ”:INT(FF@Q(S)“1.E“R/Z/PI*.S)Z"HHZ”SH \\BQ(ZH_OU
CETYR ANALYSIS” . | o )
roR k1T | \
- PRINT '
PRINT "WORBLE ANGLE= “CINTCC(K) =360/7(2=P 1) +.5) : "DEGREES™ ~
PRINT ,
! SDL\}ING THE CDRRE RTIUN FUNCTION:.«--uuqnnnaunuuaiu--nn---un.q;qcn----c-.
FOR J= 1, 10 5 .
FOR L=I 0 5
FOR I=1 10 5
Sum¢Tr=0
Sumcsa(Id=0
NEXT
FOR N=C TC 9
FOR B1--0 102
x=B1=Cy .
IF N=0, THEN
CIF X=0 THEN
Get =1l
ELSE
GENY=SINGX) 2/X 2
END IF .
ELSE .
Num=COSEX) 2=C1-C-1) NI+SINGXD Z=CH+=1) NI
Den=X Z-(N=P1/2) 2 )

‘ G(NY=X 2#Num/Den 2.
END IF
. : - FOR B2=-2 102

730 Frb2=6=Dali+D1CJy= (N=PT). z/<a C(x) 2)+BZ 2#D2t)
750 - FOR 1=1 10 5
760 o Ju=pnb3/(pnbg 2+FreqtD 2)&G<N)~D;B1,82>'2~E(B£.U>
770 o CSumC D) =Sum¢ D)+ Ju Lo
760 S NEXT | S

. 798 NEXT:Be - . ’,, o,
. 79! ‘ ‘ 6GTO 1000 :
800 C & NEXT BT _

S B0 NEXT N L C ' e
a1 v LlULRlING THE DIPULHR 1/T1 t/T2; AND THE NOE EQUATION NUMERRFUF
820 - R1(J Ly=Constant=(Sym¢1)+3~ *Sum(2) +6*Sum(3))° :
230 : R2¢J, L) = Lonstant/Z'(Sum(I)+2~Jum(z)+b'bum(7)*4 Sum(4)+n~§4m‘5))

840 ‘ qxgma(J L= Con:tant*(B »Sam(3)-Sum1)) v
370 NEXT L
-880° ~NEXT J_
862  GOTO 1321
894 NEXT K : ’ : ' S
495 . DATA ,')59183769 5.55555555555555E5, ! 63?12E8 7 za& 5 »
900 - DATA 1.134464.,1, 396263 1.4835299, 000000000000001 o Co
901 * DATA 5E7 1£8. SE8,1E9,5E9

305 DATA SE7,1ER.5E8,1E9,5E9

910 'DATA 1.586086091E9. 1. 696460033E9
320 “DATA 0.386,0.059.0.634 o
330 ! CALCULATING THE CSA 1/T1- AND l/Td*-**'*~"""**"'*“'*’*"""*"""""'
1000 FOK B2-0 10 2 S .

U110 . Fnb2-= 6*Dall+D¥(')~(N*PI) 2/(4~C(K) 2)+B2 2» D7(L)
1020 “FOR 1=2 TO 4 STEP 2 o
e300 Jcsa 2#Fnb2/(Fnbl” 2+Freq(I) 2)
1040 . M= Coe{(Bc)~G(N)*D(B1 B23: 2~ Jcsa
1050 v Sumcca<l) Sumc a‘I’*H ‘
1060 . NEXT I : }(ﬁ

T« 1070 NEXT B2 N B
- 108U TR BI=2 THEN o L E
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* 1090 IF N-9. THEN'

1100 ‘RlcsatJ.L)=6* Kcsa*Sumcsa(7> : :

1110 . - R2csatJ.l)=Kcsa=(3*® Sumcqa(?)oa ~Sumccald)) _
1120 - .. G070 810 o ' e
1210 ELSE , : .

1220 : GOTO 810

1230 END IF . s

1240 ELSE .

1250 . 6070 800

1260 END IF

1270 ' - CALCULATING .1/7! ‘(= 1/T?(DD> o1/THCEAN 1/75 (= 1/72¢DD) + 1/T21CSAY
) AND. NOE (= CONSTANT = NOE EQUATION NUMERATOR / 1/T‘)~---*---*'~-~-~~-*~~~-~--' .
1321, FOR J=1 705 . : ‘ o

1322 FOR L=1 10 S
1223 Bothl1tJ,Ly=RI1¢J, L)+R1csa(Jl
1324 Both2(J.L)=R2¢J,Ly+R2csatJ.L)
1325 Noe (., 1L)=26.7519/25. 167#SigmatJ.l)7Both1¢J. L)
1326 NEXT. L 1
1327 NEXT J |
1328 PRINT : S | : o o
330 PRINT USING "9H.5X.DE.9X.DE.9X.DE.9X{DE;9X.DE":" D1 .// D2".D2¢1y.D2¢2).Dat
3).D2¢4),D2(S) i ‘ oo .
1331, DRINT .
1332 ' PRrNT]NG T] VQLUEquuphna1upnuﬂaqn«qa--nn«nuuuqu-annuu«uu-»ﬁpudaﬁ&a¢n¢u¢

-

1334 FOR J=1.T0 S :
1235 PRINT USING "DE.7X, ?D 3D.7x.3D. '3D,7%;3D.3D,7X.3D.3D,7X, 3D. 3D" D1(J).1/Bott

C1(J.1) 1 /Both1¢d . 20 1/Both1(J.3) 1/80th1(J 4y, 1/Bnth1( 5)
- 1336 NEXT J. _ .

1337 PRINT - | S O ,
1338 ! PRINTING LINEHIDTH VQLUES¢iu~¢-»-¢&:u¢nquuuqinugn-:«nduuupnuuuiaaniunduc-
1340 FDR J=1T0.5 ’

1341 - PRINT USING “DE. 7%,30.3D. 7X 30 3D 7X.30.3D.7%.30.30, 7X 3D. ?D"‘D1(J) Bochl

1 /P1.Both2(J.2) /PL. Both2¢J.3) /PT, Both2(J 4)/P1.Both2(J. 5)/P1

1342 NEXT J

1342 PRINT. -
1344 ! PRINTING NOE VALUES”!&ﬁllfﬂd!l!ﬂb;ﬂ-iiuIlﬂﬁdhﬂ“'*&‘ﬁﬁi‘
1346 FOR J=1 T0 5

iﬂ.d“"**ﬂ“'“‘

1347 - PRINT USING. "DE 7X.M7.4D. 7X MZ. AD 7X.MZ. 4D, 7X. MZ 4D 7X M2, GD"'D1(J) Noe(J

1).Noe(J,2). NOe(J.3> Noe(J 4%, Nop(J 5

1348 NEXT J° o
1349  PRINT R |
1350 IF K=4 THEN '

1351 G0TO 1380
1352 ELSE e
1360 GOTO 84 7%

{370 'END IF. Y o . ‘ . .vé

- 1380 7 END
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TAEHI0
1E+12 -

e 3E-7

SF= 270 MH:

HOBBLE ANGLE= 0 DLGREES

pr 77 D2
1E+05
1E+08
1E+10

1TE+12

1£+C3
1E+08
1E+10.

C1E+Y2

1£+403
1E+08 -
1£+10

1E+12
WOBBLE ANGLE= 45 DEGREES
D’ /'/' D_ )

" 1E+03
1E+08

1E+10° .
1E+12

1E+03
1E+08
1E+10

CE+12

1£+403
1£+408
1E+10
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D"/ﬂ’ DZ

- 1E+03
L TE+08 -

1E+10

‘1E+12ﬂ N
1E403

1E+08"

1E+10 e

1£+08

TR

g2
CAE+03

k-

STE e ; VE+08
8.780 ' 1.994%
2.780 1.09S
8. 780 1.099
R, 780 o099

258.32¢4 119.857
258,324 119,857
258.324 119.857
258.324 119,85/
1,002 : -0.762%
-i.0021 -(..7623
-1.0021 -0.7623
-1.0021! S -0.7623
IR E+08
. 8.775 1.09%"
V704 . 8649
8.15% ‘ 1.478
13,529 1.592
256.13¢ 119.753.
170,434 : 71.57¢
169.696 70.930
169.679 70.913
-1.002) » . -0.7624
-0.5052 : -0.5658
©:0.4876 . . -0.6622

©-0.9926 © . -0.73S1
'WOBBLE ANGLE- 90 DEGREES

E03 1E+08
8.777° 1.100
859 -, 694
3.415 1.700
26.697 ° .98l
258.077 & m9.721
§6.996 . . a0.714
. 83.362 - 28.148 ¢
83.272- . 348.060"
Soo-T.002i 0 -€.,7623
-047296 . =0.624g
01096 ,+0;27i

©-0.9080 . - -0.683%-

\\

DDCSA_N04 FPHE ANALYSIS

TE+1G

.;‘810'

e
.810

W

b . 957
.957
957
.957

jeak=aResNeg

1
1
1
!

-0.0220

-0.0220
-0.022C
-0.0220

C1E+10

3 .81 (O

s 1900

© 4,694
5.851

116.852

69,402
62.985
68.970

-0.0222 -
-0.2134

0.0586

0.0032

E+10

©3.811
13,767

11,932
116.822
28939

227147

-27;084

=0.0222
-0.4842
10.2034
0.0517

.310 .

iEsz”
16,752

2.062
15,801
27,961

116.792
63.332.
65.932
£8.923

—0.9616 '
-0.4996
=0..4047
©-0.9412
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HOBBLE ANGLE - 0 DFGRER S

R ARV ISR TEsue e s 10 Tee
Trel2 .578 N R 7.154
TLang 578 €05 RN U
el R4S 605 97 1054
rget YA I Ha7 1.154
1L+l 5.46” 3.91¢ 25558 2 4R
HFaRRITs 5. a6 2.9 20555 2. 48%
TEe( 5.462 3.916 . 2.55% 2.485%
LR 5.46¢ ' 3.918 2.595 2.485%
TR0 0.8647 0.7071 0.6h4l © o -0.B7FS
1208 0.8647 -0.70M p.66a. " -0.8765
HERE -0.8647 -0.7071 -0.6642 -0.8765
Ee) -0.84647 -0.7071 0.664c -1.8765

WOBSLE ANGLE= 45 DEGREES

DYoL e C+U3 0o et 1E+i2
16 +05 57§ 605 .938% 1.154
TE+UB 61 LOOR NITRE 12467,
110 .857 .87 ‘ 1,456 1.85¢%
1E+t2 894 - .937 1S5 ., 1.955
TE+05 5.467 3.918 2.55% 2465
1o e 4,160 2.977 v,847 1776
TR 3.607 2.46% 1,527 1.47%
TEe12 3.585 2.452 1.512 1.465
TE+03 -0.8647 -0.70M ~(.6642 -0.8765%
16408 -0.6786 -0.5312 -0.4824 -0.6638
1E410 -0.8142 -0.6372 -0.5851 -0.8152
112 -0.8616 -0.6787 -0.6416 -0.8752

WOBBLE ANGLE= 90 DEGREES

91 /7 D2 1E+03 = TE+08 ' 1E+10 1E+12

1£+03 .578 .605 . .938 ' 1.155
IE+08° . .637 643 1,040 1.308
1E+10 1,272 ' 1.320 2,224 3.033
HEaNy .87 1.968 3.706 4.933
1£+03 © S, 460 3.917 2.554 7. 48L
1£+08 . .3.528 2.567 1.526 1.459
1E410 1.845 1.183 662 620
1E+12 1.757 1.096 e 599 .576
1£+03 " -0.8647 -0.707 : —0.6%41 -0.8765
1E+08 - -0.6240 -0.4794 -0.4250 -0.6003
E+10 -0.4953 -0.3305 -0.2428 -0.424€

1412 -0.8514 -0.6209 -0.5870 . ~0.8644
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WNOBBLE ANGLE- 0 DEGREL:

by /7 be e e - 'E."U o 1e-12
RV L S0y JJFSl R.wZE AR 4
TEeor P H A ZLoosn S Ay 17,294
TE+0 16500 2,050 £.975 ] 17.29¢
g2 16506 RIVN I SRy ©17.298
1£40 4 306.179 131.524 104 67~ 129.641
15408 306,179 131,524 U967 129.64!
€410 306.179 131.524 129,673 1296w
A2 206,179 131,524, 179677 C 123,601
JE+0 -0.941¢ -0.128¢ -0°.3975 -0.986%
TE+08 -0.3418 NPT -9.3979 -1 .9869
1E+10 - -0.9418 -0.1284 -0.3979 -0.98n9
1E+:2, -G.9418 -0.1284 -0.3979 - -0.9869

WOBBLE ANGLE- 45 DEGREES

Dis/o02 . Eend teoeus R 16412
16403 16. 498 2.250 £.974 17.287
S HEeug RIRGY: Lo 2317 2,971
1£+10 12,538 2637 7.416 15,780
L2 27163 2.973 10,165 2§.4908
1E4+02 305.983 121,409 129.55%  1129.527,
1E+08  © 213.394 78.430 76.925 /76.393
1£410 212.639 77.864 - 76.487 0 7 16.45
TE+12 212,624 . 77.849 76,468 76. 404
. . ... 4 '
1E+03 -0.9418 6.1284 - .0.392% N . -0.9889
JE+08  © -0.3631 -0.2027 -0.3825 ¢ -0.4790
1E+410 -0.3232 -0.0680 20.192 .- -0,4068
TE+12 -5.9116 -0.0998 -0.3411 ~-0.9702
HOBBLE ANGLE-= 90 DEGREES
D'/ De EAUD 408 e 12
1E+03 16.507 2,250 6.97% 17,232
£ +03 1.302 " 694 tl330 1.563
1E+410 3.969 2.278 . 4.630. 6.613
E412 . 57.533 4.321 - 18.531 65.506
1E+403 305.920 131.374 129.524 129.492
1E+08 119.247 33.468 32,040 ~32.008
16410 115.213 30.936 30.084 . 30.060
1E+12 115.128 30.852 30.027 30:013
16+02 -0.9418 ~ -0.1284 -0.3981 -0.9869
1E+08 -6.5812 -0.3993", -0+.6162 -0.6580
16410 0.0873 . 0.0501 ©0.1018 0.1454
1E+12 -9.7375 -n.0618 - -0.2375  -0.8397
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WOBBLE ANGLE- 0 DEGREES

D1 /7 D2 TE+03 Eeod Ve 10 16412
1E+03 956 .71% 1,05 1,154
1E108 1958 715 105 1154
1E+10 956, 719 1051 1154
1E+12 1356 714 LS 11154
VE+03 -  6.303 7. dg 2,77 >, 740
1E+08 6.307 Sag 27 2740
1E+10 SR ERE R S S 2740
1E+12 6305 21960 Y 3740
1E+03 0.7158 . -0.5378 -0, 7864 -0.8634
E+08 07158 0.5379 -0 7364 -0.8634
TE+10 -0.7158 -0.5376 -0.7864 -0.8634
1E+12 /7158 0.5378 ~0.7864 -0.8634
WOBBLE RNGLE- 45 DEGREES
D1 s/ D2 EA03 IR 10 1E+12
16403 .957 719 R 1.154
1£+08 S . RAN 1.'uG _ 1.0224
YE+10 TR 1,039 16 3E 1,851
1T412 1,535 1087 1,739 11955
1£+03 6.20% 3,960 277 2.733
1E+08 4346 20053 1,990 1.958
1E+10 4,274 2056 V65 1.62€
1E412 4.4 2546 11539 1616
JE+03. . -0.7156 -0.5377 -0.7864 -0.8624
1E+08 -0, 4825 013754 05821 -0.6422
1410 -0.6260 . -0, 4504 -0.7091 -0.8023
CJEe12 0 -0.6792 . 1 -0.4798 07674 -0.8624
WOBBLE ANGLE= 90 DEGREES
DI /7 D2 - . 1€+03 % 1E+U8 Coaeeo o TERIZ
1E+03 957 719 1,057 ). 154
1E+08 - 1530 1704 1182 1.276
CEHY0 1,919 1.451 2.492 2.969
112 3,454 20170 40149 4937
16403 ©£.301 3.96! 2,770 : 2.739
1E+08 4.256 2656 183l 7,696
YE+10 2,437 1,289 706 682
HE+12 2.3523 1,206 N B35
JE+03 . -0.7158 -0.5377 -0.7863. -0.8634
1E+08 . . -0.4207 ©-0.3275 -0.5214 -0.57R4
JE+10 ' -0,2657 ©-0.2008 - ~(.3456 . -0.41Y

1E+12 . %0.5970 T -0.3752 S -0.7173 -0.8535 .
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