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e .
e

K’Lxusfh:fThe tltratlon'of'Ca

{fﬁjIXQﬁ}QfﬂThe plot ‘of the 1ntens;ty of ‘the.

' lanthanide-shifted resonances" of
;;_xcalc1um-subst1tuted>por_
»"_funct1on of" 1/T oie

‘ ”’-saturated ICaBP R
5 WIth Yb'_’..'...o---..-..o...-.....-é..-.-_o......‘...zf'j"_%;

'lelanthanldebshlfted ‘resonance at 19‘9

Page7e°fjf

Of EXCeSS EDTAadca<.-...o....................'.1_74.';.':.

”TCa*"ln the presence of . EDTA.............;;}}e;;-isgf_;_ff

iICaBP 1n the presence_of EDTA...........;..Q.t.,.t???',fﬁ”

]b/[Ca¢=—saturated ICaBP]O..;.;...,,,215f5f'

Al.v.‘.0.45000.217""»4"”




ot of .he 1ntens1ty 6f{the reson-
- ‘-‘tP7‘T7 ppm: resonance, of ‘phenyl=" . " ‘-
alanlne;aaua_functlon:of [Lu”]o/[ICaBPJO,

;A'plot;of the change'ln area Under the:}‘
.-~ phenylalanine.resonance’ at, 7 01 ppm o
:versus [Lu"lo/[ICaBP]o - :







' 1 functlons, h“ve.several common.,f°""

f Ligands 1n the‘blnd1ng s1te adoptlng'an%octahedral ;g5iﬂ:

R

. geometry around the catlon.   ¢5¥§251{ff‘ﬁ_ff?f;ﬁ*f7"

2 ey




h,blhdlng 51tes.fP:rvalbum1n has 51x a-hel1ces whlch are la—e-ffﬁ

R =

ﬁbelled '"hrbugh F Both calc1um bzndlng 51tes are homolo-fﬁ:"

fgous 1n thvlrosequence and‘ln thelr three d1men51onal struc*fﬂﬂ

'-tures. Each b1nd1ng sxte 1s composed of 'llneﬁr sequence oi?fﬁ

e

. 330 to 35 am1no ac1ds. They can he v1sually descrlbed as® hav%@}l

| '51ng a hellx—loop—helix afrangement where two hellces flank a““

"j:12 res1due calc1um blnding loop,

:‘skshown in Flgure I 2A Ih“’
5 5iparvalbum1n, the two pa1rs of hellces 1nvolved are the CD

“i-gzand EF hellces, where the N- and C termlnal a hellcal re—ZVtwfﬂ

glons are approx1mately perpendlcular to each other. The

'”Q'orlentatlon of these two hEIICES about the blndlng 51te can o

it

'“’f*fithe term EF hand to deplct these 51tes, arlslng from the

'7fstructure of the secbnd calc;um blndlng sxte of carp parvwf~af“

’:falbumln, whlch ré

51xn£amlly

t1me,




= An a~carbon stereo draw1ng of the X ray crystal&
’structure of carp: parvalbumln, pl” = 4,25, The CD gcalcium -
binding. domaln {(shown on the left 51de of ‘the stereodraw—~~,
'ing) consist§ of the Cihelix, the CD calcium b1nd1ng e
loop, and the D helix. The EF’ calcium binding domain:’
:(shown ‘on the- rlght side of the. stereodraw1ng) con51sts
~vofthe E helix, the EF.calcium blndlng loop,:.and:the.F
.jhellx. Atomlc coordlnates avallable from the" B”onhaven :
" Protein Data Bankwere used ‘to prepare. this. fiqure, whlch.['
fﬂwas taken from Referencef12 (F1gure 2) w1th perm1551bn,¢ O
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T R N A S Lo .
'*ChaihS, Lntestlnal calc1um blndlng protelns, and the braln

Byi;spec1flc 5100 protelns (16) In alﬁ of these protelns the
‘*u1ﬁ7metal b1nd1ng loop 1s wrapped around the Ca" lOnnln‘SUCh al

'way that the l1gand 51tes are f1lled 1n the order X, Y Z

"*}ﬁoxygen from the proteln backbone, whereas all of the other
.bllgands are. amlno ac1d 51de chalns or water molecules
“lﬁf( 17) It 1s obv1ous that the arrangement of the coordrnat— L

;”1ng llgands prov1des for a regular and ea51ly recognlzable

Cap o

' -Y,,_X,f—z; The‘—Y l1gand 1n such 51tes 1s always a carbonyl;jjf

'3_am1no ac1d sequence and Flgure I 3 shows some representatlvefﬂw

Afwere carp parvalbumln (4 25 1sozyme) (10) rabblt skeletalu

(18) porc1ne ICaBP (19); skeletal nTNB 11ght chaln,

n{:(18 14) bov1ne braln calmodulln,‘(ZO) bov1ne braln 5100b
'T(21) The srngle letter am1no ac1d symbols have been tabu-fil

;'&%j;,:lated in Table 1. The homologous blnd1ng s1te reglons of
”?;Athese molecules will hereafter be d15t1ngu15hed in the text
'“ff;fon the ba51s of thelr allgnment wlth skeletal TnC. In thlS :
3:3;;‘system the ca1c1um b1nd1ng 51tes of TnC are numbered in se- -
;ﬂiquence as I n.,»II and IV startlng from the N- termlnus,.

;ﬁThe s1x protelns conta1ned 1n Flgure I 3 and the numbers ofi_

"3iithe1r functlonal b1nd1ng 51te§ are carp parvalbumln

"'"?(III IV) rabblt skeletal TnC (I IV) porc1ne 1ntest1nal

?calclum b1nd1ng proteln (III IV) bov1ne bra1n calmodulln

\

rabblt skeletal DTNB LC (I) and bov;ne bra1n S100b

o



E‘ ;    tfe  .7%
:: ; AV: | ]
. ‘@f\_

Table I

One and Three Letter Symbols for The Amlnc Aclds

'»—-————h————-ib———-—h—éi‘——!——-h—b———ﬁ——F-——q——‘——-bg-—d--—i-

Sobeto oS0 one Letter. . .. Amino Acid ' oo _Three Letter
ST Tisymeel o oro T osymbol oo

A ',falanlne - ;.qf7,'?f* ala

B .. asn '+ asp S e o asx;t

C - cysteine e eys e

D - aspartic ac1d S0 aspr

| of e:tglutamlccacld . ':.h'e_l'gQIU'.‘ S

F '.jphenylalanlne o oo phe 7o

G glycine.. o - o oogly

H , .»h1$t1d;ne_ o - . hin

1 - isoleucine - -

K lysine- -
b o venoo o0 leucine -
E;gf:.v T M;f,_"“*.,fr'-,‘jmethlon1ne
' : : SN . ~~'asparagine”

p proline

Q

R

S

T

v

W

e

Z

\

),Vglutam1ne

.. arganine -
Lo il o serine TR
“‘)7~;:11f;fjthreonlne :  . mdf?e -

L.

A T

~valine . e

'?tryptophaneea'
C oo tyrosine o ',
“1?,gln + glu
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The ex1stence of these prdtelns-and thexr hlghly‘qhomo-i'\":~

:fy logous b1nd1ng 51tes can be explalned by thelr evolutlonih

s, ﬁrom an ancestral gene whlch coded for a 40 ‘amino ac1d long

Ca’z’blndlng domaln (16 23) It 1s thought that thls domalnu _f

domaln prote1n where doma1‘

‘aln”III and II to IV Gene deletlons andlmutatlons are R

thought to have led to protelns W1th altered EF hands such
“as’ (9)(Figure g 3) ﬂf:f[{ﬁf:;fhiflgh* - |

defunct and deleted 51tes 1n the DTNB LC (III IV)

51dues as 1n the case of tve DTNB LC (II) SlOOb

(III) and ICaBP (111)

3) substltutlons generatlng hlgh afflnlty Ca*’ b1nd1ng

Due to the 1mportance of the EF hand arrangement ln de-;f

'\jxgsid *ﬂtermlnlng the calc1um b1nd1ng s1tes of these protelns ganylf:l
| ‘ﬁ»;fdstudles have trled toJclarlfy the hlgh calc1um aff1n1ty of
’thhls structural arrangement Three-contrlbutlng-factorsahave'
h;been 1dent1f1ed to date (3 and references thereln)
| , 1) Numerous studles‘w1th proteolytlc, chemlcally ‘

. cleaved and synthetlc peptldes Wthh represented



of elther parvalbmmln,

T aéiaé accordlng to the rlght sequences_‘

'-;1tself a suff1c1ent cond1 onvfor Ca*z b1nd1ng

'-Such a sequence 1s howeve;, requzred 51nce parv-“”
‘albumln and cardlac TnC each conta1n one 51te wath

am1no ac1d subst1tutlons Wthh are thought to haVe

L

angi.ethe r1ght structure but whlch w1ll not b1nd calc1um;lﬁ

'7‘fAlso, the my051n llght chalns (A1 A2 DTNB) have'

‘lilfour homologous EF hand llke loops but only the DTNBf{lf
:fLC blnds ca*;; and 1t only blnds one mole of metal {"
dﬁﬁflon per mole of LC It 1s therefore apparent that |
:other features must play ‘a role 1n.determ1nang the'

”Tagcalc1um aff1n1ty of such 51tes,“1f

‘f'f?511When peptlde fragments WIth the helix?footheiixjarl'

t,:,'_ra-ngm-ent .,we.r‘e studl,ed mode-ra-te Calc1um afflnlty was-??

commonly found whrde no apprec1able Ca*z was bound

b"gby the 1solated 12 re51due peptlde. In addltlon,.
0u and Fasman typewcalcula ions have suggested ’;?Q

at B turns in the Ca‘2 loop contrlbUte to the Ca"5

‘1nrty, (24)?:These studles, as. well as mor 5’(j§f 4};

| }c nt-lnterpretatlons based on sequence analysls le
‘“1(241) 1nd1cat that the hellces dlrectly contrlbute B
"ﬁ'to the b1nd1ng of calc1um and thlS could expla1n

'ffuwhy no d1rect relatlon exlsts between the b1nd1ng

'testrength of the 51te and the number of llgands (1) ‘

ffOnly proteolyt1c“fragments conta1n1ng two EF blndlngs;?




}-;;chemlcal mod1f1cat10n of the 51ngle arg-75 re51due -

fn'the Less of the calc1um"”

- ”ffln parvalbumln results

1t 1s thls llnkage‘;

:‘ff51due 81-’

L Ca‘z but many a150 blnd Mg*’ énd other dlvalent metal 1on5w?”"

I 2




given is for ﬁ*}e» 1-‘591#;#"?-"65114?







.37 and’ ccompanylng
The protern‘has f1ve phenylégg‘“
lani “one’ tyr051ne,iand ‘no histidine .or trypto- .
jphanu The methyl resonances.. of alanlne and vallne
- mM K| H 7,0“are 291 ' 5




| ”j_‘_'.‘resona_nces .




;spec1f1cally the DTNB LC of rabblt skeletal my051n and the

i Vg

"hEDTA l*ght chaln of :callop%my051n. These llght ehalns have

“”t often'used to 1dent1fy calc1um blndlng effects, par—”wx

ftlcularly tyr051nes. To compllcate matters further the 1so—§ff*k“‘

.anifr%gment thereof Unfortunatel_‘f

1caps towbe dealt w1th when one employs H;NMR to study‘g{ﬂ“'

flcult“to handle u51ng1th15 3fﬁicularggechnf"'“




verallxconformatlon of the

ﬁThe dlfference 1n the CD ef,ﬁfﬁ“" 




. .
P

as had been observed by others (50 51) S1 prepared w1th

f"o 1ook more closel"

Y B

fthe lanthanlde‘amlno ac1d 51de chaln 1nteractlon 1tself'and

IR Hae D am s & :
w . o m . |
. - ""“ : P N

'loj stud;es cn smaL; peptldea,,'othﬂas

iiﬂquhased §nd>tHosé syhthéslzedf‘

. P
e @ nr-,.,

AS Hodges,(TheJUn1ver51ty of Alberta. The objeetrve here was

-
-—-w:-. o . .
£3

Vto 1ook at the blndlng‘of
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;Pinﬁiéféﬁéﬁe and thls;t R

) RRT ;;;pﬂ. thanlde work : 'fjﬂ
) PR L I S 3-_ BRRETE L ; S /
}f‘% o ?i' .“that EDTA had a4tendency tO'stiok_tcft”e proteln dur;ng de—; | SR
e 39 fﬁn}ﬂsaltlng on sephadex columns,fiar¥eleoiumns%and high‘salt }
” | "‘h concentratlons were necessary to remove the EDTA completely’
. & We made use of thlS contam1nantdEDTA to obtain a dlS‘. S
“”socrat1on, onstant for the b1nd1ng of calc1um to the pro-ady
_ _ ' te;n-'thls Kd waswrefattwe.to the known Ca‘? dlssoc1at10n '
'ﬁi ’””';VWJJ".tonstant of EDTA These StHdﬁéS‘ledvﬂs to: make some~conclu%;5“f‘ft€’
e, | f¥751ons about the nature of the mode of calc1um b1nd1ng by thexh

’E=prote1n ‘w1th respect to whether 1t dlsplayed cooperat1v1ty.f:

?;f}Even when we 1n1t1a11y d1d manage to get r1d of the EDTA -

'tffcontamlnatlon, thls proteln was found to contaln some metal

..... gt . .._ -3

';ﬂllon contam1nat10n 1n the 1n1t1al studles wh1ch we carrhed

v'uoffdeuterated NMR buffer‘”

hxout ThlS problem wal'
;:f ample buffer w1th chelex—100 re51n"

u;fypes of stud1es had beenﬁpre treated w1th dithlzone, whzeh

._.
’

‘ilnally”solved by pretreatment of all

/jof the desaitlng co”umn'buffers and the deuterated NMR

-

.?Prlor to thlS tlme, the;ff-'

n the lab whloh were usedrfor these”
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The add1tlon of Ca‘2 to ICaBP led to spectral changes

S con51stent w1th the b1ndrng of two metal 1ons.=Thls was latrdgl

B er verlfled by our: collaborators so now we' were looklng at ag

proteln whlch bound two moles of Ca*"rather than one. Therel

> ay:

dlfferendes between the apo- and Ca"—sa—'

;%E-§u5¥ff.’. were dls i St
| .‘turated“sbedtra, lndlcatlng that the conformat1on of: the J;"
proteln changed upon calc1um 1on addltIOH. The resonances of
’”;f the szngle tyroslne re51due of ICaBP were 1dentmf1ed in both

f‘states by pH and CIDNP studles. The CIDNP studles also re-~?jggf

T

PR Ve b e <yn

.3; vealed 1nformat1on on the degree of exposure of thls ty‘ro—~

.2’51ne 1n both states. We later returned to look at’ the tem—?

perature effects anew armed w1th a better understandlng of
the calclum b1nd1ng mode of the proteln. We tutrated the apo

prote1n w1th Lu‘? and found that thlS form of theAproteln

A ‘,.1.,‘4.{ ‘1"’.:‘}_"",»""’,‘_?4‘ R ) z."‘ e c":,.

Vo e X
.‘v‘_twmuemog‘,ﬂ' gf -

bound two equ1valents of lanthan1der‘From these results, and
?c”}’;%{T-i} the Yb” data mentloned above, we were able to determlne
- | that whlle the apo. form of ICaBP bound two lanthanlde 1ons,
_'1n the pnesence of a saturatlng concentratlon of calc1um ' |

"’-only one lanthanlde 1on was coordlnated

e

We also began a collaboratlon on. a totally dlfferent

;nd of CaBP‘~the Bbv1ne braln S100b proteln, WIth Dr.-R S

’Man1 and Dr. C. Kay at The Unlver51ty of Alberta. This pro-

'e1n exlsts:as’a dlmer 1n solutlon and each monomer b1nds

iﬁqﬁlgor two Ca*= 1ons,vdepend1ng upon the pH The apo- and ';jff_f“ |
Ca”-saturated spectra were dlfferent both at pH 7 5 and’at
pH 8 5 1nd1cat1ng that conformatlonal changes were tak1ng

‘place upon ca1c1um 1on add1t1on at both pH values. The ‘ ﬁ,,if,ff‘ xd




effect of Ca”'at pH 7 5 was found to be partlally

i SR

tffwhere the"H NMR spectra 1nd1cated that the prote1n was de-'tf~

v v s . . . . .

by the addltlon of K‘L The apo spectra at pH 7 S.andﬁﬁﬁ 8.
dlffered as well 1nd1cat1ng a change 1n conformatlon of the
proteln as a functlon of pH Thls was later verlfled by a pH'
tltratlon of both the apo- and ca1c1um-saturated forms of

S100b The 51ngle tyr051ne res1due 1on1zed only at hlgh pH

0

naturlng.a ._;; “'
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‘:when an atom or.molécule 1§~plaoed in g ,gﬁ;ﬁ'ﬁ'fkki

magnetlc fleld a small magnetlc moment 1s 1nduced wh1ch is

directiy proportlonal to the strength of the applled f1eld

'. - »,,x,..\.u.u
RPN

~-Q... -

e 4

id' the magnitude QT wh1cH”ae-5"

P

J-wFor d1amagnet1c materlals, the electron Spin*moment 1smzero,"
o ) w L

L, -






‘#;15 an lsotropIC‘magnet1c momentm

ﬁsymmetry} however,f

magnetlc magnetlc moment LS an:sotPOch..5,.e}[ﬂgg;}?h;j'ﬁ)j;i;4J;g -
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“'”The Chemzstry of the Lanthanides

- The tran51t10n elements may be strlctly deflned as
thoSeléhlch as elements, have partlally fllled d ot‘f ,h
shells,_and the lanthan1des fall 1nto th1s brOad category j;;hfg,h

.qhe flrst element 1n the lanthanlde serlesels lanthanum




-fThe subtle dlfferences and trends that are encountered

5f‘ thanlde ser1es' thetnuclear charge and the number of 4f ele~“~5n7‘

step The shleldlng of one 4f

'Tfefso'that at each 1ncrease_of a 51ngle electro

:"“ﬁftnuclear charge experlenced by each 4f electron 1ncﬁea”es,‘j{*f.‘

=
4.—'/.

_,reSU1t1ng 1n a reduct1on 1n 51ze of theﬁ

’"_;accumulat1on of these succe551ve contractlons 1s the total

.jlanthanlde contractlon and can be ea51ly obserVed 1n_Table

”“along the serles are prlmarlly due to the changes 1n the j?%
‘1on1c rad11 of the catlons, Wthh are generally present asfbrui

the M’f state (Table II 1) As one proceeds through the'lan?fr

thefefﬁe tlve

tlre 4f shell Thefﬁs"h




r;Praseodymxuﬁ};;;f'“ '
. Neodymium ;Q.~
" Promethium -

"*Samar1um

“Phulium
wYtterb1um

the closed rare gas shell







'onlq’and 1s determ;ned by the 51ze of IR

r

ﬂthhe'M‘=:1on (58) Because of thlS, lanthanlde complexes

Ve e

ations, whlch 1no1u;es Ca*2 and Mg” :

_vflanthanlde ions.present the same empty 65 and 6p¢va1ence

'°“nwf5he11 to coordznatlnggllgands' The péTtlallY fllled 4f Shell

U:?flles deeper inthe atém’ and takes effectlvely rio part in co*‘4*§3ﬂkf':
.f”ﬂikw“,:dkyjpvalent bond formatlon\ Thus the 1nfluence ‘of the llgand R

"5-,f1e§d on the 4F orblta&s 1s very much smaller than 1n thef:"

zaiid—block complexes where llgand f1eld stablllzatlon energles
H"*ﬂ‘;tContrlbute 51gn1f1cant1Y tQ the Stablllty °f c°mplexes (66)
yfffThe lanthan1des from Ce*? to Yb" are paramagnetlc and 1t 1sw.

1i&th1s property Whlch 15 Jery useful for stuctural studles us-'gﬁsida

as wxll be outl?ned shortly In order to carry out



”.»""'_*cholesterol "I‘he use of llanth'amdes as shvft ' eagents i




ﬁﬁfThe Oxford Enzyme Group flrst proposed that perturba-?‘ﬂ‘p

t1ons 1nduced by lanthanlde 1ons could be used to probe the'

Jstructure of a proteln (91 95) The early studles were basedhﬁaﬁbtx
;upon the b1nd1ng of the broadenlng probe Gd‘J to aM51te on
agthe enzyme lysozyme (91 92) d*J 1nduces no dlpolar shlftS "
'ﬁi(as w1ll be d1scussed later) butlxt does 1nduce nuclear re—fE:T“L

ﬂlaxatxon whlch manmfests 1tself 1n the form of broadenlng of

the resonances of nearby nuclel- the eXtent of thlS broaden—f

1ng 1s dependent upon the dlstance of the nuclelrfrom,thejﬂ;iljlff

paramagnet1¢ centre. When Gd"IWas added to ly&pzyme,:fz”

efi 1nformatlon (78 95) From these stu—

( Ve

:;pr1nc’plevelements'of the ;agnetlf '8 scept1-arjh7‘3



testosterone (108)

el T e

D1amagnetxc ShlftsA




'hﬁenvelope of the dlamagnetlc spectrum There are two dlstlnct

t

"'ftypes of . 1nteractrons whlch occur that each contrlbute se-ff

v;*ff?parately to the observed value of the LIS (109-111) One is

f;f;ffffgtzf.“:factlon that depends upon the prObabllltY of the electron be-:

» ; Q

\‘

1f§ctron spln denS1ty away from the metal catlon to the llgand

;gfby covalent bond formatlon- thlS mechanlsm operates through

u

r;é,ﬁ;;if;?{;g;

fn}ngr} the llgand nucleus observed must generally be elther f

1

v'_jas a conjugated system The magnltude of the contact Shlft
'”fjffpre551on for thls shxft is’

R

’lt“lanthanlde>J

the'nucleus}ffand the unpalred electron Spln of the ian=5575

;;fContact shlfts are caused by mOVement of the unpa1red ele—Vh

‘jA; 1s the hyperflne coupllng constapt pééwéén

_p1n~magnetlzatlon for the lanthanlde 1on m 1n the d1rectlon

,ﬂﬂthe metal cat1on co ordrnat1ng bond and so depends upon the“‘

;J"ﬂhtdegree of covalency in thlS bond To 1nteract 1n such a man—”

lﬁlfcalled the contact or Fele 1nteractlon whlch 1s an 1nter—-u .

"
L@

:ngd1rectly bonded to the metal ceﬂtre or 1nvolved 1n a bondlng ts/i.‘
;;system through whlch the electronfcould be de/Pcaﬁlzed Such .

"::rinteractlons typlcally shlft the:‘H NMR resonances of nucle117}?a'

'7i'1n the v1c1n1ty of the metal 1on to p051t10ns out51de the ;ffd'”

;aﬁ;ng located at the nucleus, this 1nteract1on 1s lsotFoplc.; R

*-fls dependent upon the lanthanlde belng observed andvthe,egf;g::

Q}where Am 1s the observed contact Shlft for nucleus'i'andeTfﬂ:

thanide m, and,<s >m 1s the progectlondof the total electronfﬂf'”'



BT

’m'f'of Ho. Values for <S > have been determlned experlmentally Ll
for each of ‘the- lanthanxdes (112) Thls type of ~1m:eractmn.f

’hfalthough 1ndependent of the or1entat1on of the molecule to

'J:?fthe eXternal flq;d 1s dependent upon the structure of the }ﬁi;'f

"ﬂ?7§f??{ffmeta1 chelate complex. Also, because the lanthanldes form -
.??fhcfhlcomplexes by electrostatic 1nteractlon thlS precludes the

~f"'-‘;:'operatlon of a conta t-mechan1sm of the same order pf magnl‘ ‘mh

?fftude as found w1th<the f1rst row tran51t10n block metal com-hl_7

’ L
) ) .
XS . )
%
p- -
3 i
1 A

ll“f;b:fi The second type of 1nteract1on 1s called the psuedoconff,“
’”hd?tact or dlpolar 1nteract1on,_and thls 1nteract10n is. aniso-‘”~
fiL?_*fﬁf;fn.;ffﬁtﬁoplc.,The only tr1valent lanthanlde 1ons Wthh do'not dlS':fi L

whlch are dlamagnet—f-""

;ff"ifﬁ”i;flf';giplay thls,type OEAShlft are La and Lu&
S 7t~if! and the paramagnetlc lanthanlde Gd»(f’) because 1t has Ah;i*'
"f!an 1sotrop1c l1gand fleld ar1s1ng from thelpresence of one g
_telectron 1n each of 1ts Seven f orbltals. An 1ntu1t1ve look'n
vlrat the dlpolar 1n%eract10n (113) deals w1th the case of theﬁfm

'?axlally symmetr;c sy$tem, where Xx= xy#x,,:where one can re-;m

“f;present the suscept1b111ty tensor by an e111p501d of revolu-fgxng

'atlon (Flgure II The 1nduced paramagnetlc moment produces

”fa dlpole fleld actlng at the nucle‘h

(N ) ThlS dlpole

'fffleld w1ll not average to zerO?ove‘ molecular orleitatlon

c(: e rap1d tumbl1ng)'becauseithe magn1tufe:fﬁ 1tself de-“

”ﬁ:;f;ijends upon’fhe molecular orlentatxon relat1ve to Ho (110)

: 'lelgureVII 1_shows two'p0551ble orientat1ons of the molecularfeh@
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frge arrows along w1th:the1r

;f'are 1nd1cated bylthel

assocxated flux llnes. In thelpresent example'f'x,,>xL so that

'When the symmetr?_axlswof'the molecule 1s‘parallel tO/'“:f

the applled fleld (F?Qureull 1A) the 1nternal magnet1c

'fleld at N re1nforces the external f1e1d and would cause N. ff

v;.

“v“opcome to resonance at lower applled f1eld (downf1e1d

Shlft) Th1s 1s analogous to the more famlllar r1ng current
effect" observed for benzene, whlch causes aromatlc protons

tO r%sonate at lower appl1ed flelds than allphat1c protons..h'v'”

When, 1n *he course of tumbllng, the molecular symmetry’“xrs

becomes perpendlcular.to\the applled fleldn(Flgnre II 18)

'1~“the:nucleus N. w1ll experlence a smaller 1nternal'f1eld

”'fwhcch opposes the external one (upf1eld sh1£t3.;f;i;hf“"m

L sent example, when an average over all posszble °flentatlons”,

15 taken, the 51tuat10n of Figure I“j1A wzll domlnate and afh'"“'




”:guhere Adf s the di:olar component of the LIS of nucleus thﬁf_.j
=f5;f.m'1s the dlstance of nucleus from the central 1onvm,fana fif
b.and e, 1s the angle between F.m and the pr1nc1ple axls of e
5ymmetry z:Fas def1ned 1n Flgure II 2 When the frequenc1es u"

Jv‘ of rotatlon and/or translatlonal motlon of the res1dues are_f;fﬂ;

5. o

' hlgh coﬂbared w1th the frequenc1es of 1nterest 1n the reson—f?fv9

..‘_".- ) ..... \k y
: ';ﬂnﬁ_ance, 1t 1s the tlme average of these frequenc1es whlch 1s L
observed, as 1nd1cated by the ave notat1on (114) In add1--‘tf2?fj;

t1on to.afvf_f, thlS type of averag1ng,'when the molecule 1s

wtumbllng rapldly 1n solutlon there 1s also adbraglng overilfghl_ﬁxg

all of the p0531ble:or1entat10ns of the lanthanlde complex lf

w1th respect to Ho, as outllned prev1ously (110)

Tt

The net result of thls equatlon can be v1sua11zed with

-:hi%?.,f[tffifhthe a1d of Flgure II (113) If the nucflus N, had been lo~

cated near the equator of the ell1p501d 1t can be readlly gﬁhgaﬁﬁ

seen that an upfleld shlﬁt would result Thus, for ax1ally
| symmetrlc systems, wlth x“>xl, a nucleus lylng w1th1n cones

i coax1a1 wlth the pr1nc1pal ax1s of half angle 6 54 7°:u111

:experlence downfzeld shlfts,.yhlletthose ly1ng to the equa-fujrg,'f

__relatlonshlp are fﬂi




e spher1ca1 c ordlnates of'nucleus i (N ) in the\pr“n'”"'
clpal axls .system of - the“magnetdc susceptlbzllty
ra tic” o ngthiof: the
' adapted'from reference 113, F;gure




:'Jﬁﬁ;T1.'<< Tq ) one has

Qytlon, (i e.,1/rn>> the 11new1dth of the resonance and where

fwhere T,. 1s the electron spln lattlce relaxat1on txme,‘rR
'ls;the correlatmon t1me for molecular tumbllng in’ solutlon,_”

g;and N 1s Avogadro s number (113) The geometr1c,factorS“G¢

;¢;¥and Gz are deflned as :;:f-lt;yf:- ;ff

xyvplane~and'the x axls,‘as def1ned 1nnFlgure II 2 ;IF,?Sf

ﬂﬁwhere, for the case of ‘a. molecule tumbllng freely 1n solu-’{f;;ﬁfhf



For a spherlcally symmetrmc system there wlll be no dlpolar

sh1ft as D,m and DZm are both nulllfleét The 51gn of the

sh1ft 1s a functlon of the 51ze of the angles 6. and ¢.,

Whlle the;magn1tude of the dlpolar Shlft 1s 1nversely pro-"b"‘:

portlonal to the cube of the vector F,m (111 1ﬂ3) Theoret-fx*

'hﬂilcal contour plots can be generated for all of the posszblefﬁftﬂ

a

comblnatlons of these three varlables,,and the structure of;,a_ﬁaj

the moleculergaf;then be determlned £rom the observ f;LISvof”fffh






precess (243) /at a1frequency




, ite; and,fast exchange.a of . th . R

cle1”1n environ 1t A was 0. ﬂ '-iu-sec,*

'S 1 C v, wds 180 Hz " and,%,was 110sz. The
constant ‘varied .nfthe'se ies’ ast A,







As the

""rther thls llne Sharpens up unt11 1t ap"""“;"v'"j :{5»"“'




| be writgen as follows:

4ichNP (1nd1catedfb *:).1s generatld na spln selectlve re— e

,,Sflnd1cated 1n react10nﬁ(3) ?.ﬁlmw

"ﬁi React1ons (1) to (B)ﬁcbnstltute a Cycllc process s Ch that

”7°fa1 ost no net react1on occurs, although reactlonf(4) CaUSes  € ;;_

isome bleachlng of the dYe,?;wi’




e s

Ve predcta ms>

The amlno ac1d 51de chaln must be acce551b1e to the

uuse:;dye, and therefore to the solvent, for a CIDNP effect to be b?;_}s};?j

observed ThlS method thus dlstlngulshes between exposed and@lﬁj,’;"

burled groups and ylelds valuable 1nformat10n on the solu-idf?f”

: /. R, =
tlon structure of protelns. In addltlon, 1t does not perturbttffgapjﬁﬁ

:rﬂ;“lthe 5ystem 1n any way as there 1s essentlally no net reac-*””“

tion,.whlch 1s a dlstlnct advantage for any technlquﬁ

'<.7.

: E”_Sp1n Decouplxng

TbIn order to s1mply explaln ths theory beh1nd th1s tech‘.fibfddﬂb

;nque ,we w1 1 take tyrosmne as a sample case, and focus on‘

“:the 2 3 proton pa1r. A proton has ainuclear‘spzn of 1/2Lr<

*fJacent carbon atoms can 1nteract and 1t 1Snthese 1nter-l3f”"

<.

actlons wh1ch produce the multtplet nature of the resonances T

observed w1th¥;MR The number of llnes 1n a mult*plet fol—:Vsiff?_*f

?lows the'n + TQrule”Where't'l

yT 1ne are adjacent to a *i?-"5‘

s:ngledproton (3 and 2 respectlvely)“and'they'appear asua'"






. A/ Minimization' of Metal lon Contamination | .. .- ..

S

"ffPreparat1on of Plast1c1zed Glassware

The 1tems to be treated were soaked 1n 2%]d1methy1d1—ja'

kt?vgfchlo osllane (Slgma, [CHs] [C112511ane) for 15r“1nutes and f:tg?:;"f

dlﬁthen Soaked 1n a large volume of double dlstllled water._Theafe'

'”3V1tems were then removed and washed extens1vely wlth double

to use.»

?f?dlstllled water and drled at room temperature prlfj

J-ijCollect1on and storage of metal free D O buffer, a\d\pro-ﬁVfl"“

”;~te1n solut1ons 1n treated glassware showed none of the traceffﬁﬁf_f

.‘_A._

'°ffmetal 1ons contamlnatlon whlch vas. ev1dent‘y1th the 51m11ar —-\

1ﬂj'use of 1last1c contalners.f

b WT[Dxth1zone Treatment

About 20 ml of solutlon was placed in-a; 30- ml separatr

'*falng funnel whlch had been washed well wlth double drstllled

ﬁ'*fwater, followed by Spectral grade CCln- The 5°1“t1°","as

'wthendextracted 3 to 4 tlmes Wlth 5 ml of O 001% dlthlzone 1n

~CC1., until thellast two orgah}c extractlon phases remalned

green. Thﬁ dlthizone solutlon was dark green and was stored

e

;,n;the dark at 4°C Up to ZO mlcromolar metal fon: contaml—f[:_;?g;_;'h

fna"lo'ghas been observed 1n theftreated solut1ons.wdf{Rf1




ﬁd‘iChelex Tteatment

Approxlmately 1 ml of Chelex 100 (Blo Rad) was measured5:e]'h

v}out 1n doubleidlst1lled water and then flltered on a,buchner;ff;:by‘

:7gfunnelffor one hour over bench vacuum.,Then 2 ml of D o were?”

?“ffnaddedvto the chelex and the capped v1a1 was left overnlght

tiat room temperature.‘The suspens1on was’ flltered for about 73““'“

'“.;10 sec on a buchner funnel and two more mls of D”O were

bv**f;added ThlS suspenSLOn was left 51tt1ng:overnlght at room jf?ipfq;;

“fﬁtemperature or at 37#”27

a9"The 1ast step wasxthen ffﬂff"'“

:‘f:fjrepeated The result1ng suspen51on was agltated and 2q0 ul

f{was removed and flltered for about 10 seconds on a buchner
' e -

"iffunnel before 1t was added to 10 ml of D O or deuterated

Q

| 5f:fbuffer..The resu1t1ng solutlon was {\ft overn1ght at room

| "fftemperature‘prlor to;use.iy;“djgg}s_

"B, Preparation of the Proteins and Peptides .-

T

pif_epat;ait:i"onﬂ_o‘_fQ",jt_:he_'""éfept'i'_d.é"s:";_f],;.5'.:"_" S

‘d7:N“-Acety1 D—Aspartlc Ac1d




ﬁf“fSlde cha1n was protected w1th a benzyl group The pro—e :

v ;j*;{:fgram used for the attachment of each amlno ac1d ef“;
. ST RS : G

,giplcrate monltorlng method the acetylatlon procedure fo;ﬁﬁt’h;,u

B S .

ithe N termlnus of the peptlde, and the HF peptlde clea--?fpfff -

"’ﬁ:Civage condltlons were as prev1ously descrlbed (119) The{lfﬁ":

T,ffEC termlnal amlde was obtalned dlrectly by HF cleavage ofhfa

zdzhfthe peptlde f59m a: benzhydrylamlne pOIYSterener 2%;5?:'F

. y' :

'73”;¥pan) The pur1ty of the cleaved product was ver1f1ed by flfﬁlz B

'?;fejkdifff_{ffhlgh voltage paper electrophore51s at pH 6 5 prlor to
| ' Zf'acetylatlon of the N termlnus when nlnhydrln detectlonjf_jl’

T;?was p0551ble._The N°—acetylated product showed a 51mgle .

'ef_ﬂfl?frﬂ’{;sharp peak on hlgh pressure llqu1d chromatography (HPLC)ff

'»?};onja SynChropak RP P reverse phase column

'af(4 -1 mm &iZS cm) 1n 0 1% trlfluorfacetlc ac1d/H 0 The
'{fL;comp051tlon and concentratxon of the pure Peptlde stOCk’r

'f{solut1on was verlfled by amlno ac1d ana1y51s. Asp

"“foe(z 05) Gly (0 95) The ‘H NMR spectrum was con51stent .

$377jw1th the glven structure.if

DEAE sephadex A 50 was used to remove

'resultlpgmeOSid“solutlon ?10 15 mg/ml) was d1alyzeﬁ agalnst T

"fﬁfd1v1nylbenzen£¥support (Prote1n Research Foundatlon, Ja-f,ggi:@f;f

_rbonucleoproteln, Thewt;§;wuet



“"*lsame buffer wlthout EGT@ The DTNB llght cha1ns were then

'dfﬂflsolated accordlng to the method ofTWeeds and Lowey (121)
"IﬁEDTA pH 7 8 (122) untll all of the excess DTNB was gone,v
'"510 mM 2-mercaptoethanol to unblock the thzols of the llght

'*dchalns The entlre preparatlon was carrled out at 4°C and

fgfidf”gip;ﬁfféethe proteln was stored at 0 C 1n the lyophlllzed form. The

‘ *dwere not pre treated prlor to use.

f:j;}-‘f;“nﬁp}l'Preparatlon of Bov1ne Bra1n S100b

S100b proteln was prepared and pur1f1ed by Dr. R Man1

5’._puf”am-tjffv1ne bra1n as prev1ously descrlbed (123 124) S100b proteln

7];used 1n the present study was homogeneous accordlng to pre—

n*;gﬁabsence of SDS and the absence of tyrptophan, as revealed

'i‘by ultrav1olet absorptlon and deerat}ve spectra.:f;i:“f:‘p

:Preparat1on of Porcxne Intestlnal Calcx'p andxng Protexn'7

":fﬁPorc1ne 1ntest1nal CaBP was purlfledi

LT te
”jﬁthe duodenum aﬁ@?

jt:ffThe lYOphlllzed re51due was dlalyzed agalnst 0 SM KCl 10 mM

\-buffers were prepared by welght of thelr constltuents and ~f*d”

ﬂEd:vsf-f ":”:j~vaous cr1ter1a (123 124) 1nclud1ng PAGE 1n the presence andf

the Jejunum by Ms. M Kawakam1 and Mr.;J}fﬁff“

3 ;"jfo SM KCl 10 mM EDTA SmM EGTA pH 8 5 and then agamst the;

'Auﬁand then dlalyzed exhaustlvely agalnst the same buffer plus T#ff‘f7”

"gﬂj(Department of B1ochem1stry, Unlver51ty of Alberta) from bo—e.

rOm the mUCosa ofijQQ*;s~

G

n"fiD J' O Nell (The Un1versxty of Toronto)ras desérlbed pre—bi?J”ﬁﬁ

%?;v.ously (124 125)"” t was of hlgh:pu?'tyim”"'"'

:HbfiﬂabSence of h1st1d1ne, half cystlne, apthlon1n gandff‘i“'“
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,,,,,

7ijlated was judged to be ca1c1um saturated by compar;son of

flts 'H NMR spectrum wlth that of the desalted proteln after

” ddltlon of excess calc1um, and espec1ally by the presence

v'fjff~‘;{of non exchangeable NH resonances even after the proteln was’

N“Jdlssolved 1n D, (o} for several days' these resonances dlS‘

'f{lwas desalted u51ng the Iollow1ng procedure.}1) A four ml so-

'“lut1on of . 2 mg/ml of ICaBP was . made up 1n 10 mM Trls, 150 mM :

“'JNacl 10 mM EDTA pH 8 5 and let set a. m1n1mum ‘of one.. hour

'rl}rat 4° C It was then passed down a G- 25 medlum Sephadex co—

'“wgflumn (34 X. 222fcms Pharmac1a) over Chelex (2 X 2. 2 cm'

;BIO Rad 100 200 mesh)~1n the same buffer w1thout EDTA

'3?(125) the flow rate was c.a. 0 7 ml/mln and the Trls buffer

“-'nused was pretreated by runnlng 1t down a. chelex 100 col mn

l.5freeze drled and made up to 4ml w1th double dlstllled de-*

“wGsZS medlum (16 X 1 5 cm) over G- 25 course (69 X 1 5 cm)

LoD

ﬁhfgph1l1zed once frol D O

']fg;ftryptophan upon amlno ac1d ana1y51s. The proteln,,as lso‘h"

:3f'appear when the apo proteln 1s d1ssolved in. DzO The protelng:su

'~,f(25 X 4 5 cm, 100 200 mesh). The eluted proteln was. then ;;f.:
nﬁhimxnerallzed water.‘Thls sample was 1mmed1ately passed down a v-:

"5chelex (7 X 1 5 cm) column 1n the same water"the flow .
frate'was c a. 0 2 0 6 ml/mln. All of the columns used for }"
.Tﬂdesaltlng were run at 4 C The eluted proteln (referred tov‘é%r'j;*"

?{as the apo proteln hereafter) ‘was' then freeze drled and‘lyo-~\ffﬁf*"




- éalCiumaStockablﬁtiﬁhgﬁ4"*»

e

Rabblt Skeﬁetal DTNB nght Chalns:[i

‘7.f;tor.£"
}drous CaClz by we1gh

'msﬁrxfiTh

. tions. was %,

”-ef3Porc1ne Intestxnal Callcum Blndlng Proteln

VL e

' jfc;‘gféparafionfoffstépk]nétalfrbh:saldfioﬁs;gﬁ;mfn*'

To allow for a greater range of added calc1umf1n

ﬁx:jth1s partlcular t1trat10n, three calc1um stock solutlonSjgﬁfff’
kif»(O 9 M 0 11 M, and 0 06 M) were prepared from CaClz

"ff:dlrectly'as purchased (Merck Sharpe,‘and Dohme) and thejd{?

2

*1f1nal concentrat1ons were determlned by t1trat10n w1th.5*'7

’EDTA (126) in 0 1M NaOH u51ng murex1de as the 1nd1ca-ﬁy;'

| 3¢?i¢¢‘3taings1ﬁq51=”'"

Stock ca1c1um solutlons were prepared from anhy—'7ﬁf:'<‘

vfn the same buffer as the proteln"

v"ﬂisamples. The flnal concentrat1ons ‘were. determlned by t1ﬂggﬁff“‘

’watratlon w1th EDTA (126) in 0. 1 M NaOH u51ng murex1de asfi.

”ﬂj»the 1nd1cator,3and by atomxc absorpt1on spectrophoto—k{if;“yff

[

Stock ca1c1um solutlons were prepared from CaClz

total volumelchange over the/ca"/x’:tltra-i*f°'”



L

| "Lgsolutlons were made up 1n the same buffer as the pro-
?fateln, treated w1th dlthlzone or chelex, and the pH was
Vfreadjusted to the orlglnal buffer pH The f1nal calc1umi?if§f?ff’

310n concentratlons in’ the‘Sample were determlned from”f-ﬁ'

the atomlc absorptldn results for the standaﬂ fcalc1um

u solut1on used for the tltratlon. The result wa

1?3(35 0 mM) The results for the 'H NMR sample 1tself af-}?ofga'

h:;.]ter t1trat1on were sllghtly low ('19%) p0551bly due toflffff“ﬂh-:
’f;proteln 1nterference.iThe total volumeyghange over the

'“”ﬁcalc1um tltratlon was 2%.;‘

Lah‘tgha_n‘if‘de*g's:_,t"ocig ,_So'_'lut;;ion’s"’f L
Pept1de T1tratlons 4
= The stock solutlons used 1n the Ac Asp t1trat10ns

"T{:fwere made up from the lanthanlde chlorldes (Alpha Inor-~

'”5f;agan1cs) dlrectly by the addltlontof ca. 1 ml of D O The

"'ﬂEr"fand Dy“ solutlons d1d not dlSSOlve readlly S0 the-
. N . ' . .
creaSed slowly untll dLSSOlUthﬂ occurred The

lnércept'forfoCl3,i




s?vfrfadjusted to ca 5 8 the"s,

'“”ffgfand the f1na1 lanthanlde‘concent at1on was determlned asffﬁfifﬁiw

'&i”f;foutllned above.ﬂ,fl

”:Z{f?*jier' The only problem w1th‘these studles was‘that there T

some of the,?fﬁ;}4~» L

r}iywas a great deal of water present_lf

samples, resultlng 1n a,large HDO resonance 1n thex‘H e
: &

,hls resonance 1ncreased as theﬂrf

mFri_jNMR spectra- the sxzexo 
?fe[sample was tltrated_wlth*the*lanthanlde and thls HDG
'Ff?reso.ane'g; 'jfi;”'“w“"l' of

"g*spectra. It was“ap'are”




;Rabblt Skeletal DTNB nght Chalnsﬁf{;,”'

The LaCla stock solutlon was made up 1n double dlsaS}JZK”z”;
'tllled water, the»other lanthanlde stock solutlons were ih?j,:y*ﬂ
1made up in the CD buffer-~they were all ca 1 M 1n con-':
'“.centratlon. All the lanthan1de stock solutlons were pre— -

'.hpared dlrectly from the chlorldes as purchased (Alpha ;ff'h“

"“Inorgahlcs) and the1r concentratlons were determ1ned by L R

- / R

't1tratlon w1th EDTA (126) 1n 0 ™ MES pH 6 0 u51ng xy- .

e dlenol orange as the 1nd1cator.

./‘~'

’“’Porc1ne Intest1nal“Calc1um Blndlng Proteln awifv

Stock YbCla (Alpha D1v1s1on) solutlons were preQ}f;,,\

““:pared by welght and the flnal concentraflons‘were deter-hifﬁ:,ﬁ?'

‘hd*mlned by tltratlon w1th EDTA (126) rn 0‘1M MEé‘ pH 6 0
'h<u51ng xylenol orange as the 1nd1cator. The solutlons

'rf_fwere made up 1n the same buffer as the proteln, treated |

fAiwlth dlthlzone,“and the pH was, ‘eadjusted to a f1na1 pH |

Lo etes

3Eﬁ?AEBihaiﬁg:Seu¢iésﬁgt-.

samples. The fl al_concentratlons were determzned by t1—57{f_,v ;

””gftratlon w1th EDTA (126) in 0 1 M NaOH u51ng murexlde asfw*'%f-w

§B§£§Qé£EYfofh\fﬁﬁ'~ﬁ7



| "-Jf'f'-_D The Determmatmn of Ca”" and Lanthamde Concentratmns i_.

© caleiwn Tirrations




.»c_

. A_.._,_.‘_.__

Ee;y”prlorpto acqﬁ151t10n, and the samples were equill--

th1zoned DCl and/or chelexed NaOD (0 5M) The sample pH was




'wfdetermlnatlons) Then 6N HCl 1% phenol was added the tube

*ffwas vacumn sealed and then:heated‘for”24 hours at 110° Cryiu
: "ff;The Seal was broken, the HCl wasdpumped off and amlno ac1d¥

3was performed as usualptThe results for each DTNB

\(

?ffLC samplefwere normallzed by the norleuc1ne content and the

¥’

“79ffcon0entratlons determ1ned using the known am1no ac1d content

'%ztﬁof the DTNB LC. Four separate ilaquots of thxs sample were

’°5irrun, along w1th two standard solutzons.:The amlno acld convifff'7

‘i'""""'e‘ntS of the DTN-B LC were determlned by taklng the total

";fhmoles rn'the output and d1v1d1ng them by the total number¥ff;3“;

';*f'of amlno ac1ds 1n the DTNB LC ThlS gave the average number
: ¥

.epiof nmoles/amlno ac1d The number of nmoles 1n the OUtput ferxltet

' f:ﬁiany one amlno ac1d was then d1v1ded by thls number to yleld

"ffthe amount of that part1cu1ar amxno ac1d 'j‘,~‘g,iﬂﬁﬁ‘5f;_?¥jf




f§(Blo Rad apparatus) and run at 50 mA (40V) for several
;hours.»The gels were flxed }or a minlmum of 30 mlnutes 1n

4150% methanol 10% acet1c ac1d and stazned for one hour 1n

F

i"above, and then destalned 0vernaght 1n 10% methanol 10%

f-_iten solutlon untllr;hg gels were clear. The three standard

'”3ﬁfprote1ns were cardlac tropom 051n, soybean tryp51n 1nh1b1—

! A

*;_'tor i

”'fﬁtelnS'were determ1ned u51ng den51tometry.,.f"""'

. %H Ultravxolet Spectrcphotometry

Proteln concentratlons were routlnely determ1ned u51ng

jcaeff1c1ents were employed my051nu ezé%i— 5 6 1n 0 SM KCl

‘f(1zo 121) DTNB LC ei.o -'5.0 1n o 5 M xc1 (122) 5100b

:g;?-,= 2 4 (123) ICaBP -e;, %~ o 170 and ez,'*'e; o 190

The UV spectra of SWDOb and<the DTNB LC

;}fo 5% Comma551e Brllllant Blue, dlssolved 1n the same so-hﬂzy

fhlvent. The gels were destalned 1n three steps, the flrst wasfﬂffP,f

1."'

v 5ffor 15 to 20 mlnutes 1n the methanol acetlc ac1d solut1oh SRCE

and lysozyme._The Rf values for each of the four pro-f,_,

_.'_cell w;th a path length of 1 cm. The fOllowlng Ethnctlon TR

5acet1c ac1d— and once agaln 1n a fresh allquot of thls 1at-i?,%37.ﬂf‘7




. I..Circular Dichreish . . . ..

”iﬁ Rabblt Skeletal DTNB nght Chalns

..:?'fdlaleed at 4 C 3931"5t 100 mM MOPS O 1M KCl 1mM‘ED

q»,11310 mM p-mercaptoethaﬂ°1 pH 7 25, and then agalnst 100 fﬂﬁl-

Mtﬁﬁrated Tﬂe protezn concentrat1ons were 48 to %1 uM. aNd‘?ih

’3fwere Verlf1ed by amlno ac1d ana1y515~;vi~§““‘l

'%nébafaixsﬁiéifioé“bétaﬁeteiﬁT*“‘

3 .,_‘

Rabblt Skeletal DTNB nght Chalns

-f;{a Cary Model 60 SpectraPOIarlmeter w1th ?1cn access°fY';-;e e

..\‘

"ﬂﬁ;fdeg cm’ dmol";éalculated 051 9}the equat1on [6] = 9 MRW
wn BN - 10-¢c* l
~x{fwhere‘MRw 15 the mean res due we;ght (based on a molecu-

'f;por the CD spectra, the lyophlllzed protel“ Was .fﬁ555ﬁ‘ o

The'CDmspectra were measured at room temperature 0“;?"::”‘r

”]J mM EGTA pH 7 25 unt11 equzlib-JiffﬂMf9ef7e7
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-LfﬁPorc1ne Intest1na1 Calc1um Blndlng Proteln Xﬁfu%ffj:t.f"

B A

'VTf-The CD spectra were measured at room temperature on
'ta J= 500 spectropolarxmeter (Japan Spectroscop1c Go ) |
*"?igequ1pped w1th a: bullt 1n data processor. The spectra;@ff;ff;;{ﬁ

L)

"fﬂwere 51gnal averaged elght tlmes to reduce no1Se. The

';f¥gtesults are expressed as molar ell1pt1c1ty ([B]) 1n

cwt

"-ff;deg cm’ dmole" calculated u51ng the equatlon \fff‘

'”“ijj{el = 108~6 where~c 1s the molar proteln concentrat1onfa~fhff;;
crl R
o 1s the path leng\h 1n centlmetres, and 6 xs the ob—ﬂa-“

f7f¥xserved e111pt1c1ty 1n degrees.;ytfﬂud'

-~

'"éiﬁﬁiéfrfébithtioﬁij? T e T T

Nq“Acety’ L'ASPaPtic Acid ag7jf55;fﬁg3ff?}‘?F

"ﬁA stock solutzon of Ac Asp was prepared 1n D O

‘-ﬂiand the pH adjusted to 6 50 w1£h NaOD Sultable dx-ﬁﬁffff?f

olutxons of th1s stock were used to glve a flnal

R

{sample concentrftlon of 2 mM pept1de 1n Dzo->the

zfxnal samplehvolume was 500 ul Each sampIe‘was madeff“;” :



ito 400 u'.

Rabblt Skeletal DTNB

"r_the NMR speCtra, th' sample was dzalyzed_

LU | SRR
3aga1ﬂst 10 mM Trls, 0 1M KCIA 1 mM EDTA, JOVmM 2-. ~~w-_:x

”“-mercaptoethanol pH 7 5, and then aga1n aga1nst 10



‘fff:standlng overnlght at.4 C the f1nal pD of the

‘n.jsample,'measured 1mmed1ately pr1or to acqu151tlon,

'""pﬂcalclum t1trat10n.*

”':fwas 7 8 and d1d not change over the course of the o

e T

“‘{ﬁf;Bov1ne Braln S100b ng[{f_fQﬁfvj,kfgg:.w

"f The proteln solu§1ons were d1alyzed aga1nst E

:”h10 mM'Trls, pH 7 5 or. 8 5 1n the presence of EDTA

“7fland then sub;ected to exhaustlve d1alys1s agalnst 557'

'i{jthe same buffer 1n the absence of EDTA (5) The so-:";“V{"

‘1u'i1utlon was then lyophlllzed to- dryness, and 1yoph1-cyeﬁ”»”

"flxzed once agaln from 1 2 mls of d1th1zoned D O The

”’:nésample was then made up to volume thh dlthlzoned

"¢:D 0- proteln concentratlons were 0 1 to 0 5”mM

3fﬁhﬂKC ,'pH 6 5 the concentratlon of ICaBP was ca /

vaPorczne ICaBP :hff T

. }\':

- The prote1n solutxons were made up to volume 1n

'.ﬁi30 mM 1m1dazole d. (Merck Sharp and Dohme) 20 mM

/'.

-" T

'"?;fog mu' The only except1on was for the CIDN? expgk

j1ments for wh1ch the buffer was 10 mM Tr;s. 40 mM

Tﬁﬁdlthlzone to remove contam1

i'Cl pH 7 5 where the concentratlon ofuTCaBP Wanf?"f§7+ﬁ'
Ca ‘_0""'6 mM Both NMR buffer; were pretreated w1th."}:‘-‘_j.:.;'If,'_'_,v_u

atlng metal lons"The5fffr;fﬂf




The 1n1t1al experxments performed on thlS pro—f'fiV"”

"ﬁ%fteln were thOSe 1nvolv1ng the add1t10n of Yb*’ ‘to vdf?fffjf7f'”

'H?;qthe proteln._In these experzments we t°°k th? Pro’.fdfgﬁﬁtﬁd“
fﬂhfte1n as recelved and d1al¥zed 1t agalnSt HZQ 1t iwas
"jfﬁthen freeze-dried and made up to volume 1n the buf—rh

Lfﬂier outllned above. The ‘H NMR spectra Of these

5t_samples pr1or to the add1t1on'of Yb’?.lnd1cated that

,;the proteln was calc;um-satunated and that there was nup,

'I,?ff7{“ff{7gi?d 'some 1m1dazole present.

”4?;fTEDTA

A su1table quantlty of NazEDTA was wezghed out : ;?

““rfF'and placed~1n a preheated plast1cnzed v1al The

'ﬁ3€¢sample was then heated at 80 C overniidﬁ under a

Al

ffi5”bench vacumn. The Sample was removed covered w1th a |

°5f;f11ter paper, and allowed to cool 1n a de551cator

.q..

”hiiover dr1er1ter The cooled sample was capped and re-f;g{f”

:ﬁquwexghed to obta1n a flnal determ1nat1on of the SOlld

fEDTA content The resu1t1ng sol1d was made up to vo-i%fﬂ_”ffiﬁhh

‘,‘the stock metal,”gf‘”°5”

*ﬂ7f1°" S°1Uti°néf(ize.fﬁ“
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. “;ﬁhcq0151ton Parameters _i“;

o e i
The NMR spectra were. obtalned u51ng -a Bruker Hxs 270
:J:NMR spectrometer °Pefat1;9 1n the Fourler transform mode andffﬁn
Pjﬂffequ1pped w1th quadrature detect1on. The amb1ent temperature o
ffﬂf?for the Samples was 299°K, ‘unless otherw1se stated and all ;fiu""
vrﬁri?Of the Samples were equ111brate} 10- 15 m;nutés prlor to ac—’ff'
‘ﬂil;qUISltlon The HDO resonance was suppressed w1th homonuclear1¥tkr"

'?ldecoupllng. Chem1ca1 Shlft values are relatlve to the majorv,;‘c':'

&Q;resonanie of DSS as an 1nterna1 or.external standard

r :

a’

Peptlde Studzes Hf]ﬂff"fj n‘f;[;“f t"ff:l;f"f;f~ﬂt#”,”‘

The parameters used for the Ac Asp spectra were 4K

”}fdata p01nts (8K for Lu") sweep wldth +1000 (Lu“)

"“??33154 (Yb"), 18064 (Tm" Er”' Ho”) zs 000 (Dy")

"phj? usec pulse (ca 70 ) The delay tlmes bedween acqu;s-f“f
:gf;tlons were 250 usec (Yb"? Lu“) “100 msec (DY”) and hﬁtdddd
”'_}?1500 msec (Tm"‘ Er'=f Ho") The paramaters for the .j |
;1ffﬂdAc-DGD amxde spectra were 4K data p01nts (BK for Lu”) B
'7?ﬂ¥¥sweep w1dth +1000 (Lu”) 3166 (Yb") ‘+6329 | -

ffr(Ho" Tm” Er") +15 152 (Dy”) f1lter wldth=2x sweepd]lﬂs‘a

:*7;w1dth" .tterworth) 8 usec pulse (ca, 80 ) The delaY

PO . -;;,; e
thlme between acqulsltons was 250 usec for all of the tl-p:fr;

2

_gﬁyhitrat1ons,'DSS was used as an 1nternal standard. ,,%3

TFQDTNB Lc'Stud1es

'a@mhe acqulstlon parameters were 4K data poxnts},"’ ;

;s°eep wldth 2300 Hz, fllter wldth 2500 Hz (Butter-”pﬁwh

'j:orth),pand 8 usec pulse length (ca. 80 ) DSS wasﬁbsed ff‘ffwf



'V};é?{jﬂf:

.. -as an internal standard. - o oLl

: F:::ﬁ9100b Studlesf'

The parameters used fon the spectra were typlcally

'“}1g4x data p01nts, sveep. w1dth 2300, Hz,‘fllter width- SGUD

»f;”Hz (Bessel) 8 usec rf pulse ( 80 ) The HDO resonance ,4 :

“;ffwas suppressed w1th homonuclear decoupllng,_Chem1cal

.'ie;wh1ch was measured separately. Durzng the pH t1tratlon

:'Li}f;Pulse Sequence (129)

'5%€:ICABP Studzes

- R BN Sy
'shxft va'ues are relatlve to the major resonance of DSS

*t(pH 5. 6 to 8 5), the h1st1d1ne resonances were 1solated

”.:”:'_t_“from the rest of the spectrum usmg the Hahn Spln Eci

The decoupllng exper1ment for the calc1um-saturated

'7;f;prote1n was carrled out at 333 K The parameters used

'frfor the spectra were typlcally 4K data po1nts, sweep

wiwldth £2300 Hz,- leter width 2500 Hz’ ‘Butte‘"°‘th) oz

ffTESOOO Hz‘T%essel) 8 usec pulse ( 80 ).‘For the ytterblum

'*“jff?:zo 000 Hz and tr if
".;;ffﬁpulse wldth tO 7

‘ﬁflspectra, the sweep w1dth§ were typxcally changed to ﬁf.fff;5'

,ther wldth 6 40 000 Hzlwa

s b
usec ( 70 ) The pulse response of the\




Lot

g A T e WA gl
REEEPL 'am;:j;_-g‘gﬁ PR ﬂ.',',ﬁy_”gﬂ“

"'rh;and subtracthg thls from the spectrum. Chemlcal Shlft f

’levalues are relatlve to the maaog resonance of DSS vwh1ch“'

‘n,was measured separately under 1dent1ca1 condltlons

't“ﬂ?fﬁijdr(30)mM 1m1dazole-du,v20 mM KCl pH 6 5) For the spectraf“

f_vg.whlch are resolutlon enhanced. the FID was apodlzed by

}f-t;”double exponentlal multlpllcatlon (DM 4 0)

"“fjngDTA Studxes~” “
“' The parameters used for the spectra of EDTA were _'m
 7;typ1calLy 4K data p01nts, sweep wldth +2300 Hz, fllter

ﬁ,fdf;fﬁ;jffﬁmfifsw1dth 2500 Hz (Butterworth) 8 usec pulse ( 80 ) Chem-"

'"fﬁ?ﬁf{f&jf&fﬁe'zcal Shlft values are relatlve to the major resonance Of
‘"TEDSS whlch was measured.separately in 30 mM 1m1dazole-fn

.Y:i_d., 20 mM xc1 pH 6. 5".3-3i. o '_5 1;f .lQ“*ﬁaT ¢7tft»”

K. Calculations and Theoretical Determinations

-
=)

Determ1n1atxon of a-He11x,;B-Sheet ahdpﬁfTurthQQtent“ferffff;'L

}.Rabb1t Skeletal DTNB nght Cha1n “fﬂﬁf'_

‘fTheoretlcal

4‘

The resultlng averaged prbab111t1esijy;;vf”'“

_ ”ékamaters (130)

4(,“. :



: Cen Ut

hlghest probabllltxes of each of the three types were
then analyzed carefully for 51ngle re51dues and/or lln-iffjfl~

'llf‘ear sequences nhlch showed B sheet, B turn,:and hel1x-5;9~-«7
a7—breaker sequences. Any segments whlch had 51gn1f1cant
breaklng capac1ty were then ellmlnated and the rema1n-7}

'1ng seQUenCe reglons became the maxlumum theoretlcal de-"d;a'

term1natlons for a—hel1x. These same reglons were then

s analyzed 1n the same manner uszng hydrophoblc probablll—fﬁ“ff'

”ﬂi?'_afh‘ ty parameters (132) 1n order to better deflne the hellx
e R ®
Syt boundar1es, and to obtaln a m1n1mum theoretlcal a-hellx
. content.'f,vr". e | '
| Observed '_fif ff'ifl'u'.:df hf;”"‘uti@y ffllfhlVfa

i
/

»nﬁ“dfff'jfhf?_;.l The observed % a-he11x values were determlned by CD Ry
L “"‘ffj u51ng from the known ell1pt1¢1t1es at 210, 215 and 220 \
| nm and publlshed v:lues for the a hellx, B-sheet and B-
o turn ell1pt1c1t1es at these wavelengths (132) We as~:“l:
b i.mg;h;g_i sumed that the fractlons of all three types of these
e structUres added up to 1 solved two s1multaneous equa-5~dd

tlons for each p0551ble pa1r of wavelengths ‘and

| averaged the three resultlng determ1nat1ons.3lgf?ﬁ

. }L Laser Photochemxcal Induced Dynamxc Nuclear Polarxzatzon

a'»i"- cxnnp

5.

Laser photo?CJDNP expeglments,were performed by ut1112—fij;?_{*:

f;in§f$TS§ectgagggysics;nodeﬁiﬂ64 argon 1onflaser operat1ng at;faﬁnﬁiuﬂ

3 2 W 1n the multzllne mode,<

O'mm o d. flat bottomed NMR

; tubes were used The sample was 1rrad1ated2for_1s;?the laserf:w




;compu er cOnt"oIled shutter and m1rroti(29)v The buf;er was










- and to determ1ne Wthh lanthan1de stud;ed is the best cal-ﬂt x; Co
':’,jf:c1um analogue for the study of the structure of calclum

b1nd1ng srtes._°', i" _'r\‘”'f'ﬁ,fﬂ"f“f*'f,“ ”’: h‘;” T

The chemlcal shlfts 1ﬂduced by a\lanthanlde 1on (ex—\i

+ \\\

Cludlng La*?® and Lu*’ wh1ch are dlamagnetlc and are used asif}ffz"kff

controls, and. d“ for whlchrthe magnetlc susgeptlblllty

'”U'h tensor 15 1sotr0p1c)*are composed of two sources..the con~

‘-.utact Shlft and‘the dlpolar sh1ft The magnltude and dlrec-"”

tlon of these shhfts are dependent upon whlch lanthanldexggﬁThf*if

.

metal\ion 1s used and whlch type of nucleus 1s belng ob- ” ;;'ufy‘ff

H73f,)served The total paramagnetic Shlft 1s glven by (135)

e Lt = Ak<sion +6iDyn-* GiDzw . (1)

‘.'_,

: jectlon of the total electron spln magnetlzatlon for t'e -:t

A*lanthan;de m 1n the dlrectlon of the external magnet1~"
1eld,;D1m and DZm are values derlved from the magnetlc sus- Aﬂ’.if

| cept1b111ty tensor of the bound lanthanlde m (.09 136 139)
':and°G,

"and G; are the geometrlc Eactors t_g]‘

:A o

o
ST



and

;twherebn.milsvthe dfstaﬁce Of nucleus" from the central 1onif}’

G, 1s the angle between r.m and the pr1nc1£le axls of““
symmetry, and ¢. 1s the angle between the”pgojectlon of ria |
on the xy plane and the x axls (F1gur3/11 2) Assumlng that:rdyﬁ'y‘

"f,~;;jfhi"u NMR sh1fts are pr1mar11y dapolar i or1g1n, a graph1ca1 fg*h"'

solutlon to eQuatlon 1 may be obtalned oy rearranglng 1t 1nfjﬁg

a sultable manner (133 135) to gzve fﬁr;fiyej"

For the serles of the f1ve lanthan;des from Dy’? to Yb"‘

the theoretlcal values of D2m/D1m range from--O 64 to'+0 56'.*

* 'mik135) In add1t10n, prev1ous work has p01nted out that the

angular factors for small l1gands are often such that Gz/G1Vv~Vd'

1s small (etg, 1f 0 s e s 40° :

1*3 s 3cos’e.~1 s 2 0 and

0 s 51n B;Q- '4) (102) Thus,,although lanthanlde\complexes:;ifr”.

are often dev01d of ax1al symmetry, we have analyzed our

\g\data for the two llgands Ac-Asp'and Ac DGD-amlde under the -

assumpt1on that these two factors comblne to makeithe




r'nfnon ax1al term 1n equatlon 2 small such that we can extract

'“fggor the prlentatlon oﬁ the pr1nc1pa1 axas;d

?ﬁyl1d and 1f the asSumptlon outllnednabove 1s correct Al

";¢51nce one 1s observ1ng a serles of lanthanlde 1ons b1n'

d‘7ﬁfﬂvthe dlpolar component bf the LIS from the observed total

e ol

L

'fnetlc susceptlblblty tensdr For each nucleus I, ”” 7<S >¢

.y

'afals uszng theoret1cal values X§ﬂss >m and D,m (Table IV 1)

"#}v(13§5 Th1s plot should yleld a stralght 11ne w1th a slope

'_..7 |

SR

:"Eto %Pe same llgand all of the resultlng complexes must be

ifﬁ1sostructural Only under these condltlons does one. have a

b

i'gfconstant orlentatlon of the magneglc susceptlbllnty tensor

'°ifhffsh1ft wlthout prlor knowledge of the symmet y of the complex

‘ystem of the mag-'l"

:‘i'

_fls plotted versus D,m/<s > for awserres of lanthanlde met?-v’

"ﬂjfvof G, and an 1ntercept A iE the theoretlcal numbers are va—t'

: iand constant values for the hyperflne coupllng constant ‘over

:'?; the_serles of metal 1ons employed (135)

;.N?-Acifyl L—Aspartlc ACId Ac Asp was t1trated w1th

;thanlde serles (Dy*‘ to Yb*’) and w1th the dlamagnetlc lan—

'”?%thanlde Lu |

The 'H ﬁﬁR spectra of the N acetyl CH; pro-'

'def7ftons;;the aCH proton,_and the two BCH; protons were all 1n

Y as ev1denced bg the fact that only one exchange
EVQdaveraged resbnance was observed for each nucleus. The BCH;

1Qufprotons tmtrated:as two dlstznot resonances and were

}ﬁthe NMR.fast exchange l1m1t in the presence of the lan-'w?f;

EWflve'paramagnetlc l;hthanldes from the heavy end of‘the 1an—£-]f‘””
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H o ‘;v ' 22545 .‘  9_..:,73'§ R '

B N R,

Table IV 1 taken from Ref‘ 135

In un1ts of BH°/3kT Mfrom Ref 112




metal to Ilgand sto1chlometry of 1-1

5fﬂw7ﬁfl °°“5 oﬁ each nucleus 1n the Laf’-(ﬁc-Asp) complex were

It

Values for the dls-

‘soc1at10n constantgxd and the paramagnetic chemlcal Shlfth

“determlned by non linear least sqqares curve flttlng proce-=”7ﬁ

dnrpe: "thqp valneq are llsted 1n ’I‘ahle IV 2 i ' >iv a5 '
‘ o - ,_._'___.;___,_,,,,__.A,__‘_y_:_"_.__._»,,, : H Ll

"\7 .

: he d1amagnet1c lanthanlde Lu"‘from«the chemlcal shlfts

x The paramagnetlc shlft values used 1n'the analyses wete-}fﬁﬂ
obta1ned by :subtracting- the chemlcal shifts determlned for -




~fo a-g1ven lanthanlde dong: e ot
?Th_s data could not be_determxned due to overlap

wg"th th




N¥-Ac :-Asp ~-i,n_,.D",-o;.-,_ .pH,...sa-s;.-,rz-The i"":‘--‘.:y,n,‘u';;'c_S1..{3'..-f‘;'<"51e'ﬁ_<>}t-‘_'e the
followxng prpton :esonances A -acetylia, aC :

_,The spe"-a :
“]o/[amlno‘ac' fratlo was 11 33 5




733w Flgure IV 2 s Plots of the absolute value of (&m.,a )
L ye [M]o/[L]o. ‘where 8ope7is the observed LIS in: ppm,
-§o is the shift’ of the'proton 'in ‘the: apoproteln and'
?iIM]o and [L]o are -the jétal lanthanxde and pept1de

Y ”
VAL YHY NMR chemlcal sh1ft data for“the t1tratzon of
U\ the :aCH proton of ! Ac*Asp with Yb*#, The plotted: "
‘w.j'curve is. the: best fit, assumlng a metal l1gqnd sto1
B | try Of 1 1.\ :‘ AR

g..  BB‘protons of xchGD—amzdé w;th Dy”
jplotted curve: 1sgthe'best‘ : i




”f‘fected by the add1t10n of lanthan1de.‘A typ1ca1 plot of the

£l

*faéﬁ°m3ffviial metal to 11gand st01chlometry of 2 1- the dlssoc1atlon:;

31 pconstants and chemlcal Shlft values were determlned by

’1f~fnon llnear least squares curve f1tt1ng procedures.;Note that;f

]~1n th1s analys1s one obtalns a Ky and a LIS Shlft value for:

/21 e each of ‘the. two spec1es LM and LMz where L is the peptlde

B . jllgand and M 1s—the lanthanlde metal ion. The determlnatlon'
S v E P

of the Ky values 1n.thls case was much'more dlfflcult due to,

d
the multlparameter nature of the program Good f1ts were oh—

'talhed for. all four protons of the Dy” tltratlon (one of
the BCHz proton plots is' shown in Flgure IV ZB) and for the

vaCH proton in the .Yb'J tltratlon.éérhce these five values

o werewvery close, and 51nce prev1ous work has 1nd1cated that.v

bhfthe values of d1ssoc1ation constants for sxmple llgands to
“l{fglrhahnot vary s1gn1f1cantly across the lanthanlde serles
”i’hh;(75 104 134) they were.averaged.and the result1ngnvaluesv
'T;x;fia 0. 16 mM and Ky, = 7. 56 mM were lnserted as constants’
".plnto the same program to derlve the. values of the para-..;

wi?}magnetlc Shlft' f"j~' BT ..' - - ‘_'wflfh;f‘l
“_' Correctlon for the dlamagnetlc Shlft was carried out as.
_;;'stated previously. for all the observed protons .except the
-7 BCHy protons, which shifted so little: in:the presence of
’*JLu“ that thelr separate sh1ft1ng patterns could not be

.. L . - Lo ‘-r...

Tﬁg,n_ﬁA was ass1gned to the B resonance wh1ch dlsplayed the larg—f;

5iier LIS The aCHz protons of(the glyc1ne resxdue‘were not af—;,p '

1f;fobserved chemlcal sh1ft as ‘a functlon of [M]o/[L]° 1s shown =
”3:1n F1gure IV ZB for one of the two observable BCHZ reson- R
}Lffibﬂj7ﬂf;;fﬁances of aspartzc ac1d In these studles,,the chemxcal shlft' o

'.tztratlon data all f1t to theoretlcal curves assumlng a fln—,




Flgure IV 3 Plots of A°°"/ m .vs D,.,./<S >m for the
- four: observable 'H NMR resonances of AcC-ASp; The
shifted. resonances are. deflnedlby ‘the symbols. x,

‘aCH; . v, CH,,;j BA° .and o, BB gThe t1tratlon sold¥”-
tion- cons1sted of 2 mM. Ac—Asp ‘in D30, pH.6.5.



“77dwas:CalCUlated=(133) where mis. the rare: earth metal ion

:and

"ifD stcussxon

for LM and LMz for the test of the lanthan1des stud1ed

These values are shown 1n Table IV 2

For both Ac-Asp and Ac-DGD-amlde, the maxxmum LIS va- i,"'

lues thus obta;ned for the metal llgand complex were then

)m,.»

- used 1n equatzon 2 to generate the plots shown 1n F1gures
\"'

IV 3 IV 4, and IV 5 u51ng the <S >, ,and D,m values g1ven e

1n Table IV 1 (135) From the slopes and 1ntercepts, the

correspondlng contact (Am ) andfdfpolar (Am ) values were

calculated Also an agreement factOr o L o

:_l“

’ 6Obs,i _ 6ca1c,1)2 - g .
“m m -

TepPsh 2
1

N

L

' 5calcv.i;

is the calculated chemlcal Shlft (A°'4 A ). The

""{_observed and calculated°paramet9f5 are g1ven 1“ Tables V. 2

'. to IV6

Before looklng at the flnal Am and A values, 1t 1s

neceSSary to cover the nature of the experlment and the sub-'

ansequent K, and LIS values derlved from the data.i‘

ﬂﬂﬁxﬁ(cont‘d)lsolated “the ‘maxiumum’ poss1ble sh1fts for Lu”v;:”°
.- were, ~however,’ negligible" compared to- the ShlftS ‘observed
';]for the other lanthanldes.g-

sy

ﬂﬂ?,, L SR S -;Q-'. ﬂ:f‘;,, ;.yg“'~ Lo




fe 't:e*SIOpes and Intercepts,
obp. [ . . : .

fo 2520, 03?ffﬂﬁhﬂ¢:qw_3K
“Ac=DGD=? |
. amide
(LM

~¢fo 0310; oaﬁf;,;j‘o
- +.~0.35%0. 93
’**0 10&0 02;55

'f75; The Tm 2 data was excluded in the analy51s.w“*x- S

'fbehefaCH Proton was: ‘bbscured’ by the "HDO' resonancefdurlngir

o touthe Dy titra rOn and- wag'excluded from observatlon

. ‘and . analysig.s /[0 g o

“The" Dy’°‘t1tra€10n of the acetyl peak _s exc_ude

I analy51s ‘as. mtlwas dlfflcult.io monitor this.Treso
: o= of : DO A

d y,the_HDO-resonance durlng

SR ratio ( _ “xcluded from'analy51s

A The Tm” spectra became veryrcomplex towargds, - thegenj.fn;:

'V‘;u‘l]; the titration: and’ ‘the BB proton-became very: d - 1:
’ »{F;monltor accuratel so it waézexcluded from a aly 1
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}';; Flgure 1V, 4. The plet of Af”‘ /<S Vs, D,m/<s >0 forfj"*‘
SRALIRS the four observable 'H- NMR resonancesﬁof the. LM '

;.u;spec1es of: Ac-=DGD- amide. The LIS were

i Regs 0N 16, mM.. The shlfted resonancesyare deflned
By the symbols X, aCHy V. ‘CH3; @, - BA;-and. o, BB.

3 gThe titration solution: con51sted of 2 mM’Ac DGD~ Qmm :
IS ﬂamlde,-- _ Ome Im1dazole-d.,_20 mM KCL pH 6 5

SR P RO
B ] «

Vderlved u51ncf*7-7'
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oh:

Figu = Plots of Am_ 7<S > vs D,m/<s >m for the
‘*ljfour observable 'H NMR resonances the LMy’ spec1es
Of A *DGD-amlde .fhe. LIS were. derlved,u51ng '-1-
j?K,z =.7,56,-mM." The. sh1fted resonances_are deflned
by the symbols %, 'aCH;:¥., CH;;. ¥, ‘BA; . .and o, BB. .
_The-titration:. solutlon cons1sted of 2 mM. Ac-DGD- ..
”"m1de,;in'30 mM Im1dazole~du, 20 mM KCL pH 6 5




"5”fﬂﬁfuof metal coord1natxon_bY a

-'“ﬂjfgroups to the metal 1on¥(140

"5fffthe peptlde backbone and one each from the acetate and acefﬂ
{7:j*lecules serve

ft}fboxy end termlnal of tha“”

"'ffifVa%ues and/or modes ofellgand coord1natlon (104) were thus

.‘,' »_4

"Hfac1d b1nd1ng stud1es at pH 7 1ndlcate that the pr1mary mﬁde L

51ngle aspartlc aczd re51due

145) The Ac-Asp molecule has

[T

xfftamlde group”vNote that the acetyl substltutents of both moﬁﬂ;}f7;~“

0 neutrallze the N termlnus while the.jﬂi“nq.

- termlnal amlde of Ac—DGD amlde neutrallzes the free car-#f“”

/,.".'
3 .

rffelzmlnated The tltratlons take place over a Ln*’/peptlde

&ihg coordxnat1on of both carboxylfffffiﬁghfgh

molecule- charge effects'on'the’&ﬂff;fQ~ o
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”-Qiiassumptlon that the spec1es weﬁe 1sostructural No correc--‘"

:jthe effect of 1ncrea31ng_»‘l

hﬁftlon in the Kd values was’ made

.,

‘*;._g,y,rp“?*l1on1c strenggh due to the amount~of lanthanlde ion added B

’VQGf(SB 140 148) or for the occurrence*of hydrolys1s o

Hd(142 143 148) Although only one b1nd1ng mode was apparent

A
ffrom the data and was subsequently assumed in the analy51s,
\

.-_\

ﬁ;fprev1ous studles of lanthanlde b1nd1ng to aspartlc ac1d

ffifhave,’ln fact shown tha two to three stablllty constants B

gﬁffff'i;can be observed depend1ng on. the lanthanlde used (149)‘ the‘.-v

fffuaddltlonal constants arlse from the presehge‘of polymerlc

'aa s

B

.7,fbetween the stab111ty constants for aspartlc ac1d glven in

?~the 11terature were so small (149) that any poss1ble dlffer-'
':}ences 1n our Ac Asp data would llkely not have been apparent’
;ﬂteven w1th more tltratlon poants. In the Ac- Asp g?se, there—

'iifpffore, ve have assumed a 51ngle dlStlnCt spec1es (M&ﬂ ex1sted

. xS _

’VLQ;Zat the end of the t1trat10n :and have" analyzed the. data on

h'chat ba51s. The resultant Kd values may thus be a oomp031te 3

'fd}ffoi the two or three p0551ble*values whlch were not d1fferen-b

vfsbtlated but one would expect these values to be so szmll
‘;Tfthat the total effect on the calculated LIS value would be°

'ifcmlnlmal --'*'
N
° .l

| fﬁThe plots of A /<S >m vs D,m/<S >m for.the four ob—%'ﬁ;
1servab1e protons of Ac Asp are shown 1n Flgure IV 3. The
*llnearlty of these plots supports the assumptlon that only‘avh
‘51ngle geometrlc 1somer of any complex was present along then

._ries of lanthanldes studled and that the value of A was




?ffﬁ__:figuhni:E iua?édpga'r]”:fd7§2:;

“flhflndependent of the lanthanlde used (135) The slopes of the"“

v'less than for the correspondlng BCHz protonsl but the f1ts

fare falrly good; as ev1denced by the agreement factors (133)i7

b'”fﬂ1n Table IV 4 The Tm" data was abnormal 1n all of the‘”

:Vfi; reported prev1ously (73 134)

‘”Q--cles.vOne should note here that such a- f1t was requlred as

L e

1

~f plots, and thus was excluded from the f1nal determ1natlons

};of A and Ehe slope, abnormalltles 1n Tm*’ data have been

x

',;the order of CH3<BA~ﬂB~aCH The acetyl group has a small

contact contrlbutlon, as expected ‘s1nce 1t should be qu1tei~

far removed from the metal centre._The fact that the rela-

"}tlve A '.1s as great for aCH protons as for the B protons

uf(all of these protons are ‘a. to 11gand1ng coz groups) sug—

z?the metal 'as has been observed w1th other dlcarboxylate 11~ o
i;gands (140 142 145) The relatzve A°'/A°' rat1os 1nd1cate
"?{that one cannot assume that a LIS is pr1mar11y dtpolar 1n
;orlg1n, as all of the protons appear to have a szgnlflcant

ffcontact component...,;?f']zjf“;_ﬂﬁ"j_ . ,f:fg,'"3‘q1"

"~'d;¥~“—‘Ac-DGD~amlde' Because th1s tltratlon data appeared t°
;;better flt an equatlon whlch allowed both LM and LMz 5995135':

“'*“to ex1st, the Ka and LIS values were derlved for both spe‘dhtd

-”dthe data (1 e., F1gure IV ZB) 1nd1cated that at least two

‘1':_. ; ‘.

*aCH and acetyl proton plots are small thus the accuracy is e

The relatlve Am, values g1ven 1n Table IV 4 1ncrease 1nt{hfp.;.

o gests that both of the carboxyl groups are coordlnatlng to L

,5separate blndlng modes exlsted one w1th a much weaker Kd.;5 s



PR

"fffanot much can be sald about the relatlve Kd values for each

};‘”metal as most of them could not be dlrectly determlned but L

-

‘ﬂigfﬁﬂgh;fhe f1ts of the data u51ng the derzved Kd values glven above;

gands whlch have shown tbat the blndlng constants for one

”:;the effects of 1on1c strength (140 148, 149) or. for lan-

Fjﬁ”hf:}rf;f-f thanlde hydroly51s (142 143 148)

'"The'ﬁlots of.A““J/<S'>m vsszm/<S >, for the-four-ob--7~f

b

j'servable shlfted proton resonances qff\he LM and LMz spec1es

93

fwere very good supportlng prev1ous studles on d1fferent 11— k

',rfpart1cular small llgand are effectlvely the same for all the

7fflanthan1des (75 104 134 138 140) No correctlon was made for

"’*ef"of Ac- DGD-amlde are “shown in FlgurES IV 4 and IV 5 respect-,}g.g

'7ﬂ<?”1vely The 11near1ty of these plOtS supports the assumptlon'if

‘fthat only a szngle geometrlc 1somer of any complex was pre-
}f_hsent along the Serles of lanthanldes stud1ed and that the p

intf;value of Ag was 1ndependent of the lanthanlde used (135)

The four sh1fted proton resonances 1n these t1tratlons

. ’arose from the aCH and BCHz protons of the aspartlc ac1d re-p

‘_51dues, and the N= termlnal CH; group The aCH protons of the

'”*76?§pglyc1ne re51due were unaffected by the presence of the lan-

’i;thanlde 1on e1ther because they‘were too far remoyed from

gthe metal centre to feel 1ts effects,'or because of the1r

"Jaﬁpart1cular or1entat10n w1th respect to the pr1nc1ple mag-

{fas recent stud1es on .the’ 51te III b1nd1ng loop peptlde of

-syff'skeletal TnC whlch has an 1nternal asp gly sequence, showed;ff’

i;netlc axls. The latter 1nterpretatlon seems more plauszble:.t.



94

'vthat the aCH glyc1ne resonances of thlS pepetlde were per-ff_}f'”

“'turbed by the addlton of both La” and Lu" (193)”

R - The slopes of théfﬁn*aaavéeétyi?pléts'weré-%héf56511é5£?7*‘
‘ ‘555;;;cfvbut agaln the fltS were very good (Table IV 5 and IV.E) and
o '“ft?the Tm*? data weresln much better agreement than for the .
Tcase of the BA and aCH protons. The relatlve A values_ﬁor
the LM spec1es 1ncrease 1n the order of aCH<CH3<BA<BB Agaln
Tyone aSSumes that the metal is- bound to both COz groups at B
‘;pH 6 5 The A°'/A ratlos 1nd1cate that the observed LIS of ﬁ‘
ithe aCH and CH3 protons have 11tt1e to no contact contrl-
butlon &Th).s was an expected result as these protons should
':ﬂgangi fﬁ ‘be qu1te removed %rom the metal centre. Note the large A
cLE jecontr1but1on for the BB protons, any structural analy51s
'based on the 1n1t1al assumptlon that the LIS observed 1n ng:
’T?NMR are prlmarlly dlpolar 1n orlgln would obv1oust lead. to
ﬁihh_ . 'f;”_.a large degree of error for such protons, and such effects |

have prev1ously been observed w1th ‘H NMR (102 104)

’h.values 1ncrease by ca. 60 70% for the

. ’_

The slope and
.p_LMz spec1es (Table IV 3) except for the Am value of the
:aCHz protons Uthh 1ncreases dramatlcally by comparlson.iliﬂ,;fﬁ.
‘Changes 1n both of these parameters are to be expected wh;h" |
J‘;one goes from two lzgandlng groups (aspartlc ac1d s1de chaln,d

- carboxylugroups) coord1nat1ng to the same metaf

Tﬂon to. both
u;‘3¥”tpl1gand1ng groups each coordlnatlng to & metal 1on thus ex-';i
R TR
o per1enc1ng a greater electron spln den51ty The fact that A‘

changes 51gn1f1cant1y for the aCHz protons 1nd1cates that ;,




tf,acidﬁgfcup'l n the LM spec:es must coordlnate to the lan-~“

L a

"'r7d1fferent coordlnatlon mode is presentbln the LMz spec1es,,
'dsuch that the aCH protons are exposed to the effects of the»vf‘
7¥lanthan1de sp1n to a much greater degree. The net result in -
’-'the flnal parameters is a- 51gn1f1cant 1ncrease in the'A“i.

:wfvand A°'/A -values of the ~=CH protons upon g01ng from- the: |

:Qj;LM spec1es (Table IV 5) to the LMz spec1es (Table IV 6).vByh;“

7h«comparlson, the changes 1n these parameters for the other .

IS

”ii‘observable protons are very small Much further work would'

"

:vﬁbe needed to 1nterpret these results accurately 1n terms of

'Vstructural 1nformat10n.

One 1nterest1ng observatlon in these t1trat10ns 1s that

"3,a1though Ac-DGD- amlde has two dlstlnct aspartlc ac1d reSI-

lt dues, the1r aCH and BB protons remain magnetlcally equ1val-”'

o

\f{ ent throughout the tltrations as only one resonance 1s ob-
-served The BA protons d1d separate towards the ends of the

;fo*" Tm", and Dy" tltratlons but remalned very close tor

/

‘le gether.'Thls separatlon becamé‘ob&{gustat [M]o/[L]o'ratlos N
:A¥¥ of approxlmately 1: for Yb‘3 and Tm“; but not unt11 the' o
v'cd”ratlo was 2 7 1n the Dy“ case, llkely due to the greater

Hff”amount of 11ne broadenlng d1splayed in ‘the presence of that

‘j,lanthan1de. These observatlons suggest that the two aspartlc”

v Ta

L

'"e ion 1n such a manner that they are symmetrlcally

‘A—\

placed\about the central metal 1on - and- that the mode of

| "Qﬁ1b1nd1ng by these/separate re51dues 1n the LMz specxes should']ff
“fy5also be 51m11ar..However, the fact that separat1on df the BA@f7

7fofprotons 1s observed for Yb"’ Tm’° and Dy” does 1nd1cate

. ‘u» - e ,. - - - 95



that these\resrdues 1n the LMz spec1es are 1n sllghtly d1f-,:

ferent env1ronments. The lack of such an observatlon for

Ho‘? and Er*’*was llkely due to the magnltude of the 11ne-

EEN R . . . N
T L . . . L

broadenlng in the resonances._;"'

S fh ”prv , - S o R . o
Th1s method successfully separates the contact and d1— w-”“
polar contrlbutlons of the LIS w1thout prlor knowledge of -
the symmetry of the complex or the orlentatlon of the pr1n~

‘ c1ple magnetlc axis. The analy515 shown works well for thls

v e ety TR TR LA e

partlcular system but relles heaV1ly on the value of" G /G‘ 'f};:h
belng small (1 e., the non axral term 1n equatxon 1 is” smallv.
‘p‘“Acompared to the ax1al term) There 1s, of course, also the
v00551b111ty that the complex 15 ax1a11y symmetrlc, although;
thls seems unllkely 1ntllght of the studles prev1ously men- h;'

- tloned (78 96 150), and the fact that the ratlos of the

';mﬁa: shifts for the dlfferent a551gnable protohs were not the

'same for each lanthanlde studled (104 133)

It is obv1ous that the assumptlon that the value of A%
is much less than that of A‘ nxthe case of ‘H NMR 1s not
ﬁ‘.?, . ." always a valld one and that great care must be taken to
| 'choose a su1table lanthanlde as a probe. It is also apparent;v
lthat the method employed in th1s study works best where the.

: idlpolar contrlbutlon of the LIS observed lS large, such that”fg"bl

"dthe slope of the plots shown in Flgures IV 3 to IV 5 are

_large (133 13s) S




zf From the A°'/A | values obtalned jlt is. apparent that

,celther Tm” or Yb*J 1s the best lanthanzde probe for struc-.;_‘*“

ftural studles of nuc1e1 very near to or w1th1n the metal
ﬂfijeblndlhg 51te because thelr LIS were relatlvely large and }
_;e;falso dlsplayed the smallest contact fomponents. The 'I‘m*3 T
iflﬁdata' unfortunately, d1d not f1t well for;gny of the Shlftedaf:”

,fﬂl&fcoquf?é;protons of Ac—Asp or for the larger sh1ft1ng BA and aCHz

Eprotons of Ac DGD-amlde.vThese observatlons, together w1th

;the results of prev1o",stud1es on the relatlve llnebroaden- U\*:* ”

‘ef=qu;1ng dropertles of‘ihe lanthanldes (96) leads us to conclude gt







f;56)(Flgure V. 1A) At“_hy51ologlcal 1on1cﬁstrength the~{;§f;iifﬁ'

aophlsticated and 15 by no means f1rmly establlshed

(153 154 157w158 and refetences thereln) In the relaxed

state of the muscle, the 1ntra¢ellular Ca*z concentratlon 1s

fthe myosln’heads are detached from the th1n flla—'-

}ments, ADP ahd P1 are bound to the my051n heads, Whlch are"” f

durrently belleved to lhe at varlous angles w1th respect tof'*d

xfthe thln fllament'axls,vas 1nd1cated 1n Flgure V 2A When

the muscle 1s stlmulated the 1§§£acellular Ca*?vconcen—~*
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B A 1 Thlck fi!ame’n:t‘:.. e

Myosin

‘.

- .. | C[Thickfilament | - T
o | ATP‘\iDeta,Chfn_ent--:r

Con

Mg ATP—Myosin

.

. Fiqure V.2. A - D. Proposed mechanism for the

‘generation. of force by the ‘interaction of the S1 .
units of‘a’mydsinffilament!(fp:;simplycitY’only one
o ¢ .'S1 unit is sho n; .see Figure 'V.1B) with-the actin - "
*;3;,*-f"£ilament,¢Thé»th1ck'fiIament,moves relative to the
© . thin filamént when the S1 unit bound to actin, . .-
. changes its tilt- (in .the transition from B to cl.e
' 'MgATP, MgADP, and Pi are'bouhd“to~and'reléased from .
“theﬁStheads;of{myqsingagffndiCated:‘adapted from
Figure '34-17 in reference 159. - » o '
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' conver51on of ATP to ADP and P1. When the my051n heads be—~

come detached (Flgure V 2D) they may e1ther reallgn the-

‘ _;mselves at an angle of about 90° to the th1n f1lament axls
;Vand repeat the cycle (Flgure V. 2B) or they may return to .
‘;the fullyarelaxed state (F1gure V 2A) Under normal phys1o—’

'”j 1og1cal cond1tlons (0»1 M to 0.15 M KCl [M "]o > 1.0_mM,

[Ca”]o"10'7 M) the substrate for thls cataly51s is MgATP

““but the rate of hyrole1s 1s much slower due to a decrease

in the off rate of ADP and Pl from the enzyme. My051n ATPase

s therefore often referred to as belng actln-actlvatedf;

The 51mp1e model presented above was flrst proposed by

Huxley 1n 1969 (151) and was later elaborated upon by both
Lymn and: Taylor (162) and by Mannherz (163) It should be

:,’noted here that the cycle descrlbed above remalns conjectur-

; mented the nature, and even the occurrence of confor-

4”mat10nal changes in - the- cross brldge cycle have. not been

',;establlshed A thorough dlscu551on of the subject is out51de

the scope of the present te but has been. rev1ewed else-T

de.where (153 155) Although the notlon that contract1on 1s

PPN

'true, thlS early model prov1ded a ba51s for a great deal of

the subseguent work on the DTNB LC whlch w1ll be outllned

7h(159 160) My051n can hydrolyze ATP 1n the absence of actln,

-al Although some of the b10chem1cal aspects are well docu—

achleved by the change 1n angle of the cross brldges when

fﬁﬂdthey are attached to actln is not ‘how- generally held to be '3*7'*'



L . .> - - .
o My051n can be enzymatlcally spllt by tryps1n (161)

chymotryp51n (51) and papaln (121) 1nto fragments that re-'”

bl

ta1n some of" the propert1es and act1v1t1es of the 1ntact

'molecule, the two ma1n fragments belng heavy meromyos1n and

%

' llght meromy051n (F1gure V 1B) nght meromy051n forms f11a- :‘n

- ment’s 11ke my051n but 1t lacks ATPase act1v1ty and does not
.wicomblne w1th actln._Heavy’meromy051n on the other hand ca- .
talyzes the hydrolysxs of ATP and binds to actln, but 1t
does not form fllaments. HMM con51sts of a rod; attached to a
double headed globular reg1on,‘and 1t is thlS reg1on of the
' molecule whlch makes up the cross brldge of my051n "and’
. whlch contalns the elements requ1red for ATPase activity. Itv
can be Spllt further into two globular subfragments, each |
: ;called,31tﬁand into one rodrshaped-subfragmentfcalled SZ‘
Alflgure V.JB} ‘The llght chalns of myosin are hlghly sus-
'12 ceptible;tonenzymatlc cleavage but, under carefully con-
{troLled”conditions,=theyvare found to be assoc1ated w1th the
h_\ %*“ ‘ ' s1 fragments (see later text) The enzymatic spllttlng of
o my051n 1nto LMM 52 “and S1 fragments is an’ expre551on of

'.i

the fact that my051n is constructed of three domalns whlch

.::\ Lo

31; are ]01ned by t&o hlnges (F1gure V 1B) Slnce these preducts

-ean, be obta1ned by d1gestlon w1th a number of - proteolytlc

enzymes of dlfferlng Spec1f1c1ty, 1t is thought that these_

- reglons represent the p051tlon of flexlble jo1nts ‘in the
- 5 o
fmyosxn f11ament. These hinges enable the S1 heads to span o

e T

,,Y_...r-l-..- .',<,

’:interfllament dlstance so that they can rever51bly at—'{'



‘wwhen.bound

';n one way when AD

7f‘1n conformatlon 1n tha‘

"., w1th bound ATP (l e glgure V 2B C) The postulated t11t1ng
»-h of the SJ head .as outllned 1n the 51mple model aboVET~W§§
thought to be the power stroke of muscle contractlon, where ]ah

ythe change 1n angle of the S1 domaln was transmltted by the,;-

o SZ un1t of my051n to the thlck fllament although 11ttle

A 3

‘fdlrect ev1dence exlsts for thlS supp051tlon. It 1s also pos~‘3 .

Ny

" 51ble that the sw1vel may 51mply reduce the geometrlc con—

”stralnt of the system such that su1tably orlented act1n .

monomers may be equally ava1lable to all’ my951n heads. The

fvar1at1on 1n the posxtlon of the my051n heads relatlve to

*the th1ck f1lament and may also be 1nvolved in the deve-“ﬁ

lopement of ten51on 1n the stlmulated muscle. e

';«The 1nteract10n of the myos1n cross brldges Wlth act1n’

hi»vfun1ts in-the th1n fllaments 1s controlled by the levels of
'bucalc1um in these tlssues. One of the three subunlts of tro-'
- ponln,\TnC -1s the regulatory calc1um b1nd1ng 51te of thls

- Ti_,system” Upon actlvatlon the calc1um concentratlon W1th1n,f

fﬁ“the 1nterf11ament space rlses abruptly from =10" to -10"

.

;cvM and the b1nd1ng Of'thls calc1um bY TnC 1nduces a Change ;h

subunlt whlch 1s transmltted over

f;'the troponln complex. Thls conformatxonal change 1n turn al-"
‘lows the act1n and myosln to 1nteract and the subsequent de—-m‘

hﬁ*{velopment of ten51oh (38) In the presence of pure act1n

\.
& Ul

'(151 153) The h1nge between S1 and 32 generallyff“"
dknown'aS‘the swlve\“ may enable S1 to 1nteract w1th actln ;i&_nf
a

nd Pi are bound and 1n a dlfferent way»“ﬁ’-"

7.-,other hlnge, between 82 and LMM also allows con51derable '7-"~"'



.diy(f"e actln whlch 1s dev01d of Tn and Tm) $kéiefai;hYOSin‘ i

'7'QATPase s not Ca"-sen51t1ve.."

Although contractlon 1n vertebrate skeletal muscle 1s )
ftifregulated by the 1nteractlon of calc1um 1ons wlth the TnC
}vsubunlt of troponln (thln fllament regulatlon)(38 159) in
";iiﬁlff‘dmolluscan muscles and 1n some other pr1m1t1ve 1nvertebrates‘
i ;icontract1on 1s regulated by the 1nteractlon of calc1um wlthi
1i"my051n (thlck flligent regulat10n)(38 159) Molluscan my051nfrf}d"

5preparatlons b1nd calc1um and thelr Af'ase act1v1ty 1n the‘;;;-ﬁ,f'

‘tpresence of . pure actln is ca1c1um dependent. The calc1um de—f?f o
s;]hpendence of the act1n actlvated ATPase act1v1ty of scallop

"blf"rfmy051n requ1res the presence of a spec1f1c llght cha1n

b'fwhlch 1s called the EDTA l1ght chaln because one mole of 1t
;;fls released from 1nvertebrate myosin . 1f the - dlvalent catlon,

‘-;concentratlon of the med1um is. lowered by the addltlon of.
l:h“EDTA \There are two EDTA LC assoc1ated w1th 1nvertebrate
F;humyos1n, and the release of ‘one mole of thlS llght cha1n re-

‘”lsults 1n a loss of ca1c1um sen51t1v1ty. The my051n is 'de-

fjsen51tlzed"1n that the calc1um requ1rement for the actln-v

'"75ﬂ5act1vated ATPase act1v1ty 1s abollshed and there 1s a loss

7ﬁof one of the two Ca‘z b1nd1ng 51tes on the 1ntact molecule‘

(165) SRR

Comparatlve studles on the calc1um regulatory systems,¢.“. ‘
?:of a. w1de varlety of - spec1es have revealed that the musclesﬂunw(luw
ﬂ**f”“jof some 1nvertebrate spec1es contaln both myosan llnked and”

:'factzn 11nked calcaum regulat1on (164) Although vertebrate




‘T vandesubst1tut1ons_1n*the appropr&ate blnd;ng 51te 10cat10ns

AR Gemm w s ;o,

>»3_skeieta1 uscle dlsplay

| '~1551m11ar toithat‘of A? (21kD) except for an addltional 4T rgL7rFa‘

a.1351due segment at the am1no term1nus of A1 The alkall\llght

and nelther 1solated LC 1s able to blnd calc1um under phy~ '”fgf;ﬂ;

S

;t51ologlcally s1gn1f1cant cond1tlons (40 172) _ Lff:f;-~'if@f'lw~

Treatment of rabblt skeletal my051n w1th DTNB leads to Lo

Tffthe selectlve release of 50 80% Of the thlfd tYPe °f LC
?fwhlch 1s known as the DTNB llght chaln, LC 2 LMP II Lz,:ne=
> the regulatory llght chaln, and the P--or phosphorylatable e

*llght cha1n. Thls LC has two th101 groups, a molecular f"'

.1’

l}welght of 19kD and 1t 1s chemzcally dlstxnct from A1 and Az\}ec*“




;i(18 121’173)**LC 2 has somezsequence homology w1th TnC and

B

parvalbumln (18)(Fxgure I 3) ,and there are two moles of

LC 2 per myos1n molecule.{In the 1solated state, a 51zeable L

”;;;5%5: portlon of the re51dues are’ 1n a deflned :stable env1ronment_h

ef and 1solated states, the b1nd1ng of calc1um has been re—
lﬁfported for the ‘thick fllaments of muscle (175) 1solated na-
::3ot1ve th1ck fllaments (166),.51 (176), and the 1solated DTNB
vh”;LC (30) Calc1um b1nds non cooperat1vely to two types of
:;“51tes on my051n wh1ch dlsplay dlfferent af£1n1t1es- there

fﬂ7are two h1gh afflnlty 51tes wlth Kd values of K,, ig-¢ to"“

" 0" M (51 166 167) and several low afflnlty sites w1th Kdz‘_
10"’ to 10"’M (166 167) The 1solated llght chain. has
”?fﬂffalso been reported to. blnd ca1c1um at two dlfferent types of

ﬁ7251tes- one hlgh afflnlty 51te w1th Koy = 10“ to 10"‘M

df;ﬁ(40 45 166) and one low afflnlty/51te w1th Kdz = 10" M ?

\“l4‘)g?1tfls the hlgh afflnlty 51te on the DTNB LC whlch 151‘.

™~

he‘h;gh affxnlty slte of my051n (40 166 176‘W'

.omology'wzth TnC and parvalbumln, the hlgh afflnlty Ca"z

'”f;fthree ac1d1c llgandlng groups 1nstead of four (18) {’t"

,iﬂﬁ?{ Ca"' Mg” and other d1va1ent metal 1ons ‘bind to- the / o
. ,." . - N - _«.—._/ .
o 1solated skeletal/llght chaln (40) as well as to my051nv'

”13(167) These 1ons blnd competltlvely and so the calc1um1f

"5; t1ally a s1ngle dlssoc1atlon constant for Mg‘z wh1ch 1s 10“‘_

(45 174) and the DTNB LC can b1nd calc1um 1n both the nat1ve}¢“~r:'

QY SeQUenceiif" -

V'Toop reglon of LC 2 should be located wlthln resanth';;:‘ﬁ

:T7dues 37 48 (Flgure I 3) wzth thlS slte conta1n1ng only ﬁfTVfﬁ‘“”*“”

._:b1nd1ng 51tes are relatlvely non spec1f1c. There 1s essen- R
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::fsioéf;:

3 ‘“.?51n (167) Obv1ously the 1solat10n of LC 2 has a s1gn1f1cantf;ﬂhd
é' u?effect on 1ts afflnlty for Mg‘2 but not for Ca" The fact Rt
‘i .'_'that the aff1n1t1es of mY051n and the 1solated LC for cal:nhhn o
3; cium are 51m11ar 1nd1cates that the b1nd1ng of Ca*’ by the.pfh
s ;DTNB LC is not 51gn1f1cantly 1nfluenced by the aSSOC1at1on.

v”jEPR spectra of rabb1t skeletal glycerlnated psoas muscle iilg

'-‘,'_}’_'-(176) myoflbrlls (47) HMM myosm (51 160, 176). (176)

;fa Mn*’ 1on b1nd1ng 51te Whlch was 1nvar1ant for the sourcesi

- -c"':..

soczated protean (174).

.‘.4 ,

'7*ﬂﬁn1f1cantl”’

iggthe ab111ty of the my051n to 1nteract»w1th actln. The DTNB
:lLC does not then appear to be a par;,of the act1ve centre of
. i
‘”5great portxon of 1t durlng S1‘preparatlon u51ng pa_aln
:ﬂﬂ(121 EEERE JE R PP : . _ .

‘ffthat 1t is l1ke1y local1zed on’ th_u_

dh‘to'10*‘*M (40 45) for the 1soléted LC and < 10" M for myo- :;fg;;

f'; . ah-‘ "”-‘of thls llght cha1n w1th the re51dua1 (DTNB LC free) my051n.;ffhff
Tother results 1nd1cated that the DTNB LC 15 1nvthe same con-ifj‘f

ﬁ?fformat1on 1n the 1solated state as 1n the 1nt dt SYStemL‘ffp”‘”'”
.ipand the 1solated l1ght chaln (47 51) showed the preSence of]f’
“h;f'above, and wh1ch competed wlth Ca" and Mg” (47) In addl—f"“"

'ftlon,‘there vas’ no. dlfference 1n the extent of the reactlonﬂijacu

'-‘of antlbodles to the DTNB LC agalnst the assoc;ated Qr‘d:s-ﬂfﬁdsz

“The loss o{ one mole of DTNB llght chaln does ‘not’ 51g—f;3_¥x?
alter the propert1es of the reszdual my051n-,1t i

i'has llttle'effect on the ATPase actlvlty (121 155 177) or’ on4'” ‘

';the my051n head The loss of e1ther all of thls LC /pr a h”’"”'”

‘;a;]31n molecule that connects S? to 52 ;magggfééaﬁsg;ggt"on|,. e
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t

studles comparlng 1ntact my051n to myos1n w1thout the DTNB

,gthe m9051n head (179) Prev1ous work has shown that the

—,::"«'

“ffd%to b1nd dlvalent metal 1ons,(51 JIB 180) These results

'strongly suggest that alkallne earth metal 16ns b1nd to the i}

'T“'*S1 52 "hanEm and chanqe Trs conformatlon.,:5“ :ﬁ;~;nf f L

Tt SRR T e
- i ' .

' The studles outllned above,-and the observatlon that

-c--...

" the blndzng of calc1um by my051n results inc 51gnrf1cant S

}qu;.W-:lf~alteratlons in: sed1mentat10n and other propertles (166) dl"
thi - f'd,gf to speculatlon that these hlnges mlght be sw1tched on 'when

'.muscle IS stlmulated hut there are several tactors-wh;ch

w

“x.,'f- "““'

.ﬁfd‘argue agalnst such a. control mechanlsm Purlfled vertebrate

'7fmyos1ns b1nd rather small amounts of calc1um 1n the presencev

‘d”*f;fvof phy51ologlcal leVels of free magne51um such that under

fff;?_:;gthe phy5101091ca1 condltlons of llv1ng muscle the DTNB LC

'f{fretaln the same structure 1rrespect1ve of contract1on or . re—'if

bdfbrlaxatlon (166) In add1t1on k1net1c ev1dence argues agalnst

j#;“?thls hypothe51s as the effectlve rate of Ca‘z blndlngwto the .:

'xTnjghjLC, c0ntrolled by the slow rate of Mg’z d1ss°c1atlon,ww'

'llght chalns also locate this llght chaln at thls reglon of4pﬂb't?

b1nd1ng of dlvalent metal ions to my051n and myoflbrlls 1n—' -
fd'hlblts the formatlon of S2 and st upon proteolytlc attack byg}:;ﬁffi
;fthese enzymes,.af well as 11m1t1ng the extent of the degre-v_i f;ulf

“ilﬂfdatlon of -the DTNB LC to’ a 17kD fragment wh1ch 1s stlll ablef*’

“f,hblndlng 51te would always be. saturated by magnes;um and thus‘l'-‘




SCallop ifomyosxn ATPase (40) 1n1t1a11y suggested that the;f%;wtuf

’“.?;QDTNB LC could functlonally replace the scallop-EDTA LC andffﬁl:":

;jfmuscle. However, later work has shown that thls relnstated

'thdacatedua p0551ble role for these llght chalns 1n rabblt

A "

‘Qﬁ'Ca” sen51t1v1ty was med1ated through the remalnlng scallop?‘*'“'”

d';muscle*'as well as ln VItPO (181) The 51te of phosphoryl-_;,;;:;;

‘“Nstoredua,here was nd‘effect on Ca” blndlngﬂ

‘lhphy51ologlcal 51gn1f1cance of the b1nd1ng of Ca*’ to the

Jl’atlon 1s a 51ngle ser1ne re51due (ser 44 or © Tsf Iocated atu

Viphorylatlon of the LC (45) The enzymes
:;to be 1nvolved 1n thlS process are call

;klnase, whlch requ1res Ca’2 for‘furl act1v1t
ixﬁmyOStn Irght chalhrphosphatase (184) These same enzymes are

5jpresent 1n both cardlac and spooth'muscle, and are capable

7hregulatory LC (165) 51nce although Ca‘z regulatlon was re-i

x.«v'-‘

_To date, the é

e

The DTNB LC can.be readlly phosphoryiated and dephb_nr;__)

sphorylated durlng the extract1on of my051n from whole'

LR e RO

fthe N termlnus, whach 15 very close to. the proposed metal
,ﬁblndlng 51te 18y, and the ab111ty of the llght chaln to ,

B b1nd~Ca"'(but not Mg”) is affected by fhe state of phos—f

-~

_'h1ch are belleved ;
| myosrn Izght chaln
g“(182 133), and

,,,,,,,

._,..:\“.,:

g*he 1zght cha1n of thesef Yosins##lﬂ




interactlon (153 185) However, 1n skeletal muscle, the

*i'VJtPo enzyme act1v1t1es 1nd1cate that the amounts of these g,~:
v

,.Am'

S tWO enzymes present are such that a phosphorylatlon--t

dephosphorylatlon cycle could not occur durlng 51ngle tw1tch

1n skeletal muscle (182) It is unllkely that the hyroly51s

--;f of ATP by my051n goes via a phospho enzyme 1ntermed1ate,‘as SOy

partlal removal)kj LC- 2 has no effect on the ATPase act1v1ty

Q'of the mohecule{ The extent of enzymatlc cleavage of my031n g
“'m1s aifected by phosphorylatlon 1n much_the same<manner as by ' ‘
fthe presence of Mg"ﬁ 1n that the LC 1s cleaved only to a

17kD fragment and the formatlon of S1 1s suppressed and HMM N

format1on 1s 1ncrea5ed (786) In llght of these facts, under

thSLologlcal Mg‘2 concentratlons, 1t seems unl kely that

vy 77_,ny funct1onally 51gn151cant structura‘_chahges are accom—f7'f?ﬁip

panled by phosphorylatzon. At the present t1me there is no

}73. clear 1nd1catlon of the role of- the PhOSPhorYlatlon dephos-'

phorylatlon process 1n strlated muscle my051n (153) ..\i
- although recent work 1nd1cates that the phosphorylatlon of - ff
: LC‘2 1nfluences both the actomy051n ATPase act1v1ty and thevf
; calc1um senslt“vlty (186) Other results have suggested that' -
| v ffls“é57

winteractlon as 1t does 1n smooth muscle (183)

liptjcity upon metal binding were different for

. \‘»

'iﬁxfj}gftfffftﬂfpﬁl,:;Nhfhptsiif {ftffffff}g f:fld;s\}



REN -spec1f 1c :

xf'ﬂ}terature (121 122 187). The proteln was subjected to amJ.n[o*‘»if---"-'j

1n theHSense‘thatfall metal 1ons‘w1llxh0tupndu€ef

"*;tpresented

535?;8 Results _ - R R =
| The 1solated DTNB LC gave a 51ngle band;on'SDS PAGE _
;Lh,w1th a Rf value of 0. 674'}A‘ca11bratlon ploﬂlu51ng lysezyme‘;"
lj(14 3 kDalton) soybean tryp51n 1nh1b1tor (21 kDalton), and.ﬂ o
“lfcardlac Tm (33 kDalton) as standards 1nd1cated that tbe 1so—f£i.
lJlated LC had a molecular WEIth of 17 3 kD (Flgure V 3) .Th
'*molecular we1ght of thlS proteln as determlned by’gel e
:;{electrophore51s has been c1ted to be 17 to 19kD 1n the 11—;fvhi5?L:”
'fac1d analyS1s to oetermlne whether Qe had 1solated the 1n¥xiﬁ

'ftact 19 kDalton proteln or a 17 kDalton fragment-TTable‘f
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than 220 nm were dlfflcult due to the n01se arlslng from the

*ihiféﬁflﬂabsorptlon of chlorlde ions in the’ sample buffer (188) The
.;;::;Qfééf;igjapo spectra of each oi the {our“samples was~taken prlor to
'l;‘Uf.f?fﬁ_~g~the add1t1on of metal 1Qns..To each of three separate'

- *{samples_were added 5 ul of stock lanthanlde solutlon _whlled’”
”".the fourth sample was t1trated w1th varlous allquots of the -

wﬁthree stock calc1um solutlons {a" total of 37 ul of . solutlon: o

idfwas added) The elllpt1c1ty values from 210 to 255 nm wereaéepb
‘frmeasured from a basel1ne (buffer only) spectrum for both thed
apo and metal bound CD spectra and were used to calculate
[6] values for the ‘same wavelength range. The observed ell1—3
.pt1c1ty values as a functlon of total carc1um concentrat1on g
7fﬁﬁifwere used to determ1ne a dlssoc1atlon constant for calcrum
73;#;J(Flgure V.6). The value was Kd = 4 'x 10“ M and was deter-.
7.m1ned by a nonllnear curve f1tt1ng 1terat1ve procedure wh1ch

B | ‘has been preV1ously dlSCUSSed (119) 1t was ca two orders
fiiof magn1tude less than the values c1ted 1n the llterature
S Ta_b-le I .2) .

An average ‘apo. proteln Spectrum (calculated from the-
i__four samples run 1n the apo state prlor to metal 1on addl—
’”ifffftlon) 1s shown in flgure V 5 ‘along w1th the correspondlng'

metal saturated CD spectra. Our ell1pt1c1ty values (Flgure*

”V 5) for the apo— and calc1um-saturated LC were compatlble-'
_wlth those c1ted 1n the llterature (45 188) The f1nal
metal/LC rat1os were' calc1um 225 lanthanum, 118; gadblin?;

J;:;um' 127 Yb‘J 127 The a- hellcal contents were~ c_#'épa;.*7
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Flgure V.6 A plot of 10" [e] 1n deg cm2 dmole"
. L Lvs pCa’ for the -Ca*?. t1tratqon of the 'DTNB.LC.:. The -
ﬁ‘vj-:]. symbols-are as follows: e *, ‘the: observed: values-»so-'”\“
o 1id line; the best fit values for the ‘data using thet

»,BCON1 programme (1.19). whlch ‘as umes that.the:proter
- has one Ca‘2 blndlng 51t - R et




J'mllar to that of calc1um. The amount

”tat c enV1ronment Analys:s of the sequence

’:'\,\H P _o

presence and absence df talcium’(FIgure V 1) and
they were very 51m11ar to- those of the phosphorylated and

dephosphorylated proteln in the llterature (45) The 'H NMR ‘

spectra of the two states are extremely 51m11ar, wzth only aq,

kN

few sllght dlfferencesrapp%rent 1n the allphatlc reglon
(45)

There wepe onlx m;no; changes 1n the spectrum upoﬁ”th

ek

blnd'ng of calczum even 1n Ehe presehcemof ‘a- largeWexcess

of'calclum 1ons~-the tYpe and magnltude of these changes

KX

A el » ,_7‘&3

»_ev,rg}-;‘%msg;s;.e‘rn; ;',-w.i_?th" .g;gv; o,qfs r,yv- p‘uhl i s‘h"e:d-- -i;_e»sujl-ft 5 (45). n-.
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: YH NMRASpect,um of'O 31 , oin

fOﬁmM Tris; 50 'mM KC1, ‘PD:7.8 in 't efpresence of a'p
.trace amount of .EDTA. The symbols are- . ]
not ‘seén- 1n‘publrshed spectra (45)
EDTA . resonances", _
A. The 'apo prote: n_spectr 1 o SR
'B.: The ‘spectrum in ‘the’ presence;of exces; calc'
‘The ca1c1um to ’ L '

“n




=_:fppev1ously cltgd values of 33% (LBB) andm40 50% (174) wh1ch

‘“;a?may 1n part have been due to 1naccurac1es 1n our analys;s'

"Slnce we used only a 11m1ted portlon of the spectrum or f'f

:3§wh1ch may have been 1nd1cat1ve of the presence of small

i

“tdetermlnatlon of the a-hellcal content of the DTNB LC based~4

H5?¥“*"‘~»;§[on 1ts sequence~gave a value of 41% (188) u51ng the_ ethod

:;Jamounts of oxldtzed proteln in the samples A prevfous

-g{?and parameters of Chou’ and Fasman 189), Th;s value agreed

';bagreed falrly well w1th our determlnatlon but both of these |

%VVﬁﬁ”ftheoretléar/values appear to- overest1mate the a-helical con-

oy 'bfftents determ1ned by CD '{““{iilif- r'ifi?ff~f7!7-"?“:#3

The afflnlty of the 1solated DTNB LC for calc1um as .

ﬁ;}measured by CD 1s ca. two orders of magnltude below that of

'fﬁthe values g1ven 1n the 11terature (Table VI 2). The 90551—3.'

‘ph;;blllty of a 51gn1f1cant change 1n calc1um blndlng afflnlty

u.ﬂgdue to dlsulphlde formatlon seemed unllkely 51nce prev1ous

zﬂxpworkers have found nérmal b1nd1ng aff1n1t1es in the absence -

be DTT or 2~mercaptoethanol (40) although the effects of jm-d*

7faglng !ave, 1n part shown to be removed by 1ncubatlon w1thf7'r




.ﬂiicalc1um'b1nd1ng Was st1ll spec flc (I e. the calc1um was

o

"5w1th lanthanum hav1ng a p051t1ve effect, gadollnxum hav1ng a
yenegatlve effect and ytterb1um hav1ng a

v=ﬂ“t1ve effect on the elllpt1c1ty of the apoptoteln,_although a’

T&iohs would have to be carrled out before a deflnlte state—*ﬂ*“

'fyﬂgment of thls type could be made.

53;zatlon) aor to the presence of EDTA 1n the samples, whlch

‘vlatlon Of the~llght chaln would also ‘decrease’ 1ts aff1n1ty

for calc1um (45 190) but .the appearance of the H NMR spe-'i‘W-'
,“ctra 1nd1cated that the majorlty of the proteln was in the o

‘ndephosphorylated state,'as w1ll be outllned shortly.

It 1s readlly apparent that each of the lanthanfdes had

o qu1te ‘a’ dlfferent effect on the overall ell1pt1c1ty of the: :

»

”ff'had been 1mmed1ate1y obv1ous 1n the NMR spectra. Phosphory—'

“, glsﬁlated lzght chaln. One would not 1ntu1t1vely expect to _'

'observe such a large dlfference as the 1anthan1des are

.chem1cally and phy51cally very 51m11ar (Chapter DI) The ef-'

'_]fect of the lanthanldes iiems to vary across the serles,

"',mafé thorough 1nvest1gatlon 1nvolv1ng many other lanthanlde

Due to the large excess of

'enfgreater nega—fo“' -




»metal 1ons employed

.m,.~,

lt xs unllkely that the results refle#

These studles, as well as ours,

ﬁ193) may 1nd1cate that a

f“flexlble b1nd1ng 51te adopts a conformatlons whlch 1s depen—f‘

dent upon the slze (l e. 1on1c radlus) of the lanthanlde

’ ~3ff:employed.
The ‘H NMR spectra of the DTNB LC (Flgure V 7) were

v1rﬁually 1dent1cal to prev1ously publlshed results, and ap-

peared to most closely resemble the ephosphorylated protelh

= g

Spectrum C45) The state of phosphorylatlon found in the o \Qg}

1solated LC ‘is a functlon of the extract1on buffer content o

‘}.and extractlon buffer/muscle volume (184), the condltlons f

S a e T

.f'thatrwe employed should have resulted 1n a m1xture of the
‘swtwo states, although the proteln has been shown to become o

dephosphorylated wlth t1me (181) The spectrum of LC 2. (the

protexn‘has 1 hls,ﬁtstrp,_z tyr, and 12 phe re§1dues) bore

R

hiresemblance'to that of TnC (32), 1nte*'_;" .

llttl.fsuperf1c1a

"Fstlnal CaBP (26) parvalbumln (77) or the A1 and A2 1lght



c_ange 1na
addltlon

.awof Ca’z was 6%, 1t:seems unusua

1n 'he slow ‘:?Lffﬁ

'z:ggf;j??eXChange l1m1t, as the helght of somef,esonance hdecreased

' ﬂgffupon the- additlon of calc1um, whlle the helghts of others 'ﬁféfd'“
ﬁrjlncreased and no broadenlng was apparent.:The appearance of .
-EDTA Ln the spectrum has led us to suspect that the aff1n1ty _
"dof the LC for Ca"g as’ determlned by CD was probably lo-f"§:"
-:}2wered by contamlnatlng EDTA The sample whlch was uSed An.
'*;,rféfﬁthe NMR exper1ments had been stored for some t1me 1n the
':5¥1yophlllzed form and thus the NMR results are pr;%rnlnary :f;f;f;;f
;Qand speculatlve.:ft 1; apparent from our CD work that one ;l;"n
i‘,fishould be careful 1n ch0051ng wh1ch lanthanlde to use as a..s

”Jlchalc1um analogue' thls supports the results of prev1ous stu-v*v i

:idles where lanthanldes have been obServed to have both very ifff”ht

*ﬂ51m11ar and very dlfferent effects to those of calcxum 1n a f"jn

varzety‘of enzymatlcally actlve muscle systems (194 195) and?if}fl7{

‘r;actxve enzymes (67 68).p0ne should be partlcularly

'“w,:wtareful when)studylng structural changeswln a system 11ke B



 s;UdY'5UPP°TtS 9 owi ﬁﬁleb1dente$;iiiff l Gan not 51mp1y as _.%

'f

1dent1ca‘ manner; ana that more than one aépiéaéh; §ptha5[;







a ¢1d re51duesy1n theQC termlnal half of the molecule, 1mply—fgff

5

'uﬁlts. The studles and dlscu551ons outllned below w1ll con**”
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Several studles have shown that the conformatlonal

o \ chaﬁge 1nduced when Ca’z blnds to the hzgh aff1n1ty 51te on Eas
-'f;;ns1oo proteln mlxture (S100a + SIOOb) results 1n the exposureﬂl‘.fljl

“'3l”fof a dlscrete hydrophoblc port1on of the molecule to the so-"

H”;‘lvent (205 207) wh1ch may be 1nvolved in the phy51ologlcal-jfcjfjf

7Efunct1on of thlS proteln. The b1nd1ng of the S100 proteln
”'-ﬂaji.;ffjgfamlxture to synaptosomal partlcles (208 209) llposomes f“

>75fff;(205 206),~ yelln ba51c prote1n (210) hydrophoblc probes

f7ﬂ;f(205 207) and chlorpromazlne (211) is dependent upon sucﬁ P
“?:factors as tlme, temperature,va and the concentratlon of.

“5i]ftuvar10us mono— and dlvalent catlons.vIn an earller study on

”T*J$?dthe mlxture of S100 pr°t$1ns, 1t was shown that S100 blnds 4"hh

‘ifffmoles of Ca*”per mole of proteln at pH 8 3 wh11e only 2.

‘s’j;moles of Ca¢z were bound at pH 7. 6 (205 206) These properl'n
5ff3t1es of the proteln mlxture, as’ well as. those of the 1so-v7ffh

_lated S100a and 5100b protelns have been shown to also be:jj ;?h;f

'"""":"_‘;"':‘faffected by Sr” Zn“ Mn” Ba"',‘ x*’ Na*, L1 : and Rb"
“hffunder varlous cond1tlons (123 206 212, 213) Mg*’ does notﬂ- ‘
T"-“E-Ia.ppear ‘to. have any effect (27 123 zot 208 213) Far UV cn }‘
'\measurements, wh1ch were Carrled out concurrently, 1nd1catedfli;,.'
aﬂloss of secondary structure when purlfled S100b 1n the
;;absence of Ca";'was t1trated from pH 8 6 to 6 0 (27) How-'y':
'ﬁever, the loss.ln secondary structure was mUCh smaller when 3ihi"h

_the'proteln was t1frated 1n the presence of Ca"' so the

,vproteln}was more susceptlble to pH changes 1n the absence ofu:

over the range of pH values observed Earller studles

by our collaborators showed that at pH 7 5 pur1f1ed S100b

q’-j.. ./' B




'fﬁ,protein demonstrated a conformat1ona1 change upon b1nd1ng

”7f;Ca" Whlch resulted 1n a loss of secondary structure (123) B

AR

'“fc1um 1on per monomer w1th a K, value of 2 x 10" M The ef""
'“ffect of K* on the proteln was antagonlstlc to Ca 1n thatjff

the aff1n1ty of the proteln for calclum was lowered to 8 x

‘ *f10“ M 1n the presence of QOQmM KCl The presence of 1 62 mM

MgClz had no 91gn1fcant effect on the conformatlon of SlOOb

! ieﬂf:ﬁ_d?ih;} lonsr The'lnteractlon of Ca*z Wlth purlfled 8100b at pH 8 57i”ﬁ a

was studled concurrently by aromatlc and far UV CD_(27)-’,1‘”;'

'“ﬁ was ev1deptﬁthat two sets of Ca*’ blndlng 51tes per,monomerfgx.tz

hlféf"f.:e§1sted at thls pH The calc1um a&flnlty of these two 51tes;;e:,“'

*

owever,‘ln the»ﬁn-f“

\

mEt;Q?ff3‘_j;¢¢'was Kd1 _ 6 x 10 s M and Kdza- é x‘TO" M:ﬁ

presence of 60 mM KCl theve was ev1dehce for only one blnd-fh“h
1ng 51te per monomer w1th K, = 8 5 X 10" M and Mg‘2 agaln,l?:{q
had no effect on the conformat1on of the proteln. From the

: results outllned above (27 123)"’1t was concluded that S100b
does not blnd Mg”‘at elther pH and that the blndlng of Ca*2

to the higher afflnlty 51te at pH 8. 5 was elther 1nh1b1ted

By the p?esencv'of KCl or else the b1nd1ng of K’ caused an;j”J”v

1ncrease 1n:K, for the tlght Ca‘z b1nd1ng 51te.1

.‘other CaBP there are two“éxﬁfV

‘ “EF hand" 51tes 1n the proteln whlch are shown 1n reglons?g%

III and IV 1n F1gure I 3 The C term1na1 S1te 1s closely;Vf

L oAN L



.@rdmlno ac1d 1nsertlon, and that S100b contalns the three bas—“ no
iilc s1de chalns lys hlS lys dn p051tlons correspond1ng to the‘

quro asn gln sequence 1n the calc1um b1nd1ng loop of ICaBP

;fPrev1ous workers have suggested (8) that tltratlon of the jg:fdf
'ﬂhls 25 (hls 121 1n Flgure I 3) res1due 1n the calclum blnd—f
-_glng 1oop reglon may be respon51b1e for exp051ng\the add1—*”?

gftlonal calc1um b1nd1ng 51te (Kdzi— 6 x 10'5 M) at pH 8. 5 by

,,,jlnduc1ng a pH dependent cqnformatlonal change in the pro'fﬂ L

“teln.,g;pﬂ

The far UV spectrum of s100b 1s characterlstlc of a

'd:{ffprote1n wzth a hlgh phenylalanlne to tyros1ne rat1o'
&ff(phe/tyr = 7) as shown 1n Frgure VI UV dlfference spec-7
"fttroscoplc results from experlments wh1ch were carrled out

eﬁfconcurrently 1nd1cated that the 51ngle tyr051ne re51due was ';h"

Lpﬁf;?Perturbed upon the addltlon of Ca‘2 at pH. 8.5 (27)‘ The

,ﬁ,*tyrosyl d1fference peak was red shlfted 1nd1cat1ng that 1t

'was 1n a leSs polar env1ronment 1n the presence of calc1um.'
5fThe magnltude of th1s Shlft was smaller than that observed

%at:pH 7 5 (123} suggestlng that the tyr051ne res1due in. theh“ﬁ

poprotelnﬁls 1n a relat1vely less nonpolar env1ronment at
“pHsB.S It was also ev1dent that one or more phenylalanlne
1chromophores are also perturbed when calc1um was bound Theih:'
j'-"uilagm.tude of these perturbatlons was greater than those ob-if~*'

"Served.at:pﬂ 7 5 (123) Therefore,tcompar1son of the dlffer-f;f'

e ce.spectra generated at pH 8 5 (27) wlth those taken at pHid57s?'

VfN termlnal 51te 1n S100b to that of the correspondlng regionrd;ftff

;}of ICaBP 1t 1s apparent that both 51tes contaln a 51nglesilhv o

P
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Flgure I, 1 The.Uv s
Trls~HC1 ‘pH 7 5
perm1551on .

pectrum of S100b in’ 'o
Taken from reference 195_&”*
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(123)_ 1nd1cated that the the m1croenv1ronment of the

\. ,.\‘

Edh tyr051ne and phenylalanlne re51dues were dlfferent at these \.t

two pH values, and were thus are further perturbed by the hf\ffff

b1nd1ng of a second caIC1um 1on to the prote;n. These per-i
\ .

urbatlons may be the dlrect result of structural changes 1n ,dﬁ i

.

these re51dues due to the b1nd1ng of calc1um or. they may be )

1nd1rect1y due to local charge effec}s, 1n that the free ne—dl:’ﬁ“’

“difatlve charge on the carboxyl groups wouldrbe reduted by
' I

Ca‘2 blndlng,:resu1t1ng in: changes 1n the geometry of the
f;5‘ blndlng S1te and reorlentatlon of the phenol1c groups.l;?V

Observatlons to thlS effect have been noted 1n the past w1th

skeietal and cardlac TnC (214) and porc1ne 1ntest1nal cal-’_

,,'-'_{ff c1um b1nd1ng proteln (39) ig'd'gyffff-~“ flf,ﬁ“ ‘;fﬁﬁj?niﬁc_tf
S AR s e .-,»M“?:‘ EE rrﬁ S

FluoreSCence studles at PH 7 5 have suggested that -

'TISJOOb possesses one abnormal ty?051ne per dlmer (123) In -an’

”};Egempt to’ determlne the pK of thls re51due, our collabora—

}tors performed alkallne pH tltratlons on S100b These con—

vcurrent ar UV and CD studles (27) 1nd1cated that apo S100b

i“dloses more than 50% of 1ts secondary structure once pH 11 05
?15 exceeded and that nelther of the the tyr051ne re51dues N

,(one per monomer) t1trated below thlS pH These results 1m—1v

p.led'that«the ty,ﬂl ne re51dues 1n the natlve s100b dlmerfd

we_einot exposed to'the solvent and that they t1trate onlyf

.after the proteln 1s denatured In the presence of Ca*Z}fyfT

hiS100b retalned 1ts secondary structure up to pH 11 51‘1nd1-7f;j*;f?

}catlng that Ca

‘? stab111zed the proteln somewhat at alkal1ne }dfha

TpH’ the denaturation was 1rrever51ble‘above pH 11 Iﬁ both

Yoo
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"-T]fcases (27) These results were supported by other spectror3?tj;w°

;

'ffajphotometrlc studles (27)._,f;f;"

In the present study we have employed ‘H NMR to study
"lf';the blndlng of Ca"-to pur1f1ed S100b proteln,.ln order to

Qjcompare these results w1th earl;er CD and UV dlfference ‘jad;f’

ng;V;:;w.-'“}fﬁlspectroscoplc results at pN 7 5 (123) and w1this;?11ar stu-p‘
| '“7:Qd1es at. pH 8 5 whlch were carrled out concurrenf;yf(27) |

”jfg;ﬂffflunghese 1nclude a Ca*z and K‘btltratlon of the apoproteln at

CpH 7.5, followed by the

;addltlon of K‘land Ca‘z respect-ifdif{;fj

.

'fftﬂfd? al’;lvely, a Ca*’ t1trat10n was’also carrled out at pH 8 23,

7;:Both the apo— and Ca"—saturated proteln were tltrated from
ﬂ

s Ca.-pH 5 6 to 8 6 1n order to observe the effects of pH on:tlizf~

the hlst1dine re51dues. The 1on1zat1on character1st1cs of
ifthe 51ngle tyros1ne re51due of the proteln in both the preapthfﬁ'
7sence and absence of calcgum were observed by a spectro-r5~‘
'uSCoplc tltratlon carr1ed out 1n the alkallne pH range. The
"ahfﬂheat stablllty of the proteln at pH 7 8 was probed over a

dtemperature range of 10° to 70 C.

B Resuls

’t:fFlgure VI 2 shows the complete ‘H NMR spectra of both

:}ijthe apo—'and calc1um—saturatepp”orms of s100b at pH 7 5. It@vﬁsﬁu

;sfreadlly apparent that the apoproteln resembles other

"3fCaBP“s 1n that it'contarns upfzeld shlfted_methyl and



_ e The complete 270 MHz 'H NMR spectrum of
0.4 £0.0.5 mM.§100b. . O
.“Ai.'The" specttum of”apo S100b The samp ~had-'b

f-dxalyzed exhaustlvely against 10 mM- Tr mM
,ﬁpu 7:5. prior.to. lyophilization. . L
B. The. spectrum of - calcxum—satu:ated S100b The "
~sample had been- d1alyzed,exhaust1Vely agalnst 10 mM L
'Trns,*ﬂ mM CaClz, pH 7. S"pr1or_bo lyophllyzatlon.,nﬂﬁﬁiu




‘-',_'..Ca"2 (Flgure VI ZB) The rest of the Spectra concefru' g ‘

'5ﬂfthe aromatlc reglon °f the PfOtEIH Spectrum. whlch’containss_;ﬁff
5tffthe resonances of the aromat1c r1ng protons of seven phenyl-ﬂﬁ'”i
'5§alan1nes, f1ve hlstldlnes, one tyr051ne _and an undeterm1ned

f"*unumber of backbone amlde proton resonances whlch do not ex-y PR

{?5 ff;i'change rap1d%y w1th the deuterated buffer at room temperaftf?;eff

":@ture. From comparlson of these spectra wl_h{those of other R

:{fffcalclum b1nd1ng protelns (26 28 29 43) one can attrlbute

ﬁtéiﬁﬂh:fﬁifyf¥f thewprom1nent resonance at 7 3 ppmras correspondlng to;the

'»?fclel the resonancefat'”"

S } = 3 J.ﬁ_w .
'I;Eam1de NH s (wzth thefexceptlon of the contamlnatlng formlc

pf'ac1d resonance at 8 44 ppm)

R . - . N . . B : "‘,'
Flgure-VI 3 shows

( .
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Flgure VI 3 Tltratlon of 70 uM apo Ss 100b in’ 10 mM T

TELS,” pH 7 5-with" calc1um
-of - KC1, The Ca”/S 100b ratlos ares !
B..'3,08;°C. -4.08, D to E. 5.09%.Th
,:trat1ons are:"a, ~£o D 0, E. 62" =
.€aCl; and KCl, stock solutlons were
7.0, 'respectlvely WA

l

137

followed . by the addltlon‘“'?'




"ﬁfmffrom thlS data as the [S100b] Kd, so that'ahlarge excess of
Jhﬁﬂthe ‘H NMR spectra. The addltlon of KCl was antagonlstlc,

'~?j;c1early resolved as well as the reappearance of the

'.t7upf1eld shlfted phenylalanlne resonances. At a sllghtly

"fTESquares ana1y51s of the change 1n lnten51ty of the phenyl-f-

c*t;stant of 2 x=1

‘{[g“calc1um was needed to maxlmlze the effects of thls catlon on.-

£

L

“resultxng in the resonances hecomlng sharper agaln and more}d,"

'.;r-‘

'"tphlgher concentrat1on of s100b (Flgure 7 ref 27) a least

1gure VI4 )

Flgure VT 5 outlﬂve,gthe results of the tltratlon of

o':the apoproteln at pH 7 5 w1th KCl and the effects of subse—r<43*‘

~;;quent addltlon of calc1um._The 1n1t1al addltlon of KCl re—h;i‘-“~

'&Tsulted in’ some broadenlng and spllttlng of the resonan&e at

c ;h37 3 ppm, as well as other changes 1n the appearance of the

;fspectrum, partlcularly 1n the Upfleld shlfted phenylalxnlnes

gpﬂand 1n the hlstxd1ne/backbone amlde reglon from 9 ﬁ to

'5rifc1um caused only m1nor changes 1n the spectrum The f1nal

'f7 5 ppm but the changes

i regmuch smaller than those 1nduced L

‘lffhby the add1t10n of caIC1um fzrst._Further addltlon of cal—h?jhrl-

}‘ .




”|o" |5,.
.[Ca“] /[SIOOb]

Fxgure VI 4 The plot of the change in: 1nten51£y (1n
rbltrary unlts) of the 7, 33 ppm phenylalanlne res-'

o "teckAsolutlon’was
‘are shown ‘in F1gure ;










:'ii}fﬁtékén up to pH 8 5

7 09..The f1na1 couc!htratlon of Na added'w s 7 mM
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"flproteln,'whlch 15 agaln 1nd1cat1ve of the lnfluence of morei-

7h;than a- 51mple one proton t1tratlon of the hlStldlne reson-_ o
”ij;ances- A plot of the chemlcal Shlft of two of the hlstldlnev
:firesonances 1n the calc1um saturated prote1n as a function of

‘:i}pH 1s shown 1n Flgure VI 9 These are the same two hlStl“ 5
;ﬁfe:;ifl;?inf{dlnes Wthh were PlOtted in. Flgure VI 7 and the SpeCtral

”’:tsgchanges dld not appear to be as large as those observed 1n

a~the absence of calc1um.l<_'

Flgure VI 10 111ustrates the t1trat10n of apo 5100b

“':“bWLth calc1um at pH 8 23 The broad phenylalanlne/hlstldlne

’A;C4 envelope 1s 51gn1f1cantly perturbed by the addltlon of
‘”.dcalcmum and the magnltude of thlS perturbatlon 1s maxxmlzed
"'ﬁ;ﬁfat a Ca*’/S100b ratlo of 2 1, 1nd1cat1ng that two moles of'
'”fﬁf}jCa“_are bound per S100b dlmer. As observed 1n Flgure Iv. 3
"ththe add1t1on of calc1um at thls pH also results 1n a general
Jf;broadenlng of resonances throughout the spectrum.vThe re~ﬂ'

,;f;su1t1ng plot of 1nten51ty of the phenylalan1ne envelope as a el

*t:i*funct1on of [Ca”]o/[S100b]o 1s shown 1n F1gure Vl The

f;data;lacked suff1c1ent p01nts in. the cr1t1cal reglon to ac—':f“‘
;gcurately and 1ndependently determ1ne the two b1nd1ng con— Q’.f

fstants observed 1n the CD studles, but a calculated b1nd1ng

fcurve,u51ng the two K, values determlned from concurrent CD

s ;’1_‘ ‘;A§~ 'f'f ERN L e e
";Qrpe"tra accumulated durlng the alkal1ne pH t1tra-

xt1onfoi;STOOb_aref1llustrated ‘in- F1gures VI 12 and VI 13
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31 ;23 The buffer was 10 li TL‘IS and thé protém,,:t'
'_or_xc‘entratlon was 0 12 n;M The Ca: - :













ff,ln the nat1ve proteln 1s not exposed to

'”jThe\concurrent CD measurements 1nd1cated that S100b losthiig

‘3?more than flfty percent of 1ts secondary structure once pH

L

i'__"11 0 was exceeded thCh 1mp11ed that the tyr051ne re51due;p!;f;‘;"

,_‘_

-

the Solveﬁt;and tl-fﬁ’ffﬂgrf;f

:”itrated only after the proteln was denatured In thegpresence_f;":;"

‘h”of Ca" the proteln began to lose 1ts secondary structure atv _"

'ﬁpr > 11 4 (Flgure VI 13) as opposed to pH 10 9 1n the ab-

'“gsence of c:a‘2 state (F1g. VI 12) In nelther case was the

R PR

'nudenaturatlon rever51ble from the end_p01nt (pH 12 6) of the .

w;Flgures VI 12 and VI 13, 1t was not p0551ble to plot the

;ichemlcal sh1ft of the tyr051ne resonances as a functlon of

1ncrea51ng pH due to the overlap of the phenylalanlne reson--

’“E”ances. The 1nherent stablllty galned by the proteln upon the_'

"ab1nd1ng of Ca”'was also reflected by the observatlon that

nﬁthere were only mlnor effects upon the spectrum of

"_tha*’-saturated S100b proteln as a functlonvof temperature

‘,'f;flwhen the temperature was ralsed from 26 C to 70 C.

Slnce we were not able to Eltrate the tyro: ne,_and

*5ﬁggrherefore defln1tely ass1gn the terSIne proton reSonances,

;fan attempt was made to a551gn the tyr051ne 3 5 proton reson—'ffrﬁ“

-»‘}ances u51ng the laser photochemacal 1nduced dynamlc nuclear f”'

fﬁpolarlzat1on method ThlS attempt was unsuccessful for S100b

,ﬁjfln both the presence and absence of Ca‘2 because the re-

fsults, whzch depend upon,exposure of the amzno ac1d

egatlve.

ﬁftltratlon. As can be apprec1ated from the spectra shown in d




"‘_far UV CD measurements carrled out concurrently (27)

ij;'2 X 10" M,vwhereas at ‘PH 7 5 the prote1“,

‘*Qxh1s¢25:(h1s 121 1n Flgure I 3)(8) The OVerall afflnrty offf}thh.

'h5ifﬂthls

ly due tO the presence;’.of the addltlonal baS]-

C. Dmscuss1on ”fj‘ L :Lf§i3iﬂv

The data presented 1n thls Study SUpport the nearﬂ;nd ,ﬁﬂq

: a'that they 1nd1cate the exlstence of two sets of calc1um

!'blndlng sztes at pH 8 23 w1th Kd values of 6 X 10‘s M and

pinds only one |
;rfCa'l per monomer wlth Ka_;-z X 10_‘ M It Was apparent f om_
jn;the aromatlc CD and UV dlfference%spectra‘at both pH values

' 'that b1nd1ng of Ca" to SIOOb resui ed 1hlthe pert\rbatlon'
-5of the 31ngle tyrosine'and one or more of the 7 phenyi—r%wh:“

: alanlne re51dues (27) and thls was supported by the NMR

:;spectraw Both the NMR and far UV CD exper1ments suggest thatJ-:”

'fs100b undergoes a conformatlonal change when the proteln 1s »:;fg

‘;tltrated from pH 8 0 to 6 0 the magnztude of whlch appeared :

:fto be smaller 1n the absence of calc;um. ThlS result was not" "ﬂ’

: unexpected 1n v1ew of the?d fferent number of Ca" b1nd1ng

E;g51tes observed for S100b at pH-7rS,and pH 8 23 The decreasefy-4f_hu_g;
ine secondary structure upon Ca" blndlng observed Ain the |

"f{collaborat1ve studles (27) manlﬁests 1tself 1n the NMR spe—;f“:‘

fctra as a loss of the upfleld shlftevﬁfhenylalan1nehan Fme":" J-

:,thyl resonances. Both of these observatlonsiare con,_

o

‘gfw1th the explanatlon put forward for'the exposure offthe ex-,h;ﬁf

*tra calclum blndlng 51te at pH 8 5 v1a deprotonatlo'

l

’}lte for calc1um 1s lower than that of the,ICaBP llke-f;?;

1de chalns

yfh?ln the C term1nal 1°°P region dg’the protexn'molecule fff:"



RN PR |- S

(reglon : I II ,Fig’Ure I .3) . i

vﬂ It 1s noteworthy that the extra 51te exposed at pH 8 5 f]offdﬁ
was spec1f1c for calc1um, s1nce the concurrent studzes i
'~Q;{wshowed that Mg‘z had no effect on S100b proteln conformatlonj
:”iand>5a" was able to: 1nduce a conformatlonal change in. the‘.
jproteln in the presence of Mg“ (27) owever, the presence !

.7of K‘ resulted in & decrease 1n the b1nd1ng of Ca”'to the

hlgher aff1n1ty 51te exposed at pH 8 5 In the presence of

the b1nd1ng aff1n1ty for Ca“ 1s v1rtually the same at

..-'\._

| 1suthe lOW afflnlty Ca” blnd—-.[v:"' e

S -ba.tfrfx;fpﬁ' 7.5 and 8.5, hence |

1ng 51te wh1ch operates 1n the presence of K‘ that 1s the

~one" of physlologlcal sxgn1f1canc 5 Srmllarly, 1n the case ofir
!

ﬁ'-a the TnC molecule 1t 1s the Ca‘z spec1f1c low afflnlty cal—

':fhff*f_fﬁv clum b1nd1ng 51te that is 1mportant from the phy51ologlca1

standp01nt Ho;ever, d1fferences do exlst between these two -

systems,}as Mg‘2 can compete w“th Ca’z for the hlgh afflnlty“

_effect Both the c07127)fand b

szte 1n Tnc whereas K‘ has'n,

':zndlcated that Ca'z and K‘ dlsplay antagonlstlc







_5ac1d or" gldtamlcwacid as suggested by recent flu-;

Tblndgpg protezn (125) Moreover, recently Morero and Weberjf¥’ff

ﬂ'jiof the protezn, butfthls conc1u51on 1s
f1ve hist1dlnes 1n the proteln whlch
to polarlzatlon by thlS technlque.;ltﬁxf‘;v

tyros:ne effect was swamped out due to{;»*f

:. o:_mote of the flve hlstldlnes of the ;;;;,




g}ﬁjflc reglon ofmthe spectpum

gUnderstand1ng the structure and functlon of the central

':?he}vous system at the molecular 1evel 1nvolves studylng the
ﬁﬁi;chemISth and physlolog1cal behav1our of 1ts const1tuent '_
,,hﬁffbroteins.;Bov1ne braln S100b is: a unlque and very lntereSt-gkt::hl
vélft;ng CaBP The add1t1onal spectral data obtaxned in the NMR

JCD and UV dlfference studles has enabled us to compare the

“"5u}behav1our of S100b WIth the other CaBPImore fully, whlch ho~ 5"7"

;“};pefully has g1ven us some xns1ghts as to how 1t m1ght func-*“fe;a

‘”fftlon phy51olog1cally 1n the bra1n.;fz




S "“Q%x"wfﬁyef' “j'r,; L SR R [
L v I H NUCLEAR MAGNE’MC RESONANCE STUDIES or PORCINE e
INTESTINAL CALCIUM anmc PROTEIN TYROSINE RESONANCE

ASS IGNMENTS

e H1gh-a£ﬁ1n1ty calc1um~b1nd1ng protelns w1th molecular f&f;f/

_v‘wifﬁzfafv welghts near 10 000 have been found 1n.¢he small 1nt95t1nesr"5ﬁ.
L "”"'tfyof several mammallan spec1es (215 218)-, The synthe515 of
"'flfthese prote1ns is’ depende“t UP°“ Vltéml“ D, and the pr°telna ”tt:'“: v

175;,15 probably 1nd1rectly 1nvolved in, the transport of calcxumti,fL '

AR across the 1ntest1ne (218 2199 Porc1ne 1ntest1nal calc1um :,-5':

‘”5f:bindxn9 proteln (ICaBP) 1s a: compaCtr 910bU1af Pf°t51“ (Mw =E,t“

*Vﬂ;3799), whose am1no ac1d sequence of 78 re51dues has been

mFJ%:determ1ned (14)(Flgure I 3) Porc1ne ICaBP 15 hlghly h°m°l°‘?Lbc

P T T P

thziigous to: the bOV1ne ICaBP (87%)(220 221) the x ray-cfggtal
C'Afﬂ:structure of the m1nor A form of the bov1ne proteln 1s known
EE(B) and 1s shown 1n Flgure VIIwJ An examlnatlon of the o
“ﬂj?evolutlonary relatxonshlps among Var1°“5 CaBP S show that

. tthe'porc1ne 1ntest1nal CaBP_ls d1stantly related t° parval-*eff’*”r*3'

,;onf;




n _ : ‘ 'prot 1‘;ﬁ._ Atdmlc co-‘
f___-lordi\nates ava11ab’le __from ‘_Brookhaven_ Protem Data"i*‘ .




'effanfinsertion}of“Pto'atfreSidueQ23g(Eigu:é!ijg)f,tfﬂi

The porc1ne ICaBP blnds 2 moles of Ca‘z per mole of

”proteln,vw1th K,,z K,z 5 X 10" M (39 229) and both: the-f

Tf;;porclne (227) and the bov1ne (223) prote1n appear to b1nd

\

""""'_"_Ca*z randomly to these two 51tes. The UV spectrum of porc1neff
'n:ICaBP shown 1n Flgure VII 2 1s characterlstlc\of a proteln,ﬂ

'fwlth a hlgh peny&alanf_e to tyr051ne ratlo (phe/tyr = 5)

vﬂ;:and 1s very sz‘llar to that of bov1ne braln S100b (Flgure 1;j

PLVI 1) Both tze tyr051ne and/one or more of the pheny1-~f'

”foalanlne re51dues have been shown to be perturbed when por-} -

L jffczne ICaBP blnds metal 1ons, but there\ls 11tt1e effect on f

-'7f;ﬂthe ovetall conformat1on of the proteln, suggestlng that thei7

5ﬁdramat1c changes 1n aromat1c opt1cal act1V1ty ar1se from

"ri[local effects neat the b1nd1ng s1tes (39) Th1s chapte Qde--}-

”jﬂfispectrum of the proteln and,the use of ’H NMR to study the \;_

ffscrlbes the a551gnment of the tyr resonances 1n the ‘H NMR v

)
Al

fenv1ronment of aromattc resxdues w1th1n the prote1n,5=f;j7;ni_

3~conformat1onal changes 1n the proteln caused by ca1c1umf5;j'

W'libznd1ng and the ca1c1um b1nd1ng stolchlometry.,nihﬁffﬂf:‘”u

, 3 Results

\Theicomplete 'H‘NMRE‘";"lﬂﬂixf tbe apo pereln 1s

&

"fﬁxpanded v1ew of the

.__;shown 1n fxgure VII 3 “als.
ic regi "‘Of pa ticularglnterest 1m the a11phat1c re-fﬂ

uthe upfleld shlfted methyl groups ;1%

Vat 0 9 and é 12-fThe'resonances 1n thehexpanded aromatlc

“regaon_are derlved from several sources. No hackHone am1ne R




The UV spectrum of porcine ICaBP in D;
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”ffﬁ(NH) proton resonances are apparent The narrow resonan_es

'af}the rema;nder of the resonances are der1ved from theﬁOne R

3jf,tyr051ne and f;ve pheny;alanrnes.;The spectru*’

'L

}f*"at 8. 50 and 7. 40 ppm’“_are from the mudazole of ‘the. buffer, B

”hfﬁpH. The small resonance at 8 44 ppm 1s from formate 1on,_and L

1n the reglon

'“7?7 0 to 6 4 ppm 15 typzcal of and samllar to that of other L

L n*ZCaBP’s such as skeletal TnC (30 32ﬁ%;f1§,]Iifﬁifeiﬁiw;ftf'

';[that 1t conta1ns a number of upfleld shxfted phenylalanxne

fafff;resonances at ca 6 77 ppm and at 6 58fppm, 1n addlt1on to

i'ﬂityros1ne (6 74) protons. The specteﬁm‘1s alsojsensxtxve to

’?e;f*the addlt1on of Ca" as w111 be dlscussed below.;rgkiffﬂifzfif”‘

The laser Photo chem1cal 1nduced dynamlc nuclear polar-tﬂfﬁ -

'5ﬁ1zat1on. CIDNP) expe:1menta1 results are shown in Fxgure




Fxgure VII 4 "H NMR laser photo CIDNP spectra forfﬁ;fﬁ S
.;,;ap0°'and calc1u1m-saturated ICaBP. The spectra”wer" o
o Q}en -at .ambient: temperature.:g- » ' ~pt. o
(&) A "dark" spectrum.of apo ICaBP The spectrum is..
fesolution  enhanced with' ;Lorﬂntzlan to . Gauss1an
conversion and. represents 12048 acqu151txons.~ e
“(B).The”d1£ference spectrum -for_apo 1CaBP:which is a
light" spectrum’ subtracted from: a'“dark" spectrum.,~fﬁ

h ﬁspectrum ‘has:a ‘line broadenlng of 2 5 Hz and res -
‘presents 16’ acqu1s;t10ns;y;e- Do SRR .

‘ ﬁdark" spectrum of -the laser” N .sample»w*
;hqwn in f1gure A after the addition‘of: exceSS‘cal-
‘gium; -the" [Ca”]o/[ICaBP]o”~;4 9,‘The spectrumgxsf
5resolut;on ‘enhanced with a Lorehtzian to Gaussi:
ion ‘and" represents. 20481acqu151t1ons.,:
difference .spectrum’ ("light" = *dark )1fcr
PR aturated sample . shown ‘in. ¢ The. spec-.
in 'roadenlng ofi2 nd- represent_




"‘--.E,.'6 76 ppm respectwely,ﬁ)mdlcatmg that these respectxv




o1es

* YRigure VIT.5

igure VI C'H'NMR homonycleat decoupling spectra - -
- for ‘apo--and calcium-saturated 1CaBP. The spectra =
yere ‘taken at ambient temperature. The spectra are =

.resolution enhanced vith.a Lorentzian to Gaussian =~

field .is"indicated.by | . The ‘resonance marked by 'a =
i 1u§$ﬁ?fqn¢h¢y%¢ﬁ*tb decoupling (yH;) Tf field -in
~the'blank. The spectra’ represent 2000 acguisitions. >
-(C).'THe lum-saturated ICaBP spec— -
















denaturatlon had occurred the backbone NH\resonance at

I

8 86 ppm\1s re51stant to exchange even at pH 12, Whlch

'

further demonstrates structural 1ntegr1ty of the prote1n 1n :1f_
T L

v “‘“ the presence of Ca’z Thls has also been observed for bov1negkff

ih TCaBP (224) There were no 51gn1f1cant spectral changes 1n-jff'h

’ E

the allphatlc reglon throughout elther of these t1tratlons.{;¥fh

\r-‘

.l?'\\Fiwures VII 9 and VII 10 shoW\th%\results of t1trat1on tf‘l

of the apo ICaBP w1th calc1um..It is readlly apparent 1n’
Flgure VII 9 that the blndlng of calc1um causes perturba—-7*\ﬁ]p
tlons 1n the aromatlc spectrum most str1k1ngly 1n\\\\\5ro\d

T"envelope of phenylalanlne resonances from 7 0 to 7. 4 ppm~“

‘fthls envelope sharpens Up and 1ncreases 1n n@ten51ty as theifh_r

‘;calc1um/ICaBP ratlo 1ncreasesffhhe51nten51ty of the apo

ICaBP tyr 2 6 proton resonance at 7 56 ppm deCreases and thei;;e.

\\\' o

at 7 39 ppm 1ncreases,;1nd1cat1ng that calc1um blndlng 1s 1n?”f

the NMR slow exchange l1m1t.vrhe 3 5 tyr051 e protons appeariﬁf*

to become resolved 1nto a clear doublet at'6;h6 ppm as cal—f{‘ff

. ,*,\ L e

:g‘ c1um 1s added because the overlapplng phenylalanlne reson-;ﬁ

;v~f1eld shlfted phenylalanlnes (6 4 to 6 7_ppm) undergo a\51gra.f:
n1f1cant change as well The upfleld sh1fted methyl groups v

are_also 51gn1f1cantly perturbed as shown 1n~F1gure VII 9

':Takzng\the 1nten51ty change 1n the;f:ff;l

and plottlng 1t as a functlon of [Ca"]o/[ICaBP]o, theffaf

resu‘ts“of Flgure/VTJ 10 sho:fa'Z 1 st01chlometry In th1s“‘

plot we have taken 1nto account the fact that the apo

’

-1ncrease of the ICaBP calcxum saturated 2 6 tyroszne prg@ons.f 3

ance 1n the free form decreases 1n 1nten51ty, the other up-'}kff



-a.The tltratlon of apo porc1ne'ICaBP w1th‘
Both ‘the low and highfield portions. of the AH
':kTNMR spectrum . are “shown . The' [Ca"}o/[ICaBP]o ratlos‘t;,;;

are 'K,7.0.28, "B 074Cr; ,.‘-__15 D. 1,59, E 204 Foen
3% 33-¢The spectra .are. resolutlon ‘enhar ed with a S
E[’Lorentz1an to’ Gau551am conver51on and represent 2000;_
Vfacquzsatlons., L . R '

.;Ca":




2y -t—he 1’nten51t-y i
the 7 16 ppm resonances of . phe) e
n__,-of [Ca "-’=] /[ o+ The’ protein.was .
saturated w1th :




the elut

T

heri ‘used to calculate the initial amount




TR The CD spectra'fo: ICaBPuLn¢the"pre-

: e of ‘excess ‘EDTA and: Ca*?.: The respeqt_ve molar -
~ell1pt1c1ty vqlues at5275 nm we:e»-17 '

degr '

v.mf§pectrum»1n-the presence 6f ‘ex
'The sample s;ze was







,for the eXIStenceIOQ“such‘a‘hlgh pK fbrﬁeieufﬁf

" l_-»upfzem at pH 1o 7 whlle Qéne of the, |

sh;f'ed pehnylalanlne resonanees and yet as they observed e

o




when ca1c1um 1s bound
v Spectrophotometrlc t1tratlon;

The lack

sz 9 was der1ved (125)

,-fﬁlarge change 1n proteln\conformat1on"over thi”:pH range.

,ppm for'the"3

T'f;chemical shiftfof-61d6 ,5 protons of the 51ngle

'ﬂfbr?tyr is the ‘same -as for the apo proteln, and 1s s1m11ar~to -
;ﬁaidyff?drjdﬁf;fthe values obser;ed‘for skeletal and cardrac-TnC /and calmo-
A ” rﬁtﬁdu11n (28 32 43) The addltlon of ca1c1um to the apo protelr
?fE;-f }5hdhdidehcauses changes 1n the resOnance attrlbuted'to the 2 6 (meta)

'fprotons of tyr and changes 1n several resonances assoc1ated

_J-“wlth phe res1dues.“Th15 :s con51stent wlth the prev1ous o

'fff;spectral work (39) aromatzc reglon of the spectra for

)‘1

'ﬁ.fgdthe apo and calcium—sa?urated states\are sxmllar to those oi

'."\mv

"*f}bovlne ICaBP (224)

‘Under the condit1oms of these_“xper1ments”(ICaBP

”Tﬁfcon‘entrat1on~0 5 mM) the st01ch1ometry off

,_21

R

efvthe Ca” tztrat1 ns showed somifd;crease 1nf

"CéﬁP ratlo of'-2/ :

f{1nten51ty beyond a Ca"' fhlch may 1nd~5

‘g:excess Ca"~jthe dec‘ease ;nnlntens1 bl wasfdue:toﬁsh1ft1ng'




"“r.

w1th1n and/or broaden1ng of the phe envelope. Analys1s of

the x~ray crystal structure of the bov1ne ICaBP u51ng thelw

.

data supplled by the Brookhaven Data bank (8) showed that

'”“13 there were three C}a‘2 1ons bound to the crysta; determlned

two\were 1n the b1nd1ng 51tes and one was bound

"Vif non speclflcalhy on the surface of the prote1n.‘

The Ca" sto1ch10metry of 2 1 for porc1ne ICaBP 1s 1n
dlsagreement w1th some of the earller publ1shed CD results,'“
wh1ch showed that thlS proteln bound only one calcxum at 'hﬂg

"Q' “h1gh (0 5 mM) proteln concentratlons whereas,, t lower con-*h

centratlons of porclne 1ntest1nal CaBP (O 141 mM) the tx-;ﬂf

e ~v;;, tratlon as observed‘by CD tended towards alsto;chlometry of

(39) However a recent repeat of the t1tratlon of thlS ‘
| proteln w1th ca1c1um also monltored by CD has conflrmed
that 1t has two hlgh aff1n1ty calc1um blndlng 51tes (227)

' In addltlon, analy51s of the Ca"—saturated proteln by atom-}
“1c absorptlon spectrophotometry showed 2 calc1um atoms per,

BERY]

proteln molecule (228) and o, 1t 1s now. generally belleved

that porc1ne ICaBP blnds two calc1ums per moleé;‘\proteln,' ’

t
3

(221) The apparent saturatlon level value of 68% whlch can

: \ as has been observed for the hlghly homorbgous bov1ne ICaBP ;

: i%
"f[ be derlved for the earller publ1shed spectra (39) 1nd1cated

'hthat one mole of calclum was already present 1n the1r pro-;”°
7de1n, wh1ch could explaln why they observed the proteln to;f
ﬁfflﬁﬁ CaICIU@/H}th a st01chlometry of 1 at . 0. 5 mM concen—1~2

t‘at1onvof proteln. Slnce the dzssoclatlon constant of ICaBP;



'hfas outllned 1n Chapter VIII

f?;Therefore the. proteln elther has two blndlng s1tes w1th

'“gemployed 1n these studles was 1n the mzlllmolar range ‘t? :

was not p0551ble to determlne an accurate K,'value for Ca’2

There were no. hpec1f1c perturbat1ons in: the spectra
N H

4.

'*:fwhlch allowed us to dlfferentlate between the two 51tes.}f

e

'1fapprox1mately the same aff1n1ty for calljum as;was sug--”"'

' '°?fgested by other studles (227 229) or“the blnding shows com—'

s N% -

plete 051t1ve cooperat1 1t .;From the results outllned 1n
P V\ Y

:':fﬁthls chapter, one can.not determlne 1f the blndlng of cal-}ﬂ

ﬂfc1um by the porC1ne ICaBP 15 coopbratlve or not, butlwe'have

';1ﬂpresented ev1dence 1n Chapter VIII wh1ch 1nd1cates that the

‘";ffb1nd1ng 1s non cooperatlve, 1n agreement w1th other recent

"?_stpdles on both the porc1ne (227) and bovzne (223) ICaBP

o . N
ngven»in the case of two 1ndependent b1nd1ng 51tes Wlth equal

CalciUm af£1n1t1es, there are two p0551ble modes of Ca*"\»i

h;ch can explaln our results. The flrst is that the
i ca1c1um to each 51te results 1n specxflc pertur-"

; Ljﬁwh1ch d1ffer between “the. two 51tes,‘but because Ca*’

.ﬂab1nds equally to both 51tes, we see only an average of these

'”two sets of perturbatlons..The second p0551b1l1ty is that

S




) 'c

That the/rate of caIC1um blndlng 1s saow enough to re-5“

:Trfillfsult 1n NMR Spectra in the slow exchange 11m1t 15 1n agfee'.ﬁ

“'7f};ment w1th the results for the hlgh aff1n1ty 51tes of TnC andf

ldcalmodulln (28 32 43) It 1s 1nterest1ng that, as the

s

~:5"97.1’:{3[C‘a“’]o/[ICaBP]o rat1o 1ncreases, he broad phenylalanlne

ff’envelope sharpens up and narrows to a dlStlnCt resonance e

’iffcentered atfh_ﬁs ppm, and some phenylalanlne 1nten51ty ap-

'rjffpears evenvfurther upf1eld 1n the spectrum of the ca1c1um-'
_ .

Tﬁsatuuated protexn from where 1t appears 1n the apoproteln
”ﬁgfspectrum.xTh1s Has. also been observed for bov1ne ICaBP e
. x S

*5(223) Wlth the trghtenlng of the overall proteln structureﬁp

_ffas 1t b1nds more calclum as ev1denced by the lack of ba-5~
. Q@; : \\.1,4,..‘ .
:f;ckbone NH exchange,_lt is llkely that each of the flve i

J( i

;,;2;T,“fﬂfh;fﬂﬂphenylalanlne res1dues would be in‘a more r1g1d env1ronment.i

e

,Because they are spread out over almost the entlre ICaBP se-f

gpquence,'one would expect that one or more of these phenyl-:fl

{falanine re51dqes would be 1n ‘a falrly unlque env1ronment.
'T;Contrary to these 1n1t1a1 expectatlons, the range in. phenyl-

'ifjfalanlne chemlcal shlfts for most of the phe resonances de—"

-

”ftcreases 1n the calc1um saturated proteln- thls 1mp11es that

fE

"gthese re51dues experlence a 51m11ar env1ronment 1n the

icalc1um-bound proteln.vmpkax.

The presenCe'of upﬁleld shlfted phenylalanlne reson-téy{
| ’?fances 1n the aromatlc reg1on, and upfleld shlfted methyl

,g?QuPs in. the al1phat1c reglon (Flgure VII 2) 1n the apoir

iproteihrindicateSfthat:aiwelifdgrlned tertlary structure“ex-}

tfpp_rote1n even 1n the ab53nce of calclumwff27



_ ua;f:;observed for apo cTnC (28’32) PreV1oUs CD‘work‘suggeSts




":

Tng DéTERMINATION OF THE xd op poncqnz ICaBP FGR f_ffé
FCALcruu w TLE pnzsgycz.ov EDTA AND' 2D

:SITES-ARE COOPERATIVE

TO DETERMINE IF THE Ca’z

at a m1n1mumc?9centfatlon of 0 5 mM The problem w1th“f_
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_fethider,infthisﬂplot*ShoynyinQEigure,VIIIl1}1;'fvd;f‘dﬁ.-"':;tdj

Ve R . . . L L L
“ \ T RN

rﬂI" the 1n1t1al reglﬂn w1th a. llnear slope,.np_

[ BN

w"'»}_IiI-_' the curved portlon of the plot where the =

slope decreases rapldly, and ’“T;f;i.r-};]*;7r'"

'IQIIIpII the plateau reglon where the slope 1s

effectlvly %ero._f_fifiQpﬁl;lg"d;~i{ﬁjf ii?uu'rfdfhfj"ﬁ

“‘fin reinnTI essentlally all of the calc1um exlsts as. the
"?gEDTA Ca" complex, whlle ,in reglon III there 1s free metal
:fet:uflon present but the llgand is saturated The curved portlon

”:fof the plot,‘shown 1n reglon Il,-1s very small -and 1t is

Pk

zJ.ﬁthlS portxon of the plot wh1ch 1s cr1t1cal in. the determl—':""

quf]nat1on of the dlssoc1at10n constant 51nce 51gn1f1cant

_ﬁamounts of both free metal 1ons and free lzgand molecules

~~~~~~

ujd_ex1st only ﬂn thls reglon. The large amount of dev1ation 1n

ﬁff}the value determlned for the data shown in Flgure VIII.1 was
Freae -l L
ai_due to the lack of def1n1t10n 1n reglon II Data obtalned 1n L

”t(ﬁfthls reg1on represents very small changes 1n the observed

in e°51ty and 1s d1ff1cult to flt, even w1th more data :

'Qoverda'very small range °f [Ca"] The data preSented in- F1-°"d;



:lK ,Value}ls much nore accurate-xn th1s case as the majorlty
v -:i°f the data p01nts lie w1th1n the curved re&lon, where)the
”Té?“Qf;s:r,L”ﬁ,?lnten51tyuchanges are much more exten51ve and occur over a,tﬁftfau
j€:‘{i;fe?:i;[nt‘9reater range of metal 1on concentratlon. e B
f?hf~ ?“itfor the calcluﬁ;t1tnatzon of apo porc1ne ICaBP the ll-fvfh
fj;i 1¥m1tatlons outllned ahove were augmented by the fact that re- Jéalh

‘".]Qlon II dlsplayed a pronounced curvature due to non spec1f1c
;vCa*’ blndlng (Flgure VII 10). To alllev1ate these problems

'l&hﬂki?gthv.j‘ﬁtln the determlnatlon of the K, for Ca”g‘we tltrated the

tfﬁ@roteln w1th caloaum 1n the presence of EDTA so that by

“,vobtalnlng a dlssoc1atlon constant for the proteln Whlch was

relat1ve to a known dlssoc1at1on constant our dete m1nat1on

,T’3fof that value would;become more accurate. Porc1ne I_aBP is’

',]known to have two calc1um blndlng sztes whlch have elual af—» .

“rflnltyffor £aA the Kd values of wh1ch are (1 81 th

“@5) X 10~, (39 217 229) It 1s not known whether thlS 1s the

“’TreSUIt of two 51tes Whlch are cooperat1Ve, or 1f the blndlng -

*Qm;of CaIClum to these 51tes"is‘_andom and of equal aff1n1ty,

? although there is ev1dence whlch supports»the latter mechan—%

-

/alsm (227) y measurlng the dlssoc1at10n constants of thls

fg@'ft';vprote' 'relat1ve to that'of EDTA and analy51ng the re5u1t1ng

'Vf data we have shown that there 15 no coo erat1v1t een.

We chose to use*EDTA because it\bas a di "oc1at1on con-lﬁ‘“'ﬁ

‘3ffthe two 51tes on the protezn.:rll:vai -




o 7c1um for that llgand Although these attempts were not real-

'u"fly successful _some 1nterest1ng and valuable 1nformat10n_f

B Results

*_hmlcromolar range \1n order to obtaln an accurate Kd for cal—

q

1fp~came out of these studaes,ﬂwhlch w1ll be dlscussed below.:

G-
A

A spectrum of EDTA 1n the presence of a. non*saturatlng
'7';coneentratlon of Ca*‘ is shown An Flgure VIII 2 EDTA b1ndS° S
ffcalc1um 1n the slow exchange 11m1t -w1th the resonances at

‘v;3 7 ppm and 3 5 ppm arlslng from the free EDTA whlle thoseAJi

| ﬁ[j-at 3 1 and 2 5 ppm cokrespond to bound EDTA Our 1n1t1al

o

hffstudles showed that one can not s1mply use the 1nten51t1tes

'%fof these peaks to determlne the fractlons of free and bound

'fEEDTA accurately Rather, 1t 1s necessary to measure the ar-ﬁ

"ff eas under the resonances by 1ntegrat10n, and then the rela—-F"

-'Ltlve amounts of free and bound EDTA can be determlned as*

ldboutl1ned below

Cf= AL cand o fs ‘AL;.' oy
7"_;;'Ta A + ALM: i;'“u_,g j(ﬁ‘ A + A

t.n[l. = fftle ana (] - f”()

ftwhere f 15 the fractlon of free llgand fLM'ls the fractxon‘ -

resoifnce, [L] 1s the concentratlon of free llgand

[LM] 1s‘f?;if?




i Rl diog

F1gure VIII 2 The complete 2i0 mHz 'H NMR spectrum L
o of 'EDTA in the presence .of [a non-saturatlng concen-ji[f'“
"tratlon of calcium. The: sa ple contained ‘4,05 mM o
.. :EDTX- ang 1,98 mM-calcium. ‘in18.9-mM imidazole= d.,“,;“:fU
. pH6.3. The typical 1ntegrat10n ranges for the res-”‘*
.. onances: were: A; ‘3.8 to6 3/6 pppm- B, 3.6.t0 3.4
C..ppm; C; 3,2 to 2.9 ppm; D) 2.7 to 2. '3 ppm.,These
_.regions-are indicated. 1nithe spectrum by shadlng
':iTheaA,C-ande;D-resonanc ‘pairs. Tepresent .the.
gfree,bound form of the t o proton resonances of
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reglons over whlch to 1ntegrate

The EDTA was not tlghtly

relaxatlon tlmes of the EDTA f“f

”?‘resonances in. the presence ofhprotezn CA 0 39 B 0 23 C

0 21 D 0 22 sec) d1d not dlff 'fapprec1ably from those ob_;_,

served 1n the absence of proteln (A 0. 38 B 0. 28 C 0 33
D 0 44 sec) andAso we' haVe assuﬁmed that the presence of

.\\

EDTA has noﬂapprec1able affect on the Caf? aff1n1ty of por-,vi"'”

fi c1ne ICaBP"such effects have been observed prev1ously w1th ffﬁf

parvalbumlniln the presence of EGT£$%244)

sence of EDTA are ,

The spectra of tpe proteln in the Ste

”'_ shown 1n Flgure VIII 3 as a functlon of 1ncre351ng Ca’2 con-af”

y\

_wcentratlon.:In these spectra 1t 1s obv1ous tpat as the

[Ca”]o 1ncreases, the 1ntens1ty of the freef@DTA resonances"

"hﬁidecreases, wh1le the 1ntens1ty of the bound EDTX“resonances

1ncreases. The change in the 1nten51t1es of tﬁ@ resonances,’




F1gure VIII 3 The tltratlon of po:cme ICaBP w1th
Ca‘z in the presenCe ‘Of EDTA. ‘The 'samples: contamed
'~’:j.0 ‘61 mM IcaBp; 0,31 mM: EDTA - (shaded resonances).in,
s 30 .-mM - 1m1daz@1e dn: 20-mM RCL,; PH 6. 5. The .total
' _calczum cOnCQntratlons in mM were: A, 0. 565 B; 0. 78
SR Sl C 1,003 D 13 21~ E :1.42. The" symbols are-V f_reey e
RS RN ’FDTA resonanees, O bOUnd EDTA resonances..




AT ;,a,f}e;{L 1900

'%f”ﬁtand C (bound) resonances of EDTA (F1gure VIII 2) and the~ @;7&”"

'ﬁﬁﬁgﬁarea under the 7 0 ppm (1ntegrated over 7 05 to 6 95 ppm)

<

'ﬂresonance of ICaBP to determlne the extent of metal 1on

'“f'bound to each chelator. We have derlved an equatlon wh1ch we‘;fv'

e

’ Hi'can used to measure the ratlo k /H by the follow1ng means~,;f.n

Sk ;-"‘"v;'fP‘J[M] K [c][M] ey

[PM]

[PM] = fPM.V _—_A:bs : . [CM] fcu =" Azba._ : | (4) ;

Y.

———

.:"fﬁﬁ"if*fff?i5‘i’thfplé EETICRREY Vo T »f[CJAyf~ “.-*A?".

'_5thoajé7tpi ¥ftp¥lj'f* Il - [c] +_TCMJ‘r~"
~Q,3ﬁwhere [P]o and [C]o are the total proteln a“d EDTA concen—V]f,ﬁ
"Tff”tratlons, [P], [M] and [C] are: the concentratlons of free |

’""fg (apo) prote1n, Ca*z and EDTA respectlvely, {PM] and [CM]

\5’v;;are the concentratlons of the calc1um prote1n and

erdcalc1um EDTA complexes res ectlvely, A%b’»and,Ap . are thef“[
9 P v .

“”observed and maxlmum areas under the resonances of the pro- :

'WV,Iteln, AZ”?,and Am“ are the observed and maxlmum areas of

' Athhe bound EDTA resonances, and pr and fCM are the fractlons

'5ffjiof the PM and CM spec1es respectlvely.,By approprlate re—
”farrangement of these relatlonshlps, one can arr1ve ‘at’ the n

'*ﬁhffollow1ng equatlon |



T [’ﬁf' The analy51s of the result1ng data accordlng to equa—'-"‘
tlon 5 1s shown 1n Flgure VIII 4 It 1s readlly appareﬂt %H,fJ e

that the 1ntercept 1s zero and although there 1s some 3cat- _f}ﬂ

tgra}n the'p01nts, there 1s reasonable agreement 1n the

.....

data._The result1ng value for K,/K was 0 47+0 04 051ng a

publlshe_
pr1ate mod1f1cat1on for the pH USed 1n thlS study (2305

the value of Kd determlned for the ICaBP was 9 410 8 x 10"

M whlch agrees falrly well wlth the values glven 1n the 11-_;f*

x'””;'terature (39 217 229)

In order to determlne 1f the prpteln blnds calc1um co-va;3f

operatlvely, 1t 1s necessary to analyze the data 1n a

f-h sllgnaly d1fferent manner, by té&1ng 1nto account the 1nter-"

’-f,g[ ‘action between the two Ca*’ blndlng sites of the proteln

2 v";?r_bj_. ‘

The 1nherent assumptlon 1n thls ana1y51s was that'

ca1c1um 1ons bound ‘in a- 100% cooperatxve manner Wh]‘ a va-

lue of C > 0 would 1ndicate that the 51tes bound Ca‘2 w1th a

®.

lesser degree of cooperat1v1ty Derlvation of the resultlng

V' .

'~‘equat10n u51ng~

low1ng relatlonshlp» | Thﬂ,ﬁnﬂﬁff*ﬁhﬁfaath;' f,hﬁhf;f;:ffﬁ

_;“’In thlS modlflcatlon ve used the pK. values crted“for the
’iassoc1atlon of EDTA w1th hydrogen 'not deuterlum.;,_gu

AT U e

[PMJI- C x [PM;] such that the value of C would be. 0 1f the

'ﬁparameters outl1ned above ylelds the fol- '

-rh;_‘

value of the K, of EDTA fbr calc1um after appro- }';t%
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‘Q“i?catlug bv‘comoar1son‘wltheequatlon‘5‘that no cooperathltY.
' i’f‘was present The idtercept: of thls P1°t was’ '0 3’ +_; |
ua“?ftThls yieidsia k /kc_ratlo

'ﬁlkof k

"”ﬁﬁ;o 1 M (192) We dadﬁattempt to lower the concentrat1on of t
**EDTA to the m“" ’

*fff?great deal of trouble'w1th contamlnatlng metal-loHS- Though
”gfthese attempts were unSu e

‘:fﬂwas derlved frOm them}

‘*i_h;enTAhfor our

;.iiTQ3I(Ah'7A°§ f 1] should y1eld a 5&0pe of 2 and an 1ntercept

'bauIE:QOf 2xlog (k /k ) where Kp'-~Ka1\X K,,.-The res“1tlng plot -

ﬁD“49, thCh determines a value

j9.

. b \ .
I8+0 6 x 10"'M whxch agrees WIth the results &

. n'Flgure VIII 4,tas expected

The results of thls study make use of a publ1shed par-”“

'?”*ameter,_the Ka value of EDTA for Ca" No correctlon was IR S

S ;lmade for the 1on1c Strength‘of thevmed1um but the Kd value

"‘ﬁffkunder the exper mentaI condltlons used 1n the above studles.f} I
'3ﬂLhEven at these 1ow concentratlons, however, the resultxng

a8 7I{~fplot was of the type shown 1n Flgure VIII 1, and there was a

vsomejvaluable 1nformat1on =

iaud w1ll,be outllned below'

~QWe$1n1t1”lly_tr1ed to make up.6 to 10 uMgsamples of

tratlons

‘xh'our fl:St attemptsftohdo so, 1t

”'dxly apparent



.'194I

or

max obs

Flgure VIII 5. The plot of : log [(A /Ag )-1] versus
: 1og [(A?"VA“') 1] -for the data shown ‘in Flgure
VIII 3. : IR _ . "
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tamznat1on was pfgsent It was thms reSul




198

“ut“these;attempts'were not completely successful We flnal—“-:

(232) and so 1t was

“ﬁ*_”low aff1n1ty for Ca”:ahd Mg’1

}in Ch’pter III wasqshown to;use a mlnlmal amount of chelex.

..»-

(3

Lwrth virtually 100% efflclency:;Thls technlque worked”very

ewellvfof D&ph as mLcromolar EDTA samples made up 1n both D O]}L
jand deuterated buffer 1mmed1ately after pretreatment W1th

ftchelex showedf

’Vlrtually no metal 1on contamlnatlon.;Thls reﬁwff

';;;ﬂ;sult‘alsowshowed that the EDTA 1tself,

Qcontamlnated ahd add' "nal studles at mM concentratlons of,vj‘

Sw

”EDTA-indlcated that there was < 1% contamlnatlon 1n thls re%ﬂit

-8

jagentz"Hofever,llt was necessaryfto readjust the pH of the '1

buffer after chelex;freatment andfthls resulted 1n ca 4 uM L

fmetal_;opfcontamlnatlon:‘It was llkely that the NaOD or the f

uDCl used‘to adjust the pH or 51mple contact of the §glutlon;a'

11th the electrode vere the sources of thlS contamlnatlon."

K

Note'thatVthls Ievelxof contam1nat1on is nob~51gn1f1cant atf;.'

me X gand concentratlons?5

.only at uM llgand concentratlons.ﬂp*gh



‘1if?; porc1ne ICaBP when we tltrated the proteln 1n the preSencef;fj:

of EDTA“‘Thls method allows for the determlnat1on of dls—”

't:hci_” socmatlon constants of protelns for metal 1ons at concen-“5 h~ﬁ
trat;ons whlch are hlgh enough to make the accumulatlon of
: ‘H NMR spectra t1me eff1c1ent. In these studles we used a‘f

Ses s

sample whlch was contamlnated w1th EDTA (see Chapter I) and

lﬂi[l:ﬁﬂ[: fi;-¢ e estlmated the EDTA concentratlon in thls sample by com-,wgﬂ]
ffy"ere]ft* parlng the areas of each resonance to those of several d1f—75”’
?Q%f' | ferent standard EDTA solutlons of known concentratlon.lff

. . \

fgg;}_hf; fbu Although some error would arlse from such a determlnatlon,_fk°3
the methods out11ned above ao not requ1re any knowledge of f_
the EDTA concentratlon, although 1t must be at a sultable

level for thlS type of analy51s. We were also able to demon-

strate that the two Ca"—blndlng 51tes of ICaBP blnd calc1um s
*flndependently, not cooperatlvely We hope to repeat thlS |

work w1th other protelns such as parvalbum1n and TnC wh1ch j::

".f ’ S J A B T T e I U S S

'evels of contam1~j£"

’;i ca1c1um-béndlng modes of otherlCaBP The.a

natlng metal:1ons found 1n”D§0 and deuterated buffer has led

rto remove traces of L

::??rather than dlthlzoneﬁf

v

_metal 1ons 1n all of our worklng solutlons, and to av01d

;qrcontact of the treated solutrons w1€h glass or plastlc con-”ihf

R R - R
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}teln upon metal b1nd1ng (39) These authors stated that the B

. .A.'v
5
Q.
. P
¢

"‘a{fN termlnal 51te (reglons IV and TII respectlvely 1n Flgure

e 3) The b1nd1ng of Tb" to the second sxﬁ7

N

‘”Afflx. ‘H NUCLEAR MAGNETIC RESONANCE STUDIES OF THE INTERACTION

‘fj;or LANTHANIDE Ions WITH PORCINE INTESTINAL CALCIUM BINDIN? h)3

PROTEIN -;E;[ﬁ“iffJ‘flkc
T T A
A. Introduction ‘ e

There have been several studles of the*lnteractlon of

hfﬂ'porc1ne ICaBP w1th lanthanlde 1ons. Dorrlngton et al ob-* :

"7'zserved that Ca"‘ several other d1valent catlons, and sever-ytf

Vi

'ff;al of the lanthanldeslail'produced the same overall effect
5fﬁ;fon the.CD'spectrum above 250 nm 1n that they 1nd1cated

"Li,therebwas no change 1n the overall conformatlon of the pro-_e

'f:,porc1ne proteln dlsplayed about the same’ aff1n1ty for cal--s}f':
:j?i;ym and the lanthanldes, although no data was shown to . thasﬁ

¥ effect.;Subsequent Tb”'lumlnescence stud1es have shown thatg?v~

3 e

“Tb*° blnds sequentlally‘to two 51tes on the proteln, w1th
“3:4Kd, S 10"7 M and Kdg—10 5 M. (227) The/flrst mole of Tb”]

'ftAfllls the C term1nal 51te and the second mole fllls the

_was found to bes

'~fless effectlve as the salt concentratlon was ralsed At
”’ijb”/ICaBP ratlos greater than one there 1s a 51gn1f1cant .

'quuenchlng of the tyroszne,fluorescence, 5uggest1ng that

~;Qfself assoc1at1on of the proteln was occurrlng._

a)

fthanldes to the‘hlghly homoLogous bov1ne ICaBP has also been

The blndlng of several dlvalent catlons and the lan—f'ud'



”9‘-

;studled (221) The’addltlon of varlous 1ons toNbov1ne ICaBP o
filn the presence of calc1um 1nd1cated that the dlsplacement !
,of bound calc1um decreased w1th the d1vergence of the charge ;;
den51ty (charge/lon1c radlus in R) of the added cat1on from
'that of Ca*’ Slmllar trends wéFe shown for the protectlon r°ﬂ

~ufof the prote1n agalnst cleavage by tryp51n as a functlon of L

8.

“*added catlons..For the 1anthan1de serles 1n the presence of

'~calc1um,:La” showed thevlargest degree of calc1um dlsplace-7:
'rment and protectlon agalnst tryp51n cleavage and Yb*’ dlS'i ;

fﬁplayed the smallest In the absence of any bound calc1um
ffLa" was the only lanthanlde 1on wh1ch afforded any protec--f
‘ 7ut1on agalnst tryp51n cleavage. Slmllarly,lrecent work has

"shown that the dlfferences 1n the afflnztles of the lan-f'

3 fthe DTNB LC of rabblt’skeletal muscle. }

u';thanldes and calc1um for the two metal 1ons 51tes of parv—
v'albumln are also proport1onal to the charge den51ty ratlo of

':thhese 1ons..These dlfferences were shown to be the result of
b;varlatlon 1n the k°"and kff.rate constants across the lan-'
?“thanlde serles (233). These results suggest that metal 1ons.-

.*lyother than Ca*’ may have dlfferent effects on the local |

}Qstructure of the proteln, as was observed 1n Chapter Ay for "

Fluorescence studles on the bOV1ne ICaBP have shown

ﬁﬁf\that Tb"‘blnds to two s;tes,on the apo proteln wlth hlgh

- e

’f‘jaf£1n1ty (226).'The K,ﬁvalues dlfferedfby at least a’ factor

t’O ’_M In thi¥pre-7i*};

.hkfhsence of excess calc1um (Ca"/ICaBP > 2) Tb'sbwas Stlll




4 e
; oA .
PRI

h‘“peared that thls broadenlng was the result of the close:h;

'became more ‘$iscous .

e

"b_/-_

. na.

hhgcalC1um saturated crystal resulted 1n the dlsplacement of

;3the N term1na1 S1te was not ava1lable to the solvent

::Q(B 226) These authors suggest that thlS latter 51te may be
.a structural 51te whlch remalns saturated w1th calC1um

‘g*whlle the/e termlnal site is a regulatory 51te whlch blnds

;dﬂigor'releases-Ca?‘ as the 1ntracellu1ar levels of calc1um B

©.Vary.

In the work outllned in thlS Sectlon the add1t10n of

AR T

”i:ytterblum to the calcium~ saturated proteln resulted in the
":vfappearance of 1anthan1de sh1fted resonances in the_‘H NMR
e spectra wthh were in the slow exchange 11m1t. The

; ;frlanthanlde shlfted resonances were very broad and it ap-

s ——-r*\l

.~ Titration of the calc1um—saturated proteln w1th Yb*? ‘sug-’
igested that 51gn1f1cant structural changes occurred only
ffwhen the flrst mole of the lanthanlde was bound. Tltratlon
f;of the apo proteln w1th Lu‘i.showed that 2. equ1valents of

”"Lu" bound sequent1ally to the proteln in the absence of

'”}1produc1ng llttle effect on the conformat1on of porc1ne

5,;ICaBP At a Lu“/ICaBP ratlo greater than two, it. was ap*

”“fg;parent that the proteln began to aggregate as all of the’

'resonances became 51gn1f1cantly broadened and the solut1on

L e g .v- ...r.‘ v o -'f"~“

- S

!From a ratlo of 1 to 2 there was

. ‘.yrr_.. NN

'f?studles have shown that the addltlon of Nd" and 'I'b‘J to the

"3ﬂffonly the C termlnal calc1um 1on.,These results 1nd1cate that'

‘ﬁfproxlmlty of the lanthanlde ion to res1dues on the prote1n

tr{Ca.,r_WIth the b1nd1ng of the second.mole'of thls lanthanlde



v it £ et
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“.eV1dence of only sllght/aggregatlon. The two d1ssoc1atron
.x;-constants of the apo erteln for Lu*? were determ1ned to be

-‘fx,,, - 4. 5+ 6.7K 10-"1'»;_ and- xdzle“jzgs; 2% 10-* M.

:B Results

.»w:

Flgure Ix 1 shows the two 'H NMR spectra of calc1um sa-i

:hjturafed porc1ne ICaPB 1n the presence of excess ytterblum ..
'.:The 1anthan1de shlfted resonances (LSR) wh1ch w1ll be dls-ff.
.cussed in the followang text are labelled a. to Z. The a, b
-ﬁ.:resonance appeared to be a doublet under hlgher magn1f1ca-_:b
l‘tion and was analyzed as such The c d. and x 'y reglons con—} }
‘h.pn overlapplng resonances, s w111 be outllned shortly
gThe lanthanlde 1nduced shlfts are large and the resonances
are: broad compared w1th those of carp muscle parvalbumln
(97). ‘This' result was somewhat surprlslng in v1ew of the

:‘fact that the correlatlon tlme Ta of ICaBP 1@ sllghtly smal?

ler than that of parvalbumln and _51nce the l1new1dths’aren,,:a

‘proportxonal-to rf~-one would expect'the»llnewldths of?theﬁ‘

."ICaBP to be either comparable to or smaller than those‘of‘_

parvalbumln. There iwere’ three most l1kely p0551b111tes which

" could have lead to such broadenlng,'

-_1) the close prox&mlty of the protons to" the lanthan1de,.v
2) aggregatzon of the proteln, and o

3) chemlcal exchange broadenlng __f ;'i.{ff

The f1rst p0551b111ty was that the LIS observed for ICaBP

were der:ved from protons on re51dues whlch were closer to_t
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'ees of protons wh;ch

1are 1n.qlose proxzmlty to»aff_fg_f

the correlatlon tlme of'the proteln 1n the followvng manner

'etal 1oh however, the other two pos~jr3

s

"fj51ble source of broadenlng must be ptobed




T ;_204-_'

The second p0551b111ty was that the proteln was aggre—

"?L had shown that agoregatlon does occur at h1gh proteln con-ﬁ
‘centratlons. In order to probe thls sfstem for the llkely-;‘
' hood of aggregatlon, “we chose to tackle thlS aspect by 1n-v
V[L/%ﬁfffc52;51ng the’ 1on1c strenth of the solut1on v1a 1ncrea51ng
| ‘Vthhe'concentratron of KCl' anshown 1n Flgure IX 2. Both KCl
Tfand NaCl have been shown~to ‘exert m1n1mal effects <h the
'ifgablllty of bov1ne ICaBP to b1nd calc1um over the range 0. 01
E?to 0 2 M (221): The spectra 1nd1cated that ‘there were only
'Lflvery small chem1cal Shlft changes in the LSR as the lonic-

'1Xstrength 1ncreased The resonances c, e, g, h y, and z

”Shlfted upf1eld Whlle resonances v and x shlfted downfleld

i”The rema1n1ng labelled resonance d i, and w were not af—:“

'ﬁf,fected It was apparent that the 51ngle resonance g1and”thef‘>
‘7?lfc d and x,y resonance palrs separate 1nto a’ doublet and 1nto;;‘

‘i.two Separate resonances respectlvely upon “hcrea51ng the KCl

o concentrat1on. These sl;ght sﬁlfts 1nd1cated that only very.3.,

A .-
s, ,<,.,- PR

l- - .’k*

tra“ion 1ncreased. and there was no: general decrease in. the =
1nebroaden1ng.‘1t must be noted here that lanthanlde—;f _"
fshlfted resonances are very sen51t1ve to even the sllghtestifij
ﬁ“fialteratlons 1n the structure of the proteln- changes less ‘

?jthan an. R 1n magnltude would perturb these ShlftS to a very

’T_large extent. These results 1mp11ed that no aggregatlon of

.futhe prote1n had occurred at least of the type whlch could

o

"j;,beireversed at a hlgh concentrat1on of salt. The absence of j* X

OO
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'4~rsuch shlfts 1nd1cates that the afflnlty of ICaBP for Yb".

..

T was not affected by the 1ncrease 1n 1on1c strength Note

”'l that the addltlon of a second equlvalent of Yb"_at h1gh

salt concentratlon (Flgure Ix 2E) d1d not appear to 51gnxf1-i*?
cantly afﬁect the LLS except that the c, d, g; x, and y o
"resonances appeared to be more clearly resolved By analogy f_i:
_w1th the Tb*’ b1nd1ng studles on porc1ne ICaBP (227) thlS
suggests thatxthe hlgh salt concentratlon hlndered the blnd‘;:ii
1ng of the second equ1valent of Yb.‘J to the proteln These S
L results suggest that elther the coordlnatlon of the lan—
Ei%f@fyt }Tffl thanlde to the second blnding 51te of the protenn resulted

Lo el : DAL

1n no fufther chgnge 1n the overall structure of the proteln

al w7 " s 2 s

or, more llkely, that the presence of calc1um (8 22) and/or
KCl (227) prevented the cpord1natlon of the second equlvai-i Al
A ent of gBeEL e

The th1rd poss1b111ty.mas that the system was subJect

“;f} to chemlcal exchaqge.broadenlng; whereby fhe process T

,.-_‘”v,,:..)« ' |

b*:» + P Ca*z __A R" b‘:; 4 Cayz ‘ 3 ,, .

-l

g;unllkely 1n V1ew of the fact that ICaBP had prev1ously been
shown to b1nd calc1um 1n the slow exchange l1m1t 'and one
v[;7iff;fe3 would expect ytterblum Whlch has an 1on1c rad1us 51m11ar to

calc1um and yet has a’ valency of +3 ‘to blnd more tIghtly to"

wdthe_prote;n and thus also"brnd lnuthe slow exchange 11m1t /

o a e B e T

i thls sxtuatxon mas prev1ously observed wlth parvalbumln \\VA:



(s7).

'f§sent one would expect all of—

vffzthe p0581b111ty of chem1ca1 exchange broadenlng, spectra

bR

}?the v150051ty coeffec1entf and i 15 the madeus ef the pro— )

) “ ' , - « ‘ B ~207 L

'"‘f;on, 1f chemlcal exchange broadenlhg were pre-f_

he lanthanlde shlfted reson~'ﬂj€

ances to be broadened to the same extent and 1t was apparentt”

: -

'"J;itrom the spectra (Flgure IX”1) that they were not To probe

were acqu1red as a functlon of 1ncrea51ng temperature,_as

parvalbumln (98) thls proteln 1s stable at h1gh tempera—ﬂf,“?f

a

tures (25 124) AS one 1ncreasei?the temperature the ex—if7yu'

change rate 1ncreases, as outllned 1n Chapter II. The rota— D

s -~

'teonal eorrelat1on tlmeer a150 1ncreases,.as 1ndrcated By .f]}

% _— .;

W-the Stokes Elnsteln equat1on, l&f_; f%jf_;a{ﬁﬂﬁa'7'zf:f{??1*”f

“q ., . B ’ . T
e we T e . s R T
oo o v Cipleoml T i e e
T T . TR ey . T - il v e L ; \
SR SN NS | . :
R R - - ) .- X " (2) -
B A T v
' . ' - ’ ?
' ) .- R
's -
-~

fwhere T 1s the temperature, K is. the Boltzman constant, n 1s

Loen

EPRES

‘ffte1n. In the case of Yb”-substltuted porc1ne ICaBP the 1n-1v

'.crease in the temperature caused the lanthanlde Shlfted res-

','.nn_, B R

onances-to Shlft Upfleld towards the dlamagnetlc p051t10n,

_whlch 1nd1cated that we were 1n1t1ally 1n the slow exchange

11m1t. The large sh1ft of the resonances as a functlon pf

_temperature 1s due elther to averaglng of the 4f“electrons

over the-sp1n%states of the metal 1on{ or: to the mot1onal

PRI "

averaglng of re51du§s inC the proteln. The C d and x y reson—

0‘

ance palrs agal'gwere separated, as. was observed in the caseir

Thls lncrease 1n

RTea ’i?
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‘”“Qtemperature d1d not

7became much sharper

hreSOnances (h w) were essentlally unaffected byllncreaSIng g

'tflthe tEmperature.;i -

-

. ~‘,d¢_591(;

..........
R AR

N

however, resdlsj' '“‘mﬁhtoadehi

e resonancesﬁ e

ThlS was,due to;the decrease"mnjthe

N Y

"correlatlon tlme as outllned 1n equatlon 2 It was appanen‘jfﬂ

‘.\..- o,

4ﬁfrom these results that the llnes were not broadened due to“‘57

e

. Slnce the Second and th1rd p0551b1e sources.of 11ne.i}:%;d
broadenlng appeared to be ruled out by the stud1es above.

the line- WIdthS of the lanthanlde shlfted resonances were
analyzed accordlng to equatlon 1 1n order to obtaln r values
for the protdnsrwhlch glve rase to these Shlfts- Table IX 2
shows the calculated values of the dlstances between some of.

the ptotons 1ndlcated 1n Flgures IX 2B and IX 3C and the

Yb*J-lon. These were 1dent1cal samples except for the KCl

"*E'concentrat1on and theSe spectra dlsplayed very 51m11ar l1neﬂﬂ:”

; w1dths for the reSOnances 1nd1cated above. There were two

assumptlons made Ln ;h1s,calculataoanwhef




:fTable Ix 1

;The Chem1cal-Shift Values for the LSR of Yb*’—subsfltuted,
L Porc1ne ICaBP as a Functlon of Temperature

chemltai?sh1ft
(ppm)
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'The Observed L1new1dths and. Calculated Bis
: Asubst:.t"ifted m:cme g




Y

| FTE

3-subst1tuted?pofglne ICaBP as a- functlon
'The data was taken from the speotra shown




va

a functlon'of the concentratlon of Yb”f

~ Y i mf‘ bl o
The 11ne w1dths
al 1on.;Thls;:as furthér supported by other studles where

v e s

e o
" @ et -

Gd*° was added to the apo form.of porC1ne ICaBP;LIn th;s“fjtll

::;;.case the broadenlng result1ng from thelpresence of thls 1so—""”

trop1c lanthanlde was very severe, even at [Gd+3]‘/[ICaBP]°,77
rat1os much less than 1 In these studles also the 1an—3'¢

than1de boundjln the slow exchange 11m1t.;_;a[3f'tfii; 5

> Flgure Ix 5 shows a portlon of the spectrum of ICaBP as

;What we observe

| ihere Lsaan 1ncrease 1n the 1nten51ty of the e, g h,l and J

L resonances and of. the c d resonance pa1r as a functlon of

-,nm'a - !” - . PR .
. . .m.v £y e )g__.'43>"4! sy ,._,a _~_m__ e 34,-<v

"31ncrea51ng ytterbxum concentratlon, with the g and h reson—'

ances becomlng clearly resolved 1nto doublets._These reson—

ances could be saturated wlthout any observable change in:

- thelr chem1ca1 shrft value, 1nd1cat1ng agaln that we were 1n',rfj“-t

D

'f the slow emchange lnm1t. The effects of pr0ceed1ng from a

b"/ICaBP ratlo of 1 57 to 2 37 appeared to be negllglble,
agaquéuggestzng that the_proteln bound only one equlvalent f ’

of ytt rblum 1n the presence of excess calc1um, 51nce the

blndlng of the second ytterbrum 1on had no 51gn¥?icant ef—.ffhm“

fect on the resonances of the protexn. A pth of the lntenfffTQ"”:

S o

51ty of the 19 9 ppm resonance as a functlon of li;?fgfj fj;“'

[Yb"]o/[ca”'ICaBE]o 1s shown in F1gure 1X, 6 and a ;7;&[:"




2 P 3 - g oo
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L A s DRI LU L R U L

2?0;; S 1 o PF’M
.‘f",i_.'rhe Yb*a/ICaBP ratlos were: - 0 79 B
::C,#2.37; and D, 3.15, ;. The. sample was 0. 84 mM - 3
-1 CaBPyy 30 ‘mM . J.mldazole (T 20 mM KC1, pH 6.5, The -
pectra _vrepresent 50 000 acqu151t10ns. : .



Fcomputed value for the relatlve dlssoc1atlon constant
- . /’\

fth_Ybl;/K —Ca“ = o 18+0 31 was determlned ;iheﬂrnaccuracy

””llfln thlS value llkely arlses from the lack of p01nts'used 1nA,

gthe determlnatlon, as well as the low Kd values 1nvolved

= .'ﬂ

The apo proteln was also tltrated wlth the dlamagnetlc
-vlanthanlde 1on Lu*’ as shown 1n Flgure Ix 7 The spectra
i R :fflnd1cate that Lu*’ blnds to porc1ne ICaBP in, the slow ex-YV?f'“

‘j?‘f'7tn1::;f]ffchange 11m1t. Up to a Lu*’/ICaBP ratlo of 1 the change 1n '

further change 1n the spectrum a51de from a genera fbroaw

den1ng of all of the resonances, resultlng 1n a net dectease

‘reglon and the allphatlc
c-h: B LIRS T --".o_‘\\w" ..n-s-o(uo T s e :
: : Ve o Yl e s ah e fo Bl et e

“ﬁp?ield shlfted methyl resonances.'Thls broadenlngzwas veryl

oy

Small from 1 to 2 but at larger ratlos the entlre spectrum
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nange:
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esonance

1CaBP
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-

‘titpation of 'Ca‘*-daturated porc

“in “intensity

2

3
a ¢

th
he  Ybi*
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@ IX.5..

n-Figur
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. 1,983 F,
L& 8320 acqu151 ions: and are~
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«of the intensity. (in arbitrary. un-

“A plot

’

53{ofj;héi?;J?Lppmhtésqhanceqof“phenylélahinegas'aﬁ

func

Sspectra shown'in -Figure “1X.7. - . .o
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:frThe f1t of thls data,/assumlng the apo proteln blnds twO

]Qlanthahrde~ 'In addition, the first. mole equlvalent of Lu"

1*ptaffecﬂed\the \H NMR spectra 1n v1rtuably‘the ‘same. manner as:

" : e ey L e
'ﬂf“_ﬁ“ﬁhat obseizezaior the addltlon of 2 equ1valents of. Ca ," B
"7'~1nd1cat1ng t /the\hlndlng of metal 1ons bx one 51te on the‘h'

h”;iproteln 1s respon51ble for the majorlty of the spectral

| i,-that the blndlng of Lu" to ICaBP does not result in szg—

. e - N

‘._;wm of lutetlum per mole of proteln and Ka1;< Kdz 1s also

O“ M and K.,z-2 3+1 2 x 18‘ M The value of Kdz agrees

'a;gglfalrly well WIth the results of other studles (227) but 1t -

-

.. was. apparent that K¢1 was too small to be accurately deter-*'~ ;“;;

'“'mlned by 'H NMR 1n th1s manner as outllned 1n Chapter VIII

Porclne ICaBP b1nds lanthanzde 1ons, 8s dlsplayed above

P

?jfor both: Yb‘J and Lu”; The temperature studles on’ Yb”—sub-"”
\f'pstltuted LCaBP studles ver1f1ed that the b1nd1ng of lan-fﬁpf

“',thanlde ions 1s in the. slownexchange 11m1t

b~

The rgsults of the addltlon of Lu’J to the apo proteln

; showed/giéarly that apo porc1ne ICaBP blnds two moles of -

\

131chan9es observed The wallarlty in. these two e£f3¢t5 also '”“‘.

';5fffshows that these two 1ons blnd to the proteln 1n a 51m1lar;l‘

n",f anner. ThlS 51tuat10n dlffers sharply w1th the CD results;
‘ﬁlgshown for the b1nd1ng of Ca‘z and Yb" to rabblt skeletal v

?SDTNB LC as outllned 1n Chapter V It was read1ly apparentfjﬁ

a

“fn1f1caﬁtibroaden1ng of the spectra untll the ratzo of

. k N



| ncaddltlon,'lt appeared

é'second'Lu*’ ion. d1d notlpertbrb the

;:?1; o i:fﬁ:j gregatlon, 11kely by srmply brhdd;g;the excess lanthan1de.25*'

[ S It lS 1nterest1ng to note that several 1nveSt1gat10ns haveilj:;f”
shown that for the apo proteln, the presence of greater

than or Ca equal to st01ch10metr1c levels of Tb*;:resultsff%"

I

TCaBR L. -

inc: anomalous data and/or éggregatlon ‘of bothfporc1n’

(227) and other CaBP s\such as: calmodulln (239) and parv—l:;
albumln (240) It 1s p0551ble that aggregatlon 1s the sourcef?
q%jf";,_”f~:?: of the anomalous data,‘or it could be due to non speclflc
l;t.t ; = Qh b1nd1ng of excess lanthanlde,ias was observed for calc1um 15d

Chapter VII The value of Kdz determlned for the Lu” t1tra—'

j= tlon was’ larger than that of Ca'? (k ; Chapter VIII) wh11e

e }

the value of K,. appeared to be S kp. These observatlons

dlffer from the results reported for the apo bov1ne proteln
;gkhp_{ (39) Such a- dlscrepancy would appear to be unllkely lm v1ew;f
o of the h1gh sequence homology between these two protelns _
Our values do, however; agree falrly well w1th the recently
determlned values for the b1nd1ng of Tb" to porc1ne ICaBP

(227)

T
< .

The results of the addltlon of Yb*’ to the calc1um—sa*:-bb

\

equlvalent of thlS lanthanlde had no effect on the spectrum._'




“7hh511kely that thls secqnd equ1va»itﬁf1*flanthan1de would not

222000

ned for Lu“,*it“is*:*~v=f‘~

f;-be able to b1nd 0% the‘prcteln*"”yf>i?presence of st01chro--tf”ﬁh

PRSI y . .‘ *\ E ‘.
resonances whlch we studled wfre Jue sFlely to the replace-”

t site.%Thls conclu51on 1s

- ment of the calc1um at the firdt &

N Wi g

also SUpported by the studles

-igcentratlons of KCl had llttle effect on’ the spectra, par—7 S

”7ﬂ,ft1cularly 1n llght of the fact that an hncrease 1n the salt e

s’

S fconcentrat1on has been shown to decrease the aff1n1ty of the“

Y'Q;ha3-fwif¢Second 51te for Tb*? in ‘the apo proteln (227) In addltlon

,ﬁthere was no ev1dence of aggregatlon 1n the presence of ex-'v '

‘~"‘cess Yb‘J *%hlch was ev1dent 1n the apo proteln results when

"the [Lu"]o/[ICaBP]o was greatet than 1 As outllned pre-"'
:fhv1ously, the chemlcal shlfts and llne wldths of LSR are. ex—

’fftremely susceptlble to changes 1n the env1ronment and ag-

“fgregatlon would perturb these resonances to a- much larger

::ﬁfdegree than would be observed 1nithe case of a dlamagnetlcb
:“*g:metal prote1n complen. It aoéears that the presence of Ca‘z
.5¥ii1n the second 51te of the prote1n}[and/or non spec1f1cally

¥ bound C/ |

”'lﬂfthe relatlve dlssoc1atlon con ants determlned 1t was ap-"“
iﬁ:pa'ent that Yb" has a hlgher afﬁlnlty than Ca“ for the

fgﬁﬁflrst 51te. v:jti”h,e - :. = F!A

A

"}'b111zed the prote1P agalnst aggregatlon. From“fZ?



E I.. P

S ,fj‘;fgfj”jresonances 1s pec.liar, but not unlque;

H;;cbeen observed for parvalbumln (98) There,has‘been cOn51der- ftf’

ts (98 and references'vfﬁf”eﬁf

’@fwhere 6°b,1s the observed chemlcal shlft:of the resonance 1nf"

"fhthe presence of the lanthanlde 1on,_‘5D 1s'the correspondlng i}j.:

) RS I T PRt I S S
RS P YITIR ! it N el
- N e e o R VAN o
. o s DA RS e

Lgdlamagnet cdshlft for that resonance, and a s a constant

i ceck SaRAEL Sl 3

’Flgure IX 4 plots the change in, chemlcal shlft'of the LSR

”fvensus 1/“"J 51nce, for the ma]orlty of the resonancehﬂ'skmlrWQfTi

A:@%Jlar plotsﬁvepsus?J/T and 1/Tz had 1ntercepts whlch were out*f"

'""7751de of the dzamagnetlc frequency spectrum for the proteln...g_:

"fHowever, due to the close proxlmlty of the proteln re51due i

R to the lanthanxde 1on 1n thlS study, we can not rule out theffff7

'1nfluence of contact components of the observed LSR, whlch37'”":“

fcould greatly 1nfl”ence thelr temperature dependence, Such’ajf?gf

:jjcompensat1ng factor could exp1a1n the lack of a temperatu S

‘A N

5f§dependence of hif”h”

It appears;from:the Yb*‘ and Lu" tltratlons that there:




the-Yb*’-shlfted resonances.

'1on.vBy comparlson of the Yb*’ and Lu’J spectra,

The results above have led us

1t appeared

EiCaBP]o ratlos greater than 1 and 1t has beeW"r

o







: -.d . . T . RN RV T ': T et [N A. S . .‘ : 2‘2'6~"‘ .
o S ~a“€*hb;h¢q,g R L (T
-;athe LIS However, the CD work on,the DTNB LC 1nd1cated that

a'-

h”ﬂ’fo*‘?ls not the best caIC1um analogue ﬁor thlS partlcular

d

fﬂbprobe1n because it has a far dlfferent effect on the overallvf’n

<

75.ﬂconformatlon of the proteln than does Ca" BY ComparlSODr~q.3¥

ngthe dlamagnetlc lanthanlde Lu“‘ had a very 51m11ar eﬁfect to
lsﬂicalc1um on the 'H NMR spectrum of porc1ne ICaBP These two'* .

'results 1ndlcate that 1t 1s adV1sable to study the effect of

h:;the d;amagnetlc 1anthan1des on the NMR spectra of CaBP and

1M:f??to use other methods 1n conjunctlon Wlth NMR to assess the fﬁ
i;effects of. the paramagnetic and dlamagnetlc lanthanldes on .Aﬁ'i
”h%f{the overali conformatlon of the proteln belng studled in- ;h‘b.“
uiorder to compare the effects of these analogues to-those 1n—*5h'
duced by calc1um.ﬁr;¢gghV”f{ ‘ . e R o
The studles on the 5100b prote1n have p01mted out that’v

-:1f the proteln concentratlon 1s sxmllar/to the Kd, then an

o : \y\

one must be aware of the p0551b111ty of proteln denaturatlon 1L{

when a tyr051ne 1onlzes at an unusually hlgh pK. value, and

tha fabnormalltles in: the pH tltratlon results of other pro—'i?

Aernmresidues such as h1s are 1nd1cat1ve of more than a

szmple“deprotonat1on of these res1dues.,‘f5“'

The ICaBP retultsahave 1nd1cated that an*unusually hlgh

pKt for a tyrosrne does not necessarllynmean that the resz—f”:“"



‘to“ICaBP 1n the presence,of Ca"; they w111 substltute for

,only one of the boy calcnm 1ons Ln thls proteln. The Lu*’

.': studles have Shown,_as prev1ously outllned that 1t “is ;fw'(ﬁ}
essentlalito.obtaln dlamagnet;c lanthan1de spectra on tnev
proteln of 1nterest prlor to‘analy21ng any paramagnetlc spe;se

“”’Tctra, in- onder to comparf the spectral changes W1th those

LY

1nduced by calc1um..1tee

S-. also 1mportant to obtaln these

spectra 1n order to observe any anomolous.efiects due to :

.4&'@fii lanthanlde coord1nat1on, such as agqreqatlon. The aggre-”;-v 5

gatlon observed for CaBP 1n fhe presence of lanthanl'”LVF

~

‘fﬂ;fi (l e. non cooperat1ve) 1n th1s proteln,'whlch has been a n5t“

: ™ Sy
very controversxal subject for the ca1c1um coordlnat1pn of

B Poss1b1e Future Studles'/ﬂjj;nenf‘ SR

The bind1ng of lanthanldes by pept1des could be ex-f*

panded to 1nclude"°C»NMR 1;forder to obtaln addltlonal 1

contact and dzpolar

formatlon on th'?magnltudes of th !

shlfts 1nduced.rycthe coordlnatfonfof lanthan1desvbycthese5?:"



”#{r}the d1amagnet1c lanthanldes La" and Lu" 1n order to com--:“
’fiv”pare the spectral changes observed by the addltlon Of the

i.faitwo lanthanldes whlch are at the extreme ends of the lan“5“5

"’.ffifthanlde serles and to probe for the p0551b111ty of aggre—"

:;;gatlon ar1srhg from the presence of one or both of these _f&fff

‘Y‘

'flanthanldes. It would be benef1c1al to, carry out these stu-f'fv;
1?ffid1es on fresh proteln whlch has a normal Kd for calc1um as“
7ff%j’well as -a known phosphorylatlon state, and to do them 1n

'5ifboth the presence and absence of a sulfhydryl reduc1ng agent\

P

i such as B- mercaptoethanol or DTT.,- ;_rﬁ;ﬁfﬂjifjf7

'713With»awprotein iike stOb .whlch responds to so many
:external stlmull, there 1s V1rtually an unllmlted number of
Séxperlments whlch can be proposed to probe the nature of
~f}f“h‘f5fthese responses.“For example, the effect of KCl upon the
kf;;bifj”?iiblndlng of Ca*’ at pH our 1nt1al work 1n the absence of: KCl

g -'la'ﬁff51nce Ca‘2 K‘ and pH all modlfy the propertles of the pro—'t

:ff;jte1n.51t would be partlcularly 1nterest1ng to look at the

itteffect of hydrophoblc probes such as TNS and/or ANS and
cgidrugs suoh as chlorproma21ne on. the copformatlon of thls“
-fproteln, as well as the effects of sulfhydryl reducmng rea-”
'”:;gents on the response of the proteln to metal 1ons and other
.‘stlmull. Along w1th the studles on purlfled S100b protln ‘
there could be anaiogous *H NMR studles on purlfled S100a,ufbu£
t:nhrch have already been 1n1t1ated There 1s also the p0551-¥¥
{;brl“ty of carry;ng out some 51m11ar studles on the

:7ES1OOa + SJOOb mlxture, thus there 1s a great deal of work

:thlch needs to be done on both the 1solated components of




: “7/ignet1c metal 1ons by thlS proteln 1s random or sequentlal
fthhese results could then be compared to those obServed for
J;ithe sequent1a1 blndlng of the tr1va1ent lanthanlde Lu":1n :

:?yfgiiwhlch 1t appeared that the blndlng of the second Lu” equ1v—(a

‘;{ffalent was spectroscopncally 511ent"sz1nally,:1t would be

L fdn a. cooperatlve manner, in, order

'fo1on b1nd1ng by CaBP 1n general

“-r,ﬁthls system and on the proteln mixture before a general out‘ﬂfh

'hfffboth the presence and absence of Ca‘z 1n order to better deftf

"*:flne and clarlfy our present results, and w1th Lu" in the

,»t‘»

t;&lp;esehce;of Ca"'to expand upon our apo proteln t1trat10n
llresuIts;_partlcularly Wlth regards to the effect of the pre—[ﬁﬁ
“r;Sence of calclum upon lanthanxde—lnduced aggregatlon.tThe
1*sequent1al b1nd1ng of lutetlum to the two b1nd1ng 51tes ont
fhthe proteln, as well as the replacement of only one calc1umdf
drrlon by the lanthanlde Yb“ could allow one to set up falrly ;c
fﬂh51mple condltlons under whlch to look at the b1nd1ng @ﬁ oth-hh:
.';er lanthanldes, such as Gd*’,:spec1f1cally to elther one of
h'fﬁtthese 51tes. It would be of great 1nterest to tltrate thls !
”:fprote1n w1th "’Cd and/or "Ca and to use the resultlng NMR

'3_g5pectra of these nucle1 to determlne 1f the b1nd1ng of dlma-hﬂ'

PR

"fﬁvery 1nstruct1ve tovcarry out a calc1um tltratlon 1n the

37jjfpresence of EDTA on a CaBP Whlch‘IS belaeved to b1nd calc1um ;

S

do:establlsh 1f our tech--

lfnlque 1s generally su1tab1e for problng th1s aspect °f metal ﬁ

. LA
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