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R * ABSTRACT
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cAn EF hand can be descrxbed as a llnear sequence of‘?b to 35l

!

am1no acxds, where the N~ and C termxnal a—helxcal reglons d'

"are fLankxng a 12- resxdue long ca1c1um blndrﬁg loop The
‘ calc1um ian is near octahedrally coordrnated by oxygen -

_ l:gands from the pept1de backbone and 51de chazns, or by‘

a°

f; 5;er molecules A number of protelns such as calmodul1n,-:'”
'l'troponln C and parvalbum1n possess up to 4 of these EF hand _
'551tes. We have 1nvest1gated some structural propextzes of a
:{model EF hand 1n relat;on to 1ts calc;um bxnd1ng aff1n1ty

‘.;and the effect of calclum on the ovétall structure of the

>

‘io,szte. We have synthesxzed several analogs of s1te 111 of -

¥,
: erblt skeletal tropon1n CJbecause thls s1te has a. hzgh

\-.

_aff1n1ty for calcxum in t)e natlve prote;n (Rca ‘10’M ) and

~;st111 reta1ns 1ts'hb1116& to b1nd ca1c1um when 1solated as a'l

)"ﬁr‘ftcyanogen brom1de fragment of troponln c (CB9 fragment Kca

| vaL;_~1O.M»t) 12 res1due long calctpm bxnd:ng looé
”:ﬁ5}ﬂ(AcF"'STnC(103 114)) was 1n1t1ally synthe31zed but ,15"

'?f?;demonstrated-only a weak aff1n1ty fdf calcxum (Kca"lo’u"- R

"hijexd et al.;,1980§ Kanellxs et al., 1933) The presence °f

"”dithe C-term1na1 regxon ( Ioop-helkx analogs, AcSTnC(103 123) ~j

‘ff;and AcF"’STnC(IOB 1&3)) d1d not xncrease the ab111ty of

- f':jth1s sxte to b1nd calcxum 1n aqueous med'um (KCE 2 3‘*

.f}_10'u ') However, the presence of tﬂ;fluo oethanol 1nduced

'”“vlf?fthe formatxon of an a-helix 1n thd C-term1,al part of the

D

M‘”lf'peptzde (as monitored by dzrcular d1chroxsm) and resulted 1n

o ’.-v?‘



an enhancement of the affxnlty of the 51te for calcxum (xca\

- 3- 9 x 10'M") The sequentxal lengtnen1ng of the N- term1na1

'vreg1on ( hellx-loop-helix analogs~ 26 resxdues. AcA’*

lﬁ{the f35U1t1n9 sites (Kca (26- fes1due) 4'x 10°M-'; Kca .

; presence of ca1c1um ‘and that the elongatxon of the
) :_& term1na1 regxon correlates w1th slower of f rates for th"/‘
‘:fcalcxum pept1de complexes formed In summary, both the N—

;'and C—term1na1 reg1ons and thexr fold1ng 1nto an a-hellcal
b”'conf1gurat1on represent 1mportant factbrs 1n the abllxty of

the EF s1te to b1nd calc1um. Rec1procally, the 1nductzon of

- on the presence ofxca1c1um. V;:'vf;*ff; AU i?,‘

“’ﬁ;isyntbet;c pept1de (AcSTnC(103 115)am1de) around the

-ffﬁflant n des 1utet1um and lanthanhm vas studzed by proton

S

‘presence of trlfluoroethanol Proton magnetzc resonance

'n. '°':’>‘ - EA

,STnC(98 123)am1de, and 34 resrdues. AcA"STnC(SO 123)am1de)

led ‘to a proportxonal 1ncrease in “the calc1um aff1n1ty of

N\

(34 re§1due) 3 x 10'M") and of the pept1de a-helxcal

K

-

”fﬁgall the synthet:c analogs leveled otf to °'10'M" in the

'}results-have 1n§3cated that t%e-envaronment of szde he1ns‘

Y

in both the,N- and C-tefm1na1 regions are affected by t e

(‘1

3‘content 1n the ptesence of calcxum. However, the af£1n1ty of "

h\i1x in the N- termlnel reglon of the EF s;te 1s dependent ;;,,w

v 7

The len?hanldes because of thexr spectroscoplc.v :igé:,7"'

f?fquestxons relat1ng to the geometry of a metal:pept1de l

'*7complex.‘fﬁe conformatxon addbted by 13 res1due long

.'fgnpropertzes, vere used as calc1um analogs 1n otder to answervfg;b

i
-



.- . pad . -
5 : N Q 4
. : . : s . '
, el I .
. . . . N
H AR

*Kr magnet1c resonance techn;ques. These two metals Were .

\ v ‘
[1n1t1a11y.selected because of the1rld1amagneqfc propert1es

(no unpalred electrons), the1r strong b1nd1ng’ﬂo’th1s model.
pept1de 1n-comparlson to calc1um and thexr d1fference in
1on1c-rad1us (Lu2*, 0. 86 A,‘La” .03 &; Ca", 1.00 A) The
‘ 'H NMR spectra observed for a\lutet1um t1trat1on of the
Apeptxde dlffered szgn1f1cantly from the spectra obtazned for
"'a lanthanum t1tratxon, 1ndacat1ng that the foldlng pattern
hadopted by the\synthetlc pept1de around these metals is

:d1fferent’ In add1tzon, th;s synthetzc analog has a’ weaker
[ e

affrnlty for Lu®* (1.3 x. 10‘M") than for La** (1.1 x )
| O‘M ') 1nd1cat1ng that the pgfmary sequence of the loop
reglon may well code for the formatxon of metal peptxde- :
'complexes 1nvolv1ng catxons of speC1f1c charge (calclum

..%ersus lanthanrdes) and size (lanthanum versug lutetrum) .
Attempts were also made to reconstruct the geometry oj thxs

13- reszdueolong analog as a lanthan1de peptxde complex 1n!
solut1on. In the presence of lanthanum, addxtxon of ‘
gadolznxum results in the d1£ferent1al broadenrng of the -
proton resonances of this peptxde The magnltude of the
brogaenzng 1s 1nversely prOportxonal to the sxrth power of

) the dxstance separatxng the Gd"fzon and the proton nucleus\ -

"1nvestlgated Measurements ot relaxat1on txmes uere made at‘

ﬁi;varxous txmes durzng the gadol1n1um t1trat10n of a
"gjlanthanum-saturated peptxde solut1on.- he calculated

| '>f:vrelaxatron t;mes values for a 1 1 gadol1n1um to peptxde

.a e

complex were then used to detdtm1ne several proton-metal _»vl,”*

S e
a
o



\ T
,f d1étances~1n the com@ﬁex.,h aerles of poss1ble conformat1ons

7
can then be generated for thlS metal pept1de complex, by

V

51ng these dlstance restrlctlons as boundary cond1txons 1n
a d1stance geometry alg%r1thm dev1sed by Kuntz andohls ;?;

co-workers (Havel et,a]., 1979; Kuntz et al., 1979) We}are’}

€.

S . presently purs.uing‘this task.

e

By uszng synthetzc analogs of the N termlnal reg1on

o alone (AcA"STnC(QO 104)am1de) and of the entire R
hellx—loop~helix regzon (AcA"STnC(QO 123)am1de) ‘in addxthhwd,
- to a cyanogen brom1de fragment conta1n1ng s1te III of rabgzﬂd‘

h skeletal tropon1n o (CBQ HSer"'Sth€(84 135)), ve have R
local1zed a phenoth1azzne spec1f1c b1nd1ng site in the .
N-termlnal reg:on»of sxte 111 of-rabblt skeletal tropon1h'c

_‘ - g ThlS sxte 1s composed of hydrophoblc and negatlvely charged

'

domalns that probably 1nteract wlth compl entary doma1ns ofd;ﬂ
phenothxazlnes. The prxmary sequence alzgntent of varzdﬁs EF«

hands has 1nd1cated rhat thls phenothxazine b1nd1ng sxte 1s
;;.z a common feature to all EF hands. The bxnd1ng S1te 1s ey

generated by the proper posxtlonzng of s1de chazns aiong the7f
: N term:nal reg1on.‘Th1s occur% ﬁhen\the N term:nal reglon

1 adopts an a-he xcal arrangement Such a foldlng pattern 1s

,[%?Mg'} apo-trOpon1n C tnd apo-calmodu}zn do possess preformed
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CHAPTER 1

INTROD?jTION
A, CALCIUM DISTRIBUTION

One of the most striking features of our universe is
the uneqgual distribution ang occurrence of 1its gleménts in
nature. For.example, a. careful stﬁdy of the céﬁposition of
rocks making up the earth's crust rexegif that oxygen
accounts for about 47% of the crust by weight, while silicon
comprises about 28% and aluminum, 8%. These elements plus
ifon, calcium, sodium , potaséium and magnesium represent

about 99% of the crust's composition.

Figure 1.1 indicates that the elemental distribution
fluctuates dramatically from one soufce to another. In man,
for.example, s&licon has been rgplacéd by carbon as a
structural component of organic molecules..It is thus clear.
that the physicél ané chemical properties of each element
are partly résponsible for their selected concentration and
role(s) in living systems. One further notices that besides

the 4 essential elements involved in the organic chemistry

1

of our body, thevmost abundant'element is %alcium . The bulk"’
of tﬁis calcium hbwever is present as an insoluble phosphate
form}and acts as a structural component in bones and teeth

(1 kg.for a 70 kg man{\(cchiai, 1977).

Al

j
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B. CALCIUM INVOLVEMENT IN CELL PHYSIOLOGY

1. Control of cytosolic calcium levels .

One huhdred years ago/ Rlnger (1882) showed that

‘ wextracellular calcium was requ1red for the normal

contraction of frog heart. Experiments performed imgthe
decades followlng the discovery confirmed that the level of
. extgacellular calciup had a profound effect on the ability

of cells to respond to stimuli.

| »
R

Table I-1 illustrates fhat several cations includihg
}calcium~a{e present in the 10"MAtomT0"M range in glood
Plasma and other extracellular fluid§ kGufton, 1971; Ochiai, -
1977; Kretsinger, 1§79) The [Ca”]out/[Ca"]ln ratio is ~
about 2.5 x 10‘ and suggests that cells possess one or
several ways of translocatlng (transport1ng or’ relocatlng)
this cation. Figure I.2 deplCtS tbe various fegulatory"
meghaniSmS a celi’may use to control the level of
,1ntracellu1ar calc1um .Calcium can be eliminated by a
Mg"-dependent ATP- drxven transmembrane,Ca”‘pump
(Schatzmann and Vincenzi, 1969; see {eview by‘Schatzmann and
Roelofsen, 1977),.Alternatively,,fhe mitochondrium can. |

. regulate the‘cytosolic level of calcium by taking ;p"caleiem
us1ng the electrical component of 1ts membrane proton |

gradient. ThlS gradxent is generated by ATP hydroly51s or

. 1

§



CTABLE I-1

Distribution of Groqg IA and T1A cations and some key anions?

L Y Mt caft T ol koo,
Fluids =~ ’ (mM) - (mM)  (mM)- (mM)  (mM)  (mM) ,(mMg
Blood plasma . 152 5 15 2313 247 27
’ . ) T . ’ . . o B
Interstitial - - 5 2D 1 5 b _
f]uid 143 4‘ 1.5 2.3 ‘117 2>.4\ ,27.
Cytosol . 4 157 15 s1000 < 38 10
* : _V > . , . ’
E. coli (wet) - 80 250 20 . 5
k‘ Aérobacter L 410 124 5
_aerogenes ‘ S
“Taken from Ochiai, 1977. ‘ T
.bTaken from Guyton, 1971. S,
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respiration (Rottenberg and Scarpa, 1974, Carafoli, 1980).
The-divelent cation release occurs via a Na‘-induced Ca?"

- efflux mechanism (Crompton ef ai.; 1376, 1978;'Carafoli,
1980). In the‘case of mu§cleicells, a specialized organelle
- called the sareoplasmic teticulumpoffers'a? additional way.
fot'theee;Celis‘to_retain a finely tuned 1evel of
intraceilulargcaleium; Tﬁis.organelle is composed of a
'nethrk of vesicles arrangedﬂlike a éleeve and coVeré each
»conttéCtile unit. Calcium is gequesteredvin this network by
meénS-of'an ATP4éctivatedlCa” pump located inithe vesiéle.

mémbrane (Hasselbach ‘and: Maklnose, 1963‘ Weber et al., 1966;

&

'MacLennan and Wong; 1971; MacLennan and Holland, 1975; Green

egnal., 1977). Electrital'stimulation of the muscle fiber

£

i11 depolarize the reticulum membrane and release calcium

‘irto-the’cytosof. This~eQent triggers muscle contraction.

vFﬂnally, several intraCellularfcalcium*bfnding proteins are
pn sent (1 é. calmoadlin;‘tropenih c, parvalbumim, |

‘ca regulxn) and bind calc1um tlghtly (kca ~10"M to 10- ’M)
but‘thelr concentret;on and distrlbuthn is t155ue spec1f1c~
pin'mOStﬁceeeS. Calmodulin however has been shown to affect

"'ca1c1um translocatlon by modulatlng the cytoplasmzc membrane

/'L

L bound (Mg“-Ca”) ATPase pump (Goplnpath and V1ncenz1, 1977‘f

“’.,Jarret and Pennlston, 1977; Pershadslngh et al., 1980) and

the ATP dependent Ca" uptake by the sarcoplasmlc retxculum

~L(Katz and Remtulla, 1978 Horl et al., 1978);v1tvzs doubtful'i



that membrane phosphol1p1ds will play a. role in controlllng
the cytosolxc level of calc1um s1nce their intecaction with
this cation’ ‘requires the presence of millimolar amounts of

calcium (pKca of 3 to 4) (Kretsinger, 1979).

2. Spacial and temporal considerations

]

The Festlng state of a cell is achieved when the

| cytosollc level of calc1um is around 10- ’M ‘This ca1c1um

level can st1ll vary 51nce chem1ca1 electr1ca1 and
mechan1cal stlmulatlons will tr1gger the depolarlzatlon of
the cell membrane and provoke a ca1c1um increase to 10°°M in

,the cytosol Th1s represents the eXCIted state of a cell.

The excited state of a cell may per51st for long

periods of t1me 1f ‘a caScade of Ca”-modulated events

3

occurs. A 51tuat1on such as cell d1v151on exempl1f1es a
chronlc case of calc1um st1mulat10n. In view of the frequent
occurrence of . such prolonged exc1ted states, Krets1nger

v

(1979) commented that the. concept of* rest1ng and excited

states of a cell had been over51mp11£1ed A commonly cited

example is that of muscle contract1on where a rap1d

L

trans1tﬁi_ in cellular states ex1sts. However, one fa1ls to

:reallze ‘that . muscle cells, by V1rtue of the1r sarcoplasmlc

retlculum and the opt1m1zed geometry of thelr structural

»

'components;'are the except1on ratper than the rule,

-



A cell possesses a finite vclume. Upon excitafiohtfa
competition between the calcium influx rate andftﬁe opposing
rates from calcium translocating mechanisms means that the
calcium concentraaiqn’at various points in the cell will
differ ang calcium r;gulated events will be influenced by
tehpotal and spacial factors. This point is illustrated by
the surface diagram shown in'Fig. I.3. This diagram assumes
the case of a spherical cell. The'application of a stimulus
will result in a rapid increase in cytoplasmic calcium level
near the cell~mehbrané’but this calcium increase will be
felt only later in time and to a 1esser extent at the center
of the cell dependlng on the length and pattern of
stimulation, Similarly, calcium sequestrat1on will be slower
in the Center'of thevcell'than near the membrane where the
Mg”-dependent, ATP-driven Ca?* pumps arehpreseht; If:one
considers'p:cteins such as.parvalb?mins and intestinal -

¢calcium binding proteins as specialized calcium buffefing
vageﬁts, then their conCedtratiqn and lecatiOn in\;he cell
will eeriainly ihfluence the duration and the extent ‘of the

calcium signal. I
signal. .

Furthermore, lltﬁle is known about the ampllflcatlon of .

‘the calcium 51gnal Since cells can be chronlcally |
estlmulated by calclum, Ca" must act by p051t1ve feedback to .
a‘StlmUIer directly or endlrectly, 1ts passage through the

Acell membrane. P051t1ve feedback mechan1sms yzeld states far

!



Stimulus

Fig. 1.3 Variations in the intracellular ¢alcium concentration
as & function of time following a stimulus (X axis)
and the distance from the site of calcium entry (Y'ax"\gg._
.The cell was considered spherical and the movement -
calcium in the cytosol was assumed diffusional [Adaptid”

_ from Kretsinger, 1979]. .




removed from equilibrlum (resting state of the cell in- our

, case). This may explain how irreversiblé;events sﬁéh as DNA
transcription and cell division could,océur; A negétive
feedback mechanism is present in the excited state of a cell
and is represented by the sum of all the calcium |
translocation mechanisms meqfioned earlier (Figq. 1.2)..Oﬁe

P¢an reason that a compétitiéh beﬁween both feedback

. mechanisms will modulate the cellular level of calc1um Aln}
summary, the cytosollc level of calC1um adopts a cyclic
pattern ‘as-a function of time which induces either the
resting state (10°'M Ca?*) or_the exéited state (107 *M Ca’;);

‘ of_the_cell.

c. rorj UM IN LIVING SYS®EMS

géign at least 3 major roles to calcium.

1) 8 ;tUPaI Pole The higﬁ levels of céllular

anionS‘(&i I-1) and the chem1cal ‘properties of Ca(II)
.faVOring?f llformation of insoluble compounds with PO{",
‘CO}f;'C11 f? represeht thekbasié factors behindythe.
fofﬁétioffffabdnés;and.shélls‘~Calcium can also play a
: stfucfufé?g;oli%ét the‘préteihllevel, Fo;‘exalﬁle;‘
osteocalc1n (Hanschka and Carr, 1982) is a 47"to 51—amiﬁov,
ac1d long protexn conta1n1ng 3 Y- carboxygluta ic ac1d

¢ res1dues. It possesses a modest aff1n1ty for ionic calc1um -

v
.
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"~ (Kd of 8 x 10-* M; Hauschka and Gallop, 1977) but exhibits a
" strong binding to calcium phbsphate surfaces . Its a-helical
content increases frbm 8.to 38% in the bfesence‘of calcium
.(Hauschka and Carr, 1982). Similarly, calcium binding to
.thermolysin'affects the thermal stability of this
proteolytic enzyme (Feder et al.,‘19717 Mattﬁews et al.,
1974). Finally, calcium is known to inte;att Wifh negati&ely
' charged phospholipids such as phosphatidyl serine and

phosphatidic acid and influence membrane fusion properties.

2) Calcium as a protein cofactor: The role of Ca®* as
a cbfectof appears limited to extracellular enzYﬁes.'Such a
'requirement is best exemplified by-the.esterolytic enzyme’
phospholipase.A2 (Verheij et al. 1980) which cleaves ;he
ester bgggyat the 2-acyl p051t1on of phosphoglycerides (Figq.

he calcium b1nd1ng site lles close to, the active

I.4a;ﬁf
site and the proposed catelytlc mechan1sm involves a ternary
complex (Ca?®*, prbteih, phosphoglyceride) where calcium |
interac;s,withethe phospha_e moiéty-bf the phOSphoglycerEde
(Verheij et al., 1980, DijKstra et al., 1981)(?19.,1L4b).W

SuCh'a céféctor role for calcium»was also observed 'in the

\ . 1

L case of the enzyme staphylococcus nyclease (Cotton et al

1971) where aga1n the catlon is in prox1m1ty to the act1ve

4,
sxte. The catalytlc mechanlsm however remalns to be

i

veluc1§ated;
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1.4 Example of calcium acting as a cofactor in thg cata]y-
tic mechanism of pancreatic phospholipase A2
"(A) Reaction catalysed by phospholipase A2«

(B) Cata]yt1c mechanwsm proposed by Verheij et aZ 19§0;~"
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3) Calcium as an ianacellular regulator: This role
concerns a network of regulaéory proteins which have become
synchronized to the cytosolic level of calcium. Calmodulin
(Cheﬁng, 1970) and its specialized version, t;oponin C (thin
filament requlation of muscle contraction; Ebashi et al.,
'1968) both possess several calcium binding sites sensitive
to calcium concentrations of\the order of 10 *M. When a celi
undergoes a transition from resting (10 'M) to excited state
(10°°M), the secondary and tertiary: structure of these
proteins is altered to permit theif interaction with.

requlatory proteins and enzymes and modulate their activity.

Calcium reptesents an essential element of the cellular
secoﬁd messenger system (Wang and Waisman, 1979). In the
last decade, investigators have characterized some of the
biochemical pathways modulated by calcium. However, the
.triggeriﬁg mechanism which occurs during the initial
interaction of éélcium with calmodulin or other homologous
proteins remains poorly understgod. In the lasf égﬁ years,

~our group has~focused its attention on this particular
aspect of the calcium modu}ationhscheme. Two major Questions
relevant to this mechanism can be formulated as foliows:

1.) Why was calcium selected for this me'ssenger role ?

!
a * &,

* This question remains largely unanswered aithough part of

the solution lies in the chemistry of calcjium. ﬁ?is aspeét

L
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will be discussed in the next section.

G

22) What structural features of calmodulin and other
homologous proteins make them suiltable to ﬁ}anslatexthis

chemical signal (i.e. calcium) into*a biochemical one ?

.

Calcium binding to these proteins results in an incréase in
their a-helical content (van Eerd and Kawasaki, 1972;
Kawasaki and van Eerd, 1972; Burtnick and Kay, 1976, 1977;
Klee, 1977; Wolff et al., 1577; ﬁeqvis and Kraft, 1978; Nagy
and Gefgelx, 1979) and the exposure of hydrophobic regions
(Johnson et al., 1978, 1983; LaPorte et al., 1980; Tanaka
and Hidaka, 1980, 1951) thought to interact with target
proteins. This question will be discussed later in light of

structural information gathered on these proteins.

o

D. CHEMISTRY OF CALCIUM

i
It is reasonable to assume that the appearance of

i

calcium preceeded by orders of magnigude in_timé{ the
occurence of proteins and other éomplex organic molecules.
The structural features adopted by calcium binding proteins
have thus evolved to ﬁatch the physical and chemical
properties of the calcium ion. Several cations ﬁhat have
analogous properties to calcium are either preseht in tfacg
quantities or form insoluble compiexes in an agueous

. environment (i.e. lanthanides). In the case of sea water
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(Fig. 1.la), one realizes that besides Ca® ", sodium,
potassium and magnesium are all present in elevated

v . . . . . ©
concentrations. Since the composition of this medium has
probably remained unchanged through history and represents .
the environment of choice for the evolution of biological
organisms, one may assume that the cations Na*, K*, and Mg*’
represented natural constraints in terms of ionic radius,

cation charge and choice of possible coordinating ligands

imposed on the evolutionary development of calcium binding
proteins.
1. Metals and ligands ' ,//

Ahrland et al. (1958) have classified ligands and metal

ions according to theilr preferential bonding properties.'
Class A metal ions include alkali and alkali earth metals
such as Li-, Na*, K, Mg’ , Ca*’ aﬁd a variety-of higher
oxidation state metals such as\trivalent lanthanide ions.
Class B are“represented by heavy transitioﬁ metals 1n lbwer
oxidation states (i.e. Cu’, Ag;, Hg*® and Hg?’). Ligands were
classified according to their preference for class X or B.
PearsOn”(1963,1968) suggested the term.han and séft to
characterize the members of class A and B. The author
proposed the rule of thumb that a hard acid like Ca*’
prefers to bind to hgrd bases like nitrogen, oxygen and '

small éleqtroﬁégétive halide ligands. The theoretical basis

L)



u

for hard-hard interactions is that they are primarily the
result of electrostatic or ionic effects as opposed to the
covalent character (softness) arising ‘from the presence of

. : Y
unpaired d electrons.

e

Another important factor in the calcium chemistry is
1llustrated by the Irving-Williams series (Fig; I.5) where
alkali earths (i.e. Mg?* and Ca?") preferably bind to
ligands in the order O>N>S. Williams (1970) -summarized in
genéral terms, the selecpivity of Na*, K*, Mg?* and Ca** for
simple binding sites in order to highlight features relevant
- to their blochemlcal roles Flrstly, Mg?* 1is bound. :
preferentially by nitrogen bases so that for mult?ligand
sites containing nitrogen ligands, the order of complekt
~stability will ge Mg?* > Ca?* > Na® > K* and thus sites
showing a preference for Mg*" often include ,at. least one
nitrogen. Secoﬁdly,ecalcium inte)écts preferentially with
multidenta£e anions and strong acid anions (order of compiex
stability; Ca?* > Mg®** > Na* > K*) and in contrast to
preferred Mg“ sites, the ligands are prédominantly
phosphate, carboxylate and §mlphonate ones with rio nitrogen
llgands present. Finally, magne51um and calcium demonstrate

a tighter binding to multiligand sites as compared to sodium

and potassium. . | ' )

2. Radius ratio, r*/r-

¥
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Fig. 1.5 The Irwing-Williams effect. The stability of the -
complexes formed increases through the series Ba-Cu.
In the case of magnesium and calcium, the stability
constant of the complexes formed also increases as
one goes from nitrogen ligands to oxygen ones
[Adapted from Sigel and McCormick, 1970 and Huheey,
1972]. : ‘ o .

17

'



18

Since alkali and alkali earth metals are involved in
electrostatic interactions with ligands, their charge and
ioﬁic radius represent important factors in'bondihg. The
radius ratio (r*/r") of a metal ligand complex is simply the
ratio of>the ionié radius of the metal,idn over the radius
of the ligand involved. This quantity is useful in
estimating the preferred geometry or coofdina;ion number of
hard acids, since it indicatés packingltequirements,for
ligééﬁs around the catién (Huheej, 1972§; For éxample, Fig.\\
I.6a illustrates an octahedrai.arrangementio; hydroxide |
_ligands aroﬁndAa Ca?" ion (Bﬁéing and Levy, 1957). The
calculated r*/r- value is of 0.71. Figure 1.6b poiﬁts ot
thét the minimal r*/r- value for an éctahédral arrangemgnt
is equal to 0.414. From packing considerations, one can thus
‘calculated the limiting radius fatio'forIQarious'gepmetries

\(Fig. I.6c). In concluéfon, 6ne reéiizes that a r*/r- value )
of(b.71 suggests that the hydroxidelligénds are octahedrally

arranged around the calcium iof.

3.. Charqge effect

F

.

' One can appreciate the effect of cationhcharge'on thé ‘
- stability of the‘resuLting éoméiex'bf}gstimating the energy
involved in'bfinging'six hydfoxide-ligénds‘and é-caléium ioﬁ .
into the geometry diagrammed in Fig,ﬂI.Sa. Ih thé éaﬁe of a

crys§al structure, this quantit ‘is.known'as thellattice
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Fig. -I.6 (A) Octahedral afrangement‘of hydhoxide 1i§ands aroﬁnd

u

calcium in Ca(OH), [Adapted from.Busing and Levy, 1957].
(B) Determination of the minimal r+/r- value For an oc-
tahedral arrangement of ligands around a cation. §

(CY Minimal values of radius ratio as a function of
packing geometry. ‘ ' ’ '
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energy U and can be approximated as follows:

‘Thel electrostatic energy involved between cation and ligands

can be calculated from the relation
Eg= Ne*/dme, (62°2°/re + 3272 /r, + 122727/ V2 r,)

where Ne5/4neo is equal to 1389 kdmol - 'R, Z- aha A

represents the charge of the ligand and metal respectively

-‘wﬁile_r° is the sum of the cation andlligand radii (1.00 A +

1.40 R). Repulsive forces arising from the ligand proximity

to the electron cloud of the cation will contribute

A

positively to the lattice energy by a factor equal to

]
\

E. = NB/r" | | o

where N and B are constantS'aqS r represents the distance

between both ions.

At an gquilibfium distance (whefé r = r,), the net

‘lattice energy U will reach a minimum represented by the

difference bétveen attractive and repulsive_energieS'

. . o . o
U = {-2.0147 Ne*/4neor } + NB/r,"

| ‘Tﬁe'Value,B,¢an bé‘solved'by differentiating.this‘éxpreSsion

with respect fo r and Yielas théVvaiue

B = {2;0147'e’/4n€on,} rQ”'l

and the term U can be simplified to |
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U ={-2.0147 Ne*/4neyrg . (1 - [1/n])

where n has a-Qalue b;tweqn 9 and 10 and signifies that the
repulsion term only contributes about a 10% decrease in this
case to th; minimal U yélue of the complex. Since we know
the ionic radius of calcium (1.00 &) and of the.hydroxide
ligandl(1.40 ﬁ; Waddington, 1959), the quantity r, can be
calculated and U can be estimated to be abo@t -1050 KJdmol~'.
Assuming a hypothetical increasé in the éation charge to +3
with no ;ppreciable‘qhange in the metal ionic radius, then
the féctor - 62-2°/r, . becomes equal to -ja/r.-instead of

-12/r, (as in the case of +2) and results in a final value

for U of -2,400 Kdmol-"'.

“rOne can thus apg;eciate that for the octahedral
arrangement presented in Fig.ri.sa, an increase in the metal
'cha;gg of 1 produce§ a 1.5 fold increase in the minimal
-energy of the complex. One should however keep in mind thét

the cﬁarge of the anions or chaxgés-in ionic radius of
: either’iigands-or cation will aéfect the coordination number
of the complex and alter correSpoﬁdingly its potential

energy.

4. Mechanism of complex formation

The formation of a calcium complex involves several steps.

Figure I.7 indicates that in the initial event (step A), an
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incoming ligand will form an ion pair with. the hydrated

cation. This association is termed an outer-sphere complex
a
and is strictly a diffusion-controlled event. Following step

“

A, the cation loses a water molecule from 1ts inner-sphere

complex. This dehydration step (step B) represents the main

4 |
‘energy barrier to the formation of a calcium:protein complex

4

and is rate limiting. The overall mechanism is often
described as a Sn1 mechanism in view of the dehydration step

(unimolecular nﬁcleophilic substitution; Taube and Posey,

-
v

1953; Eigen and Wilkins, 1965). Finally, the incoming ligand
integratethhe inner-sphere complex of the metal (step C).
Since proteins can be considére% as multidgntate ligands,
the calcium}protein complex will prbbably require a further
dehydration of the cation whiéh then may be.prqhoted by the

AN
microenvironment of the protein (Reid and Hodges, 1980).

5. Dehydration and complexation properties of Ca?"

~ Since the‘ra;e limitiqg step in the fofmation of a
calcium:protein complex is the substitution of a water
molecule from the caicium inneh—sphene cdmplex,}oné'shodld
inQestiQate éome-qf the 5eﬁydrati0n propérties oﬁ'élkali
earths. Figuré 1.8 lists thé charactefisticliate constants
- (sec”') observed for the substitution~of water molecdleé,
from the inhér;sphere of metal ions (Eigen, 1963; Winkler,

1972). One notices that water substitution A;tes generally

o~ 3 .

S

4|
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M(H O)
STEP A
Formation of
Outer—Sphere Complex
M(H 0)
5 STEP B -
“H,0 “* Dehydration of
Inner-Sphere Complex
M(H O)
) SEP ¢+ T -
Y | Ligand ‘Replacement
| ‘ Inner—Sphere Complex
Mo L7

Fig. 1.7 Metal:protein comp]ex formation. Description of an Snl

mechanism for the replacement of a cation (M) hydrat1on
sphere with prote1%_ *Beptgde lTigands (L) [Eigen and"
Wilkins,"1965]. M(K20)p is designated ag the outer-

- sphere complex or the ion pair and M(H20)p-1L is the .

inner-sphere complex. The reaction proceeds via an outer-
sphere complex [Adapted from Reid and Hodges, 1980].
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Fig. 1.8 Characteristic rate constants (secﬁl)for the substitu-.
tion of water molecules from the inner sphere of meta]

: 1ons [Taken from w1nk1er 19723].
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decrease with increasing charge and decreasing size of the
“metal ion. This observation is further emphasized in Table
1-2, where an 1;erease in-the charge den51ty of alkali and
alkali earths correlates with a rapid decrease in.tﬁeir
bmeta}:water substitution rates. For example, Mg?*® displays a
substitution.rate fQr water molecules that is thtee orders
of magnitude slower than in the case/éf Ca?", thus watet
molecules are tightlybbound}to Mg?* as compared to calcium
 (a cation of equivalent charge). The difference in
dehydration‘ptopertieé between-these two metals becomes a
crucial factor in the thin filament regulation of striated
mUScle tissue where patvaihumin and troponin C conoete for

the available calcium in the cytosol. v

é? AKey'factors’that contribute to the stability of a
_calcium:pr%fein complexlin solution are “ a) the typé of
ligandg'coordinating the calcium ion'and ﬂb) the‘free

energy. of hydrat1on of thlS catlon ( AGa; ‘Table 1-2).

£ ‘g\

will discuss 1n the next section that the Ca”-blndlng 51tes

Ly

on protelns are composed of multldentate oxygen llgands and
4

as described earlier. wlll preferentlally b1nd Caz‘ and Mg
| over K* and Na' ions (W1lllams, 1970) However,_even 1f aﬂ.
dcalc1um ion is dehydrated faster than a magne51um ion, the
}esultlng calc1um proteln comg?gx nay be«thermodynam1cally

less favorable than the magnes1um one. One should: thus

analyse the free energy ;nvolved in generatlng these

&



TABLE 1-2

Some chemica@ and physical properties
of Group 1A and IIA cations

Val

Meta1:waterd

Ionic Charge substitution

Cation radigs®  density - Aq: ’ rate
() . (A3 (k/mole) (sec™!)
Lit 0.76 0.54 ° 511 5 x 10°
Na* 1.00 0.23 112", ~ 8 x 10°
& 1.3 0.09 337 n1x 107
et 0.457  5.24 2436 ~ 1 x 100
Mge 0.72  1.28 1900 v 1x 100
et ~ 1 x 108

- Ca™. 1.00 0.48 1587

%The values given correspond to cation complexes having
a coordination number-of 6. Taken from.Shannqn} 1976.

bRepresent the charge to voTume ratio where the volume
of each cation was calculated from, the given ionic rgdius.

A “Taken from Lehn, 1973. ‘ o
dyalues are estimates taken from Fig, 1.8-[from Winkler,® B

19723 ‘ N o
o N
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complexes.
&

The formation of a metal:protein complex 1in agueous

solution is described by .the following equilibrium

n+ n+

M" (H,0)x + P - M P(H,O)y
+ (x-y)H,0
The free energy term ( - G) for tbis equilibrium can be

appr?ximated by 4G 'F‘AGD -AlGaQwhere A Ga is the free
energy of hydration of the cation (Table 1-2) and /. Gb, the
free eneréy for the protein:metal complex formation. The
term oG is related-to the equilibrium constant (Keq) for

the complex formation by the relation

»G = -RT 1n(Keq)

L 4

and can also be described as a function of the effective

radius ra of a complex by the relation

%,
Tt’

G = -[B/(ra + a)] + [A/Pa]@m

where ra is the sum of the cation iénic radius and the
effective radius of coordinated water molecules Xp?bs R); A
and B are constant associated with the charges involved in
the water:cation arld the protein:cation complexes; and «a
represents the difference between the effec;fve radius of

coordlnated water molecules and the radius of the incoming

ligand (Williams, 1970; Ochiai, 1977). In the case of
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ligands such as CO: , PO}  and EDTA . the quantity B is
larger than A and the reéulting.: G value is negative and
becomes increasingly negative as ra becomes larger. Thus
Ca'” complexes involving these types of ligands possess an
higher Stability constant than the corresponding Mg'-

complexes.

In conclusion, a Ca*" ion loses its coordinating water
molecules more easily than a Mg*" 1on does. In addition,
calcium complexes involving polydentate ligands composed of
carboxyl type ligands, exibit a greater Stability constant

than similar Mg?" complexes do.

E. STRUCTURE AND FUNCTION OF CALCIUM BINDING PROTEINS

Several proteins have one or several calcium binding
sites. Thermolysin has four such sites (Matthews et al.,
1974), while trypsin (Bode and Schwager, 1975) and

phospholipase A, (Verheij et al., 1980) are enzymes’

L\
N,

possessing a single cation binding domain. Stereoprojections =

of their calcium binding regions (Fig. 1.9) illustrate the

following common features:

a) only oxygen ligands coordinate the metal, in agreement
with the preferred order of calcium ligands mentioned
previously, | . s

b) oxygen ligands are contributed either by carboxylic

<

“\\_,/"'
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side chains of aspartic and glutamic acid residues, non
ionic side chains from asparagine and glutamine residues,
_hydroxyl groups of serine and threonine, peptide backbone
carbonyl groups or simply from bound water molecules,

c) the preferred calcium coordination number is 6 and the
calcium binding site adopts a distorted octahedral geometry

around the cation. a

The calcium association‘constants determined for these
various calcium binding sites differ significantly however.
In the case of the four sites of thermolysin, the Skca
values range from 4.7 to >6 (Matfhews et al., 1974: Voordouw
and Roche, 1975). A tabulation of the’'binding affinities of
several sites and the composition of ligands making up the
coordination sphere suggests that no correlation exists
between the number of carboxyl ligands (-COOH) and the

calcium binding affinity of a site (Kretsinger, 1976).

4

1. Criteria for calcium regulation

Calcium regulation exists at the cytosblic level where
the calcium concentration fluctuates from 10 "M (resting
state) to 10°°M (excited state). The enzymes described
previousiy are extracellulér and functiom only in their
calcium bound state since the large content of calcium in

the extracellular environment (~10-°M) will saturate their
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calcium binding sites.
Tﬁe following eqguilibrium,

Ca?* + P Y PCa?®-
where P and PCa"'represent the apopeptide and the calcium
bound peptide states, possesses an association constant Kca

defined by,

Kca = [PCa?-]

[Ca?-])[P]

Developing this expression in a form similar to the

Henderson-Hasselbach relation yields,

pCa = pKkca + log [PCa®"]/[P]

If one uses the boundary conditions that pCa varies
from 7 to 5 and that a calcium binding protein adopts eithe
a metal-bou®pd or a metal-free conformatibn at these two
extremes in pCa values (5 and 7), then the optimal pKca
~value for a calcium binding site should be equal to 6. The
pCa values of 5 and 7 represent only estimates, and may well
fluctuate between 4 to 5 and 7 to B respectively. Several
calcium binding proteins present in the cytosol offer sites
having a pKca valge around 6. However,.many of them can be

regrouped under the same protein\family since they possess
' N, S : -

-
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homologous calcium binding domains known as EF h@nd regions
(Kretsinger and Nockolds, 1873).

2. Concept of the EF hand domain

Parvglbumin is a‘small acidic protein (711,000-12,000
daltons) isoléted from lower vertebrate mg§clés (Hamoir ;nd
Konosu; 1965; Pechére and Focant, 1965; Pechere et al.,”
1971) that binds two moles of calcium per méle of protein
(Pechere et al., 1971; Benzonana et al., 1972; Nockolds et
al., 1972). The determination of the primary sequ?pce i
(Coffee and Bradshaw, 1973) and the crystal ;xrucgure
(Kretsinger and Nockolds, 1973) of carp par;albumin has
permitted the analysis of its two calcium binding sites.
Both sites are homologous in their sequence and their

tridimensional structure. Each calcium binging site 1s

composed of a linear sequence of 30 to 35 amino acids where

the N- and G-terminal a-helical regions are approximatively

perpendigular to each other and are flanking a 12-residue
calcium binding loop. Kretsinger and Nockolds (1973)
suggested the term EF hand to depict these sites following
their original crystallographic work on carp parvalbumin

where the second éalcipm binding site was composed of E- and

F- terminal helical regiohs.represented_by the index and the

thumb of a right hand. Figure 1.10 illustrates a two- (A)

and a three-dimensional (B) representation of an EF hand.



Fig. 1.10 Representation of a mode]‘EF hand.

(A) A two-dimensional. representation of a heliz-loop-
helizr site. The jagged lines indicate the N- and C-ter-
minal helical regions. These regions are flanking a 12-
residue 16ng caTcium binding loop (labelled from 1 through
12). The calcium coordinating residues in the sequence
occupy positions 1 (X),3 (¥),5 (2),7 (-Y),9 (-X) and 12
(-7). The side chain of the residue in position 7 (-Y)
does not chelate calcium and is replaced by the peptide
carbonyl oxygen from this residue [Adapted from Reid
and Hodges, 1980]. =

(B) A tridimensional representation of the EF hand of
carp parvalbumin along its a-carbon backbone [Taken
from Kretsinger, 1977]. The E- and F-helical regions
are approximatively perpendicular to each other as il-
Tustrated by the index:and thumb of a right hand.

33
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Note that the a-helical regions are partly initiated in tHe

calcium binding loop.

The primary‘sequence of rabbit skeletal troponin C
(Collins et al., 1973; Collins et al., 1977) and of some
myosin light chains (Frank and Weeds, 1974; Céllins, 1976{
Jakes and Kendrick-qones, 1%16) were solved soon after. the
initial work on parvalbumins.. It was established from
sequence HOmologies to parvalbumins that all these proteins

possess EF hand sites.

,To‘date, at least éix families of EF hand containing
proteins have been establ:shed parvalbumlns, troponin C's,
calmodulins, my051n light chalns intestinal calcium binding
proteins and the brain specific S-100 proteins. Other
proteins such as the tumoyr calcium binding protein,
~oncolmodulin (MacManqs, 1981), the human and rat brain
Calciﬁm pinding proteins (Baimbridge et al., 1980, 1982) and
the smooth muscle protein, leiotoénin C (Mikawa et‘al;t 1978)
/ may soon prove to be part of'the superfamily of EF hand
containing proteins. Two evolutionary trees have been
constructed from the avajilable sequences of EF hand
containiﬁgvprqteins'(Barker et al., 19Y7, 1978; Gabdman et
al., 1979; Goodman, '1980; Fig. I.j1). The branchzng of these
trees differs 51gn1f1cantly due to the methods adopted to

construct them (Dayhoff, 1976). However, both approaches
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suggest that an ancestral gene coding for a primordial
40-amino acid loﬁg;calcium binding domain underwent 2
successive gene duplications to produce a four-domain
protein with domain I genetically closer to III, and II to
IV. Gene deletions and mutations are thought to have led té
proteins with altered EF domains such as:

a) defunct and deleted sites in cardiac troponin C and
parvalbumin, or |

b) distorted sites through insertion or deletion of
residues as in the.case.of myosin light chains, S-1GB
proteins and intestinal calcium binding proteins, or

c) substitutions generating high-affinity calcium binding
sites as exemplified by site III and I& of troponin C and by

the parvalbumin CD and EF sites.

In view of the diversity of proteins containing such
sites, it is 1nstruct1ve to briefly highlight structural and
functional aspects surrounding each of the six major proteln

Py

.families involved,

' ( . :
3. Structure and function of EF hand containing proteins

a. Calmodulin

Calmodulin (CaM) is a small acidic protein distributed
in a broad variety of ti'ssues and species and appears to
regulate a constantly increasing number of cellular

E4Y

6::.“
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processes (see reviews by Wang and Waisman, 1979; Scharf},
1981;: Means et al., 1982). Figure I.12 points out that
calmodulin action lies in its ability ;g modulate the
activity of a wide range of enzymes. This protein was first
described by Cheung (1870) and‘Kakiuchi et al. (1970) as a
required féctor for the activation of a calcium—debendentT

T
phosphodiesterase, while Teo and Wang (1973) demonstrated
that this activator was a calcium binding protein.
Calmodulin action can be described by the following general”

scheme

Ca:® + CaM - CaM™Ca’" ! (1)
CaM"Ca?’" + Enzyme(inactive) .
CaM-Ca’ " "Enzyme(active) (2)

y
Calmodulin is a 148 amino acid long protein (MW ~16,700
daltons) and possésses four caléium binding sites. The
calculated calcium association conétants for these sites on
calmodulin are usually near 10‘M"' (Teo and Wang, 1973; Lin
et al., 1974; Watterson et al., 1976; Klee, 1977), however -
values as high as 10°M°' have been reported at low ‘1onic
strength (Wolff et al., 1977). Wolff et al. also commented
that. in the presence of physioiogical levels of magnesihm (-
mM range) and low ionic strength, calmodulin only binds 3
moles of calcium. Calmodulin may represent a subunit of a

particular enzyme as in the case of myosin light chain



Myosin light
chain kinase

Phosphorylase
kinase

Glycogpn
synthase
kinase

. .
NAD kinase «——— Calmodulin -

cGMP protein /

kinase

Phosphaoprotein
phosphatase

Fig: 1.12

Cyclic nucleotide

phosphodiesterase

<

)
Adenylyl cyclase

Guanylyl cyclase

2+ '
Ca -qu"-ATPase

Phospholipase A,_

Tryptophan 5'-
MoNo0xygenase

Succinate
dehydrogenase

0- & N-methyltransferases

Adapted from Means et al., 1982].
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38

EgaN

' i,
Y



39

kinase (Dabrowské et al., 1978) and glycogen phosphorylase
kinase (Cohen et al., 1978; Grand et al., 1980) or it may
interact with target proteins-only in the presence of
calcium. The aﬁino acid sequgﬁces of bovine brain (Watterson
et al., 1p80) and rat testis {Dedman et al., 1978)
qalmodulins.hayg been found to be virtually identicai
including the presence pf the rare amino acid ¢-N-trimethyl~-.
iysine at position 115-}Jackson et .al., 1977). Only eleven
amino acid substitutions aﬁd,one aeletibn (position 14@)
hdve been observed in comparihg the CaM primary sequegﬁe bf
the unicellular ciliated.eukaryote Tetrahymena Pyriformis
(Yazawa et 37., 1981) to the one obtained from bovine braib
source, indicating that the primary seQuence of calmodulin

has withstood remarkably well evolﬁtionary pressures (Iida,

1982).

b. Troponin C

The calcium binding-profein troponin C is found in
Striétéd muscle cells (Ebashi and Endo, 1968) and is
ahalqgous in size (MW 718,000-da1tons)-and sequence to
calmodulin\(Cdllins et al., 1977; Barker et al., 1978) .
rabbit skelétal troponin C possesses two high-affinity
(Ca”;Mg}‘)‘bindihg sites (“10°M-') and two calcium-speéiﬁic
sites (710°M"') (Potter and Cergeiy; 1975) -while bovine

‘ cardiac‘troponin C possesses two high- and one low-affinity

i
L

4
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calcium bindigé sites (Burtnick and Kay, 1977; Hincke et
al., 1978; Leavis and Kraft, 1978; Holroyde et al., 1980). -
Table I-3 ;ists the reported association constants for these
two types of troponin C. Note that the pfesence«of magnesium

ions reduces the ability of thelhigh-affinity sites to bind

calcium.

Troponin C is part of an assembly of 3 subunit proteins
forming the rggulaﬁoFy unit calléd the troponin complex
(Tn). This complex is also composed of an iAhibitory subunit
called groponin I (Tnl; MW “21,000 daltons) which interacts
with actin and inhibits thé»actomyosin;ATPaée activation.
Troponin T (TnT; MW ~230,500 daltons), the third compbnént of
4 this complex exists Iﬁ assbciatioﬁ with tropomyosin (TM), an
a-helical nod-liké protein”occufiqg as a coiled-coil dimer.
All three members of phe troponin complex bind to ééch'
other.iThese féur proteinsu(Tn + TM) through a network of

interactions are responsible for the calcium regulation of

striated muscle.

In summary,'if is fdllowing ;hé depolarization of the
muscle fibérvéarcolemﬁa”kmusclg;cell membrane) that the
calcium concentration in thenmugclé céll':ises above 10" ‘M.
Calcium binding to the calcium~$pecifié sites of troponin.C
induces .a changé.in its secondaryfstructu{g and this -

A .

"structural change is communicated‘thr@ugh'the Tn/TM contacts

K4



TABLE 1-3

Calcium and magnesium binding constants for skeletal and cardiac
Troponin C

Mty ¥ of K K.,
. (d Prad
sites 1 \ _‘l
(mM) (M) (M)
Skeletal TnC"
Troporin complex - 2 5 x lO8
_ 2 5 x 10°
2 4 5 x 10° 5 x 10°
Purified - 2 2 x 107
subunit ) ’ 2 105
6 3
2 2 2 x 10 5 x 10
i 2 2 2x10
Cardiac TnC
Troponin complex - 2 3 x 108
- 1 2 x 10°
7 3
4 2 2 x 10 3 x 10
4 ] 2 x 10°
Purified - 2 1 x 107
subunit _ ] 2 X 105
2 .4 x.10° 0.7 x 1¢°
. 6.
4 1 3 % 10° ’

|
r
|
9
|

9Taken from Potter and Gergely, 1975.

braken from Holroyde et al., 1980.

-~
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to tropomyosin yielding its displacement toward the center
of the F-actin groove (Fig. 1.13a). Haselgrer (1972),
Huxley (1972), Parry and Squire (1973) originally postulated

the steric blocking hypothesis where the myosin head was
!

prevented from interacting with the actin filament in the

W !

absence of calcium, by the presence of the Tn}ﬁp unit. The
actin-myosin interaction was made possible by the movement
of the tropomycsin molecule in the presence of calcium (Fig.
[.13a). Controversy still exists about the position of TM on
the actin filament 1n relation to myosin (Moore et al.,
1970; Seymour and O'Brien, 1980). The receni analysis of
image reconstruction patterns "from electron micrographs of
myofibrils, has indicated a two site contact of myosin with

actin (Taylor and Amos, 1981; Amos et al., 1982). Figure

»
I.13b depicts some recent modifications made to the original

concept proposed by Haselgrove, Huxley, Parry and équire.
Although reconstitution experiments have broven the
importance of troponin and tropomyosin in the regulation of
striated -muscle contraction, tﬂg details of the regulatory

mechanism remaln unclear.
c. Parvalbumin
Parvalbumins represent a class of small acidic proteins

(MW ~12,000 daltons) present at high concentrations (- mM

range; Baron et al., 1975) in a variety of fish &nd



F1g. 1.13 (R) The steric blocking model. This model has been sug- -
cested for tre thin filement reculation of muscle con-
traction in siriated muscle cells. A, actin, TM, tro-
pomyosin; 1, troponin 1; €, troponin C; T, troponin 1.

In the absence of calcium (a), troponin ] interacts

with actin erd prevents the interaction of the myosin
head with actin. The binding of calcium to the regula-
tory sites of tropenin C leads to the movement of tro-
pomyosin toward the center of the actin groove {b) and
permits the irteraction of fyosin with actin [Teken

from McCubbin and Kay, 1980; adapted from Potter and
Gergely, 1974]. )

(B) Evolution in the positioning and interaction of com-
ponents invelved in the mechanism of contraction in
striated muscle. A, actin; M, myosin head, ®, tropomyo-
sin pokition in the absence of calcium; O, tropomyosin
position in the presence of calcium. (a) adapted from
Moore et al., 1970, (b) adapted from Seymour and 0'Brien,
]980,((c) adapted from Taylor and Amos, 1981, (d) and
(e) adapted from Amos et al., 1982.

L
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amphibian fast muscle tissues (Deuticke, 1934: Hamoir et
al., 1965, 1968; Pechere et al., 1965, 1969, 1971). In the
case of higher vertebrates, this protein haé been isolated
Brom 3 sources; rabbit and rat fast muscles as well as from
rat brain tissue (Baron et al., 1975; Enfield et al., 1975;
Capony et al., 1976; Berchtold et al., 1982a,b). One shoJid
note that the parvalbumin content in rat brain is about 100
fold lower than in ra£ muscle and appears to be restricted
to a distinct subpopulation of neurons (Celio and Helzmann,

1981; Berthold et al., 1982b).

Parvalbumins were shown to bind two moles of calcium
per mole of protein (Pechere et a)., 1971; Benzonana et al.,
1972; Nockolds et al., '972). The calcium binding affinity
of these two sites ranges in values from 10% to 10°M
{Benzonana ef al., 1972; Pechere, 1977; Haiech et al.,
'979). Although thé physiological role of these proteins
remalins unclear, Pechere (1977) suggested that parvélbumin
participatesuin the contraction-relaxation cycle in fast
muscle tissues, in light of 3 major points:

1) Parvalbumins appear to be tissue-specific, being
~primarily found in £ast skelétal muscle cells and probably
do not serve a ubiquitous role as in the case of calmodulin.

ii1) This family of proteins does not interact with other
proteins present in muscle tissue, in the presence or

absence of calcium and does not represent a substrate for
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phosphorylation (Demaille et al., 1975).
iii) Their strong affinity for calcium (Kd - 3-20 nM) and
magnesium (Kd ~20-30 uM) means that parvalbumin binds two

moles of magnesium ioms in resting muscle (Haiech et al.,

1979; 1-5 mM Mg*" in resting muscle).

The dissociation of magnesium 1ons occurs with a t; =

23-230 ms (Haiech et al., 1979). This time delay allows the

preferential binding of calcium to the calcium-specific

sites of troponin C or calmodulin (Potter et al., 1977).
Parvalbumin can thus be viewed as a relaxing ‘factor, as’its

high concentration in muscle tissue permits the removal of

"all calcium bound tc the calcium-specific sites on t{Opoﬂ{n

C and calmodulin. The final step in the calcium cycle is

expegﬁed to take place in the sarcoplasmic reticulum (SR)

‘where parvalbumin loses its calcium and binds two moles -of

magnesium (Pechere, 1977; Haiech et al., 1979; Gillis,

1980). .

It is from the crystal structure of carp pérvalbumin
(Kretsinger and Nockolds, 1973; Fig. I.14), that the concept
of.the EF hand has originated. The three-aimensional
structure of troponin é (Kretsinger ?nd Barry, 1975) and
calmodulin (Kretsinger, 1980a) havebsince been approximated
using the parvalbumin model. This site can be déscribed as, a

linear sequence of 30 to 35 amino acids where a 12-residue



Fig. 1.14 Crystal structure of carp parvalbumin.

(A) Tridimensional representation of the a-carbon back-
bone of carp parvalbumin. .-The first 40 residues are
highlighted by solid lines between a-carbons. Although
this region of parvalbumin possesses two helical domains
flanking a turn region (AB bend), it does not bind
calcium [Taken from Kretsinger and Nockolds, 19733.

(B) Stereoprojection of carp parvalbumin. o, a-carbon;
e, calcium ion. : -

46
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calcium binding region loops around the calcium ion.
Alpha-helices are flanking this loop region from both sides
(Fig. 1.10) and in view of such a geometry, the EF site is

also referred to as a helix-loop-helix domain.

da. Intestinal calcium binding proteins

Taylor and Wasserman (1965; first reported the presence
of a vitamin D-induced calcium binding protein in chicken
intestinal mucosa. This type of EF hand containing p;oteih,
abb;eViated ICBP (Intestinal Calcium Binding P;otein), was
subseguently purified f;om other animal sources (Kallifelz et ,
al.; 1967; Drescher and DelLuca, 1971; Harmeyer ana'DeLuca, N
1969; Hitchman and Harrison, 1972) and has been shown to be
located in the cytoplasm of intestinal absorptiQe cells
(Morrissey et al., 1978b; Taylor et al., 1981).‘These
proteins can be regrouped 1into two classes on the basis of
their molecular weight and the number of high~affinity
calcium binding sites (Wasserman, 1980). Mammalian ICBP's
(MW ~9,000 daltons) possess two calcium binding sites
(Kca"10*M" ') (Fullmer and Wasserman,; 1973; Dorrington et
al., 1974, 1978; Shelling et'al., 1983). Avian ICBP's (MW-
~28,000 daltons) bind 4 moles of calcium per mole of protein

(Kca"10*M-'; Wasserman, 1980).
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The sequence alignment of porcine ang bovine ICBP
(Hofmann et al., 1979; Fullmer and Wasserman, 1981) reveals
the presence of two EF hand domains. The recently published
crystal structure of bovine intestinal calcium binding
protein (Szebenyi et al., 1981; Fig. 1.15) points out that
the first calcium binding site is distorted by\the-presence
of amino acid insertions in the loop region, in comparison
to ther typical EF hands. A similar Situation appears to
occur in site I of bovine brain S-100 protein (Calissano et
al., 1974; 1sobe and Okuyama, 1978,1981). Intestinal calcium
binding proteins have been implicated in several functions

but do not appear to serve any obvious biological role.

step, 1t was proposed that the protein is not involved in

FActivity

(Spencer et al., 1976; Mo rissey et al., 1978: Thomasset et

the initiation of intestinal calcium absorptio

al., 1979). Since a correlation eXists between duodenal ICBP
levels and the Ca?* absorption activity, thlS protein may
act as a bufferlng protein in dlmlnlshlng 1ncreased
intracellular concentrations of ionic talc1um during the

stimulated absorption processes (Spencer'et\al., 1978;
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f?g. I.15 Crystal structure of bovine intestinal calcium binding

protein. Stereoprojection of the a-carbon backbone.

O, a-carbon; e, calcium ion [Taken from Szebenyi
et al., 1981].
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Morrissey et al., 1978; Skihki et al., 1982).

e. S-100 proteins

S-100 represents a mixture of protein dimers (Mw
“20,000 daltons) isolated from the central nervous system of
mammals (Moore, 1965; Calissano et al., 1969). These protein
dimers are composeé-of highly homologous «- and B-subunits
giving rise to 5-100a (af) and S-100b (BB) proteins
(Vincendon et al., 1970; Isobe et_al., 1977, 1981). Both
subunit chains have been purified and sequenced (Isobe and
Okuyama, 1978, 1981{% S-JOO exlsts both in soluble and &
membrane bound forms (Ru%%f et al., 1973; Haglid and
Stévrov,A1973;:Donato and ﬁ;chetti, 1974; Calissano et al.,
1974). Although it is a p:otein primarily associated witﬁ
the nervous system (glial cells), 54100 has been detected in
sevepai non-nervous tissues; for exémple, in the retictlum
celisjof lymph nodes (Takahashi et al., 1981), in human T
lymphbcytgs (Kanamori et al., 1982), in'chondchytes

(Stefansson et al.;, 1980). However, brain tissue contains

10* times more S$-100 than any other organ (Moore, 1965),
i r

The biological role of S-100 proteins remains unknown,
however these proteins have been shown to facilitate the
transport of y-amimobutyric acid (GABA) through nerve cell

membranes (Hyden et al., T980),‘tgistimulateifheﬁ?ctivity of
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nuclear RNA polymerase in nuélei 1solated from immature

chicken brain (Miaqi et al., 1973), to induce the in vitro
assembly of brain microtubules (Baudier et al., 1982), and
to be involVed\jn the functional maturation of the nervous

system (Labourdette and Mandel, 1978; Bock, 1980).

S-100b protein has been shown“to bind two moles of
calcium per monomer (B-chain) at pH 8.5 (Kd of 6 x 10" °M and
2-x 10 *M respectively) whereas only one mole of calcium was
bound per proteiﬁ monomer at pH 7.5 (Kd of 2 «x 10"M5
(Calissano et al., 1974; Mani et al., 1983). Thé
pH—dependent<conformational changes observed by 'H NMR when
the proteiln was titrated from pH 6.0 to 8.6"gave support to
thé concept that a crucial histidine residue (His-25)
located in one of the calcium binding sites is deprotonated
at pH 8.5 leading to the expoéuré of the site. It was also
~demonstrated that 1in t@e préSence of physiological amounts
of potassium ions (50-100 mM), the protein affinity for
calcium at the pH 7.5 site was lowered to 8 x 10" *M.
Examination of the primary sequence of S—100bﬁ(ﬁ~chain)
reveals that two pétential EF hand domains are present
(Isobe ahd Okuyama, 1981). However, the first
hel ix-1oop-helix region (residues 1-40) is lécated in a
ciuster of -positively charged residues. The segquence
alignment of this”barticular’site'with othér‘EF domains

suggests that this site would adopt a distorted geometry as
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in the case of site I of bovine intestinal calcium biﬁding

protein (Szebenyi et al., 198i%; Fig. 1.15).

|
1
i

2

f. Myosin light chains

The contractile response in both muscle and non-muscle
cells results from the interaction of .the globular portion
: . .

of myos:in filaments (myosin head) with the filament of actin

pclymers. It was mentioned in the_discussion of thé protein
troponin C, that in the case of skeletal ani cardiac muscle
cells, the troponin complex in association with tropomyosin
formed the key unit in the thin filament regulation of .
muscle contraction. In smooth muscle-énd non-muscle cells,
the dominant regulaiory system 1s at the level bf’the myosin
molecule. As depicted in Fig. 1.16, myosin 1s composed of
Six Pol?pép%}de chains. Two of the chains are called the
heavy chain; based on their molecular weight of,~200,000

ek ] R
daltons while the four remaining chains are r?%%r;%% to as
the light chains. Thése light chains are non-covalently
associated with the head of'the myosin molecule. It was
}demonstrateﬁgayvchemical *eans (Weeds, 1969; Weeds and
Lowey, 1971) that myosin possesses two distinct classes of‘
light chains. Treatment of rabbit skeletal myosin at
alkaline pH results in the total loss of fiyosin ATPase

activity (represents an in vitro assay for the in vivo

contractile response) and the concomitant release of two
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— =< Trypsin

HMM S-1 MM S-2

HMM MM

8

Fig. 1.16 Structure of myosin. A single myosin molecule can be
viewed as being composed of a rod-liké domain which
serves a structural role and a globular head-like do-
main to which is associated both the ATPase activity

" of myosin and its binding site(s) to actin. Abbrevi-
~ ations: HMM, heavy meromyosin; LMM, Tight meromyosin;
AR HMM S-1 and S-2, papain fragments of HMM; a, alkali
LRI/, - light chain; d, DTNB Tight chain.
ffifEQYC ‘
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chains (MW of 21,000 and 17,000 daltons respectively)
referred to as the alkall or esseﬁtia] light chains (Kominz
et al., 1959: Dreizen éf al.; 1967; Frederiksen and Holtzer,
1968). These alkali light chains of rabbit skeletal myosin
have been se@uehced (Frank and Weeds,‘1§74)'and aithough
they do not bind calcium ions, their seguence alignment
indicates the ﬁresence of structural homologie; with

troponin C and parvalbumin (Weeds and McLachlan, 1374; Tufty

and Kretsinger, 1975). Treatment of rabbit S}eletal myosin
with 5,5'—dithiobis-(2—nitroben?oic acid) (DTNB) leads to
the selective release of two light chains referred to as
DTNB or regulatory light chains (?%, 20,000 daltons; Weeds,
1969). The loss of the DTNB chains Has little effect on the
ATPase act1v1ty or on the ablllty of myosin to interact WIth
actin. ThlS type of light cha1n,~e1ther isolated or as part
of the whole myosin molecule, blﬁgs one mole of calcium per
mole of light chain (Gaffim and Opla%éa, 1974; Werber arfd
dblatka 1974; Potter, 1975), but magnesium competes
o strongly forif%e 51te 1n 1ntact myosin (Kca of 5 x 10¢ M-,
"absence of-Mg"; Kca of 5 X 10‘M“, Kmg Qf 3 x 10‘M‘-,
0.3 mM Mg?*) so that no sfgnificant amounts of‘c;lcium are
bound under thsiological cénditioﬁS'(“z mM Mg"; "10”M
Ca**), In the case of the isolated DTNB cbain; a éal%ium

binding constant of 1.2 x 10°M" ' has been calculated from

ellipticity measurements at 222 nm (Chantler and - 3
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Szent-Gyorgyi, 1978). Analysis of its primary seguence
indicates that it is related to other EF hand contailning
proteins (Collins, 1976) and that site 1 out of the four
possible domains probably represents the metal binding
domain. In the case of smooth muscle and non-muscle célls,
1t 1s the phosbhoryl;tion of myosin regulatory lidght chains,
that regulates the interaction of myosin with actin (Chacko
et al., 1977; Sobieszek, 1977). One Shouid note that no
troponin complex has been identified 1n these typés éf

cells. The phosphorylation is catalysed by a Ca®"/calmodulin

reguléted myosin light chain kinase (Dabrowska and e
LﬁHartshorne, 1978; Dabrowska e(‘a/., 1978; Hathaway and

Adelétein, 1979). Dephosphorylation of the chain occurs via

a myogin light chain phosphatase (Morgan et al., 1976: Pato

and Adelstein, 1980). The DTNB light chain of rabbit
skeletal myosiﬁ was also shown to be phosphorylated (Perrie
and Perry, 1970; Perrie et al.,|1973) although the

regulation of contraction in skeletal muscle cells remains

under the thin filament control.

B

Ebashi and his co-workers (1982) have 1nditated the
‘presence of the proteins leiotonin A and C-in smooth muscle

cells, and have suggested their role as the

~

-

. ) _
. »linked regulation of smooth muscle contraction. However

calciqp—dependent,regulatory\complex involved in the actin

problems in purifying leiotonin A , coupled with the



demonstration that Ca’" regulation is effective at a
leiotonin to actin molar ratio of less than 1:50 and the
absence of interaction between this regulatory complex and

. )
tropomyosin, are major factors explainingpwhy fhis mechanism

i

has failed to gain general acceptance.

A final regulatory mechanism, which exists in
invertebrate muscle cells such as scallops has been
described by Szent-Gyorgyi and his co-workers (see
Szent-Gyorgyi, 1975, 1980). In this system, the actin
binding site of mfosin 1s regulated by calcium. In the
presence of regulatory light chains (analogous to the DINB
light chains of rabbit skeletal muscle), the actin-activated
Mg*  -ATPase of myosin is depressed and the inhibition is
reversed by calcium or by the removal of these light chains

(Kerdrick-Jones et al., 1970; Szent-Gyorgyi et al., 1973).

1%
8

One or both regulatory light chains of sc§llop myosin
can be removed from the myofibrils by a short EDTA treatment
(Szent-Gyorgyi et al., 1973; Chantler and Szent-Gyorgyi,
1980). These isolated regulatory light chains do not bind
calcium strongly (KCé, 5 x 10°M"; Kmg, 1 x 10° M~ ')
(Chantler and Szent-Gyorgyi, 1978), but their primary
seqguence indicates as ih the case of othef light chains,
their relation to the guperfamily of EF hand containing

proteins (Jakes et al., 1976; Kendrick-Jones and Jakes,
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1977). These light chains bind calcium with a high affinity
only upon recombination with myosin (Kca ~10°-10°*M ')
(Kendrick-Jones et al., 1976; "Bagshaw and Kendrick-Jones,
1879). Finally, one should note that scallop myosin does not
possess a phosphorylatable light' chain (Frearson et al.,
1976; Jakes et a]., 1976) and no evidence has been found as
yet that molluscan myosins require phosphorylation for their

calcium sensitivity.

4. Design of an EF hand domain

Our understanding of how an EF hand domain binds Ca?"
and communicates this chemical signal to the rest of the
protein was largely based on primary seguence alignments and
on the crystal structures bf carp parvalgumin and bovine
ICBP¢ Although major structural changes occuring in the
presence of calcium could be assessed by fluorescence
spectroscopy, circular dichroism and nuclear magnetic
resonance, it was only upon the isolation of chemical gnd
proteolytic fragments of parvalbumin and troponin C that
some insight was gained on the basic structural requirements
\ - .
neceSsary for an EF hand to bind calciume For example,
Derancourt et al. (1978) demonstrated that the trypfic
fragments of carp parvalbumin representing the isolated €D

(site I) and EF (site II) domains bound calcium weaklyv(Kca

for CD site, 1.1 x 10*M"'; Kca for EF site, 3.3 x 10°M"') in
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comparison to their Ca’’-binding affinity in the intact
protein (Kca ~10°M '), Iébwas thus apparent that although
each calcium binding region was intact, the overall tertiary
sfructure of the protein contributed in part to the calcium
binding apility of the sites. This was evident also in the
case of cyanogen bromide fragments représenting site 11
(Kca, 8 x 10°M ") and site 111 (Kca, S x 10*M ') oﬂ rabbit
skeletal troponin C where a nearly hundred fold decrease in
Ca’®" affinity was noticed as compared to the same sites in
the purified protein (Potter and Gergely, 1975; Leavis et
al., 1878).

Howevéw, the calcium binding constants calculated for
ﬁhese\isolated single sites fluctuate in value by three
orders‘of magnitude. Reid and Hodges (1980) proposed that
the difference in affinity between these fragments could be
rationalized at least in part by the amino acid composition
of the twelve residue sequence involved in the chelation of
the calcium ion. Their ﬁypothesis suggested that a si%gle
Site containing four acidic side chains (two”acid pairs)
arranged on the ¢ axe; ccordinates (+X, *Z) would minimize
‘iigand repulsions aﬁd,wéuld'thus offer a higherAcomplex
stability. Another key factor was a possibie mechanism of
dehydration involving the presence of hydrophobic residues

at position 7 (-Y) and position 10, of the calcium binding

loop. These residues aided in the removal 'of the first
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molecules of water from the hydrated calcium ion
inner-sphere complex leading to a destabilization of the
remaining water molecules and the initiation of a
protein:metal complex formation. Both these aspects were
discussed in part earlier in the 1ntroduct10n Since the

hypothesis relied heav1ly on the 1nformat10n gathered from

- fragments of different size and amino acid comp051tlon a

BN

%, %

i

major cr1t1c1Sm to this hypothe51s was that the loss of

local elements of secondary structure (a—he%lcal regions for

example) could account for theTlarge discrepancy observed in
their respective calcium binding affinities. The validity of
the hypothesis could however be assessed by synthesizing a

model EF sand domain and by varying both its size and amino

acid composition.

F. AIMS OF THE PROJECT

A research project always stafts with a clear, simple
ides Hovewer when clear results are finally obtained, their
interpretatlon often yields possibilitie$ that were not
covered by the original simple concept. Thls statement

deplcts well how my project has evolved

In1t1ally, a hypothe51s postulated by Reid and Hodges

(1980) suggested that the primary sequence of a 12- re51due
calcium binding loop encoded for 1) . metal spec1f1c1ty and
3 . i .

)



2)-stability of the metal:péptide complex. My in;tialngoa1 
was to-prove this concept by synthésizing various analqés of
a 12—re§idue calcium.biﬁding sité. We had decided that”s?%e’
IIT of rabbit skeletal troponin C was a region of choice
siece the study of Potter and Gergely (1975) haa indicated
its high-affinity for calcium in the native protein. This
region also appeared to retain its calcium binding ability
when 1solated from a cygnogén bromide digest of rabbit
skeletal tropoﬁin C (Leavis et al., 1978: Nagy et al.,

*

1978). One should note that th& information gathéred on this

partfcular site had previously influenced the forﬁulqﬁion of

Ou;bsingle site model (Reid and Hodges, 1980).

It was realized early in the project, that the calcium '
éffinityvgemonstrated by a 12-residue segment‘of this site
(residues 103 to 114) was toé low (Kca in the order of

10°M7 1) 1 to permit an evaluation of our moéﬁl é?eld et al
1980) . My project was then reoriented towards the analy51s

>

of 2 major issues.

The first issue dealt with the importance of the C- and

N- terminal regions flankiné the metal binding loop ‘as

'stab111z1ng factors for the metal: peptlde complex. Th1s , 'ﬁ

questlon was partly answered by synthe5121ng analogs ha.-b.
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structure (by circular dichroism) occuring upon calcium

addition.

The second issue wae primarily a technical one. We
essentjally wanted to study the sequence reguirement at the
metal binding site and especially the ligand arrangement-
inQolved in the coordination sphere. We wanted to reduce the
peptide size to a minimem to simplify its analysis by 'H
NMR. In order to regain the metal specificity of small
sypthetic peptides representing only the calcium binding

o ¢

" domain, we decided to make use of lanthanides as substitutes

to calcium. This part of mg%project proved to be quite

informative in pointing'ogfjthe importance of metal charge
and radius, in the ability of these sites to bind me;ahs.
Since most lanthaeides have unpaired 4f electrons, they
possess spectroscopic properties that can be ad&antageously
used in NMR spectroscopy to yield distance measurements. We’
thus made use of the relaxation probe gadolinium-to measure
some hetal to proton distances in an attempt to reconstruct

the geometry of the metal binding site.

Finall& a third aspect to my project came about as a
consequence of calcium- 1nduced fold1ng By making use of
synthetlc and natural fragmenfs of site 117 in conjunction

with the ant1psychot1c drug trlfluopera21ne, we have located

‘a phenoth1a21ne binding site in the ca1c1um sen51t1ve
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-portion of the N-terminal region. Since this region of
rabbit skeletal troponin C 1is homologous to a fluphenazine
binding region of calmodulin and represents a known site cof

“interaction with troponin I, it was expected to adopt a
particular conformation suited for specifjc protein-protein .
interactions. We decided to analyse the relevant features of

this site.



CHAPTER 11

EXPERIMENTAL PROCEDURES

A. SOURCES OF CHEMICALS AND SOLVENTS

. h L
All chemicais and solvents qreéreagent grade unless
otherwisg,s£ated. Methylene chloride from Fisher Scientific
was distilled over CaCO, prior to use. Diisopropylgthyiymine
was distilled‘girst over NaHkand then over ninhydrin prior
“to'use, Picric acid from,Eastman Organic Chemicals,
Rochester, New York, was dissolved in methylene chloride and
dried over MgSO, before use. Trifluorcethanol, 99%, Gold
Label, and N,N—dimetﬁylforﬁhmide, spectrophotometric grade,
Gold Label, were purchased from Aldrich Chemical Company,
Inc., Milwauﬂee, Wisconsin. Boc amino acids purchased from.
;Spinéo b}vision of Beckman instrumeﬁts Inc., Palo Alto,
\ Célifornia, Protein Research Foundation, Japan, Vega-Fox
.Bfochemicals, Tucsow;'Arizona, and Bachem FineAChemicals,
Inc., Mafina Del Rey, Califofnia, Qere used without further
purification. Copoly(styrene} f% divinylbenzene)
chlq;omethyl resin (0.9 mmol of\chf%rine/g‘of resin) was
puré;ased'fromlpierte Chemical Co., Rockford, Illinois.

| Copoly(styrehé, 1% divinylbenzené)benthdrylamine»

T 63
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hydrochloride resin (0.51 mg of nitrogen/g of resin) was
purchased from Betkman. DEAE Sephacél was purchased from
Pharmacia ?ine Chemicals and hydroxyapatite DNA Grade
Bic-Gel HTP was purchased from Bio-Rad Laboratories.
Lanthanum chloriae; gadolinium chloride and lutetium oxide
were obtaiqed from Alfa Inorganics-Ventron, Beverly,
Massachusetts while calcium chloride was purchased from
Fisher Scientific. Deuterated water was obtained from
TBio—Rad,vRichméndfTCalifqrnia. The suiphydrylAreagent
—dithio—bis(z'—nitrobenzoiz acid) (DTNB) was purchased
from Pierce Chemical Cg., Rockford, Illinois. The drugs used
16 ﬁhis study were génerous gifts from the following
comp%nies: Trifluoperazine, Smith Kline and French Ltd.,

Montreal, Quebec; cis- and trans-thiothixene, Pfizer.inc.,
Groton,'Conﬁecticut; Benperidol, Janssen Phap@aceutiﬁa,
Beerse, Belgium; Haloperidol, McNeil Laboratories, ‘
Stouffville, Ontarié; Molindone, Endo Laboratories, Gafdén

City, New York; Chlorpromazine and Promﬁtha21ne Poulenc

Ltd., Montreal Quebe@

5%
glm henddjne, E.R. Squibb and Sons
ey
- ,;5' ;‘,"5;-. [ )

.5,4»,‘ . ~ 9
- ‘

Ltd., Montreal, Québ‘ .
. . (7! '.,
i r‘\

"B. AMINO ACID ANALYSIS AND PEPTIDE QUANTITATION

e . e
A

_ . A
Routine amino acid analyses were performed on a Durrumg
D-500 amino ac1d analyzer. Quantities of peptldes were

determined. from either amino acid analysis after hydrolysis
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in 6 N HCl 1n evacﬁated'sealed tubes at 110°C for 24 h using
the mean of the molar ratios of all accurately measurable
amino acids 1n thg acid hydrolysate to calculate
concentration. In the case of the peptide AcCA'*STnC-
(90-123)amide, the concedtration could be alternatively
estimated by measuriég the optical density of the peptide-
dissolved in 100 mM MOPS, 50 mM KCl and 1 mM EGTA ?t pH 7.2

using an - ;., of 1.708 x 10°* M ' cm ' determined using

I3
[0

quantdtati&% amino acid analysis. One can also determine the
concentration of a solution of peptide AcSTAC(103-115)amide
’

by measuring 1ts absorbance at 280 nm and using an: ,,,

valﬁe of 2100 M 'em~ ',

C. MELTING POINT MEASUREMENTS AND ELEMENTAL ANALYSIS

Melting points were defermined on an electrothermal-’
me;ting Qoint apparatus and are uncorrected. Elementgl
analyses were performed at the Microanalytical Labo?étd?y,
Deparfment of Qhémistry, Universitf of Alberta.

| - o
D. THIN LAYER CHROMATOGRAPHY .

Thin layer chromatography was carried out on Silica Gel
60 F,,, plates (0.25 mm) purchased from E, Merck, Darmstadt,
Germany, using the following solvent systgms: chloro-

’ ! ~ . . ‘ . .
form:methanol:acetic acid in ratios 85:10:5 v/v (system A);

t . <. o ' 4

8
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.Cooma51e Brllllant Blue R- 250\(0.25% solution in

66

@cetone—acetic acid in a ratio 98:2 (v/v) (system B); and

I-butanol-acetic acid-water In ratios 4:1:1 v/y (system C).
Peptides were detected directly under ultraviolet light or
by treatment with ninhydrin spray (0.2% in acetone) after

removal of the Boc- group by exposure of the dry thin layer

plate to HCl fumes for 15 min. The peptides were - declared

» '

homogeneous by thin layer chromatography when no impurities

' could be detected in the solvent Systems described after

application of 300 Ug of peptide to the plates.

E. 'SDS GEL ELECTROPHORESIS

4

Gel electrophoresis was typically performed on 12% -

R -
-acrylamide 6 M urea gels (Weber and Osborne, 1969) Samples\

were dissolved 1n a buffer containing 6 M urea,. 0.03 M

|

Na,HPO,, 0.02 M NaH,PO,, 1% SDS, 1% ﬁ—merbaptoethanol, pH*

7.0 and heated at 60°C for 1 hour. Bromophenol blue was used

as the tracking dye (0.0005% w/v in the sample buffer

N

mentioned above), The ruhning buffer composition was of 0.06

<

M Na,HPO,, 0.04 M NaH,PG, 0'1% SDS, pH 7.0. After

electrophoresis gels were first washed in methanol/acetlc
acid/water (1:1:8, v/v/v for hour in order to remove the

excess detergent They were then stained for 30 minutes with
: a2

‘methanol/acetic ac1d/water 5:1:4, v/v/v) ‘followed by a 12

N

‘é% 48 hours destalnzng perlod in methanol/acet1c ac1d/water

»

|

St
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(1:1:8, vs/v/v) to insure the removal of unbound dye.

F. PAPER ELECTROPHORESIS

1. Experimental procedure

Paper electrophoresils was perfofmed at pH 6.5 and pH
1.8 on Whatman #7 electrophoresis paper. The buffer.systems
were pyridine/acetic acid/waté;'(100:3:900%, v/v), pH 6.5
and formic a;id/acetic acid/ water (1:4:45~,“;/v); pH 1.81
Samples were lyophilized and’dissolved in a~miq&mal volume s
bf the buffer syétem used or any volafile solvent 1n ofdér

. R .
to facilitate sample application. Standards representing

mixtures of amino acids were also prepared in the above

buffer. Following the spotting of samples and standards, the’
] . @ -

paper was folded along the sample linhe and was wetted on’
both sides of the line with the running buffer. After the "
buffer front has reached the;line simultaneously from bhoth

\

.sidesn the paper. was blotted carefully, placed in a tank
containing the running buffer. Electrophoregis was carried
out at 60 volts/cm for 45 minutes. The peptides were
§isualized’by spraying the paper electrophofegram with the
niﬁhYdrin:cadmihm acetate feégent of Heilmann et al. (1957).

Color development was achieved by drying the paper in a 60°C

" chamber for 15 minutes.

1

n
CA
A
\

2. Ninhydrin:cadmium acetate solution

Al

]
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ThlS solution was freshly prepared and was composed of

a nlnhydrln acetone solution (1 g ninhydrin in 100 ml of

acetone) mixed with a cadmium.acetate solution (1.9 cadmium

-~
LR

acetate/50 ml acetic acid/100 ml wateﬁ) ‘in a 7 to |1 ragéo

(v/v)

G. PEPTIDE SYNTHESIS

LY

1. Solution synthesis

|
¢

Because of synthetic %robléms associated with the

stepwise solid phase synthesis of Boc-amino acids to prepare
analogs of site III'of,rabbit skeletalvtroponinlc, solid

phase fragment couplﬁngs were carried out in the la'ter

R

stages of the synthes{s in order to secuLe a pfoper yield of

the final peptides. This seqgtion discusses the use of

(
solution phase methods where N- hydroxysucc1n1m1dyl efters

(Anderson et al. _1964) were employed for the stepjise

synthesis of foyr protected peptides.

a. Synthesis of Fragment A,'Boc;Lys(Z);§éﬁa

(0Bz1)-G1lu(0Bz1)-OH

%

L

Boc—Glh(OBZl)-OSu (I) was prepared by a prev1ous1y , J
f

described method (St -Pierre and Hodges, 1977) A SOlUthé.j
a- benzyl glutamate (2.5 g; 10.5 mmol) dlssolved in'warm o

water (100:m1) wasfadded to' Compound I1'(4.35 g; 10 hmpl) in
L r .

L ’ '

hd
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dioxane (50 ml). Sodium bicarbonate (882 mg; ,10.5 mmol) in
water was added with vigorous stlrrlng and the pH maintained
between 7 - 8 while stirring the reactlon mixture at room
temperature for 24 hours The dioxane was‘removed 1n vacuo
at 30 °C, then the aqueous residue was diluted with" 108 ml
of water .and cooled to 0 C The pH was ‘ajusted to 3 with
ice cold 0.1 N HCl and the solution extracted with ethyl
acetate (3 x 150 ml). The organic extract was washed with
water (3 x 150 ml) and‘satdrated sodium enloride (ZOG“mLL\'
then dried over anhydrous sodiun sulfate:‘The dry solution
was filtered and the solvent evaporated in vacuo to give

5.45 g (yield 98%) of the. 011y product Boc- Glu(Ole) Glu-

(OBz1)~OH (I1) which did not crystallize but was homogeneous

by TLC: Rf (system A) 0.55, (system B) 0.57.

&

Compound 11 (5.45 g; 9.8 mmol) was‘dissolved‘in 2
N HC1l/ dioxane (9 ml) and left ro stand at room temperature
for 2 hours takingbadéouate precautions against moisture.
The soéutlon was evaporated to’ dryness and the o1ly residue
triturated w1th anhydrous ether to g;ve 3 28 g of the

hydrochloride salt (III),fa white hxgroscop1c SOlld (yié%f

67%): Rﬁ (system C) 0.60.

. ‘ i &

: Boc Serfﬁzl) -0Su (1V) was prepared as described for
Compound I and obtained in 83% yleld m.p. 10€pﬁ?0 C Rf
(system A) 0274, (system B) 0.79. Anal. calcd. for C,,H,,N,
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O, (M.W., 392.43): C, 58.15; H, 6.18; N, 7.14. Found: C,

57.85; H, 6.01; N, 6.84.,

Compound IT1°(3.28 §§§7.77 mmol) was dissolved in water
(25 ml) and sodium picétbonate (1.3 g;. 15.5 mmol) was added
with vigorous stirring -followed by Compound IV (2.9 g; 7.4
mmol) in dioxane {30 ml). The pH was maintained between 7 -
8 while .stirring at room temoera;ure'for 24 houos, then the
reaction mixture was worked‘up as oescrgbed for Compound 11
yielding 3.8 g (yieid 70%) of’Boc—Ser(le)%GluKOBil)-Glu-
(OBzl)-0OH (V) as a white hfgroscopic solid: Rf (system A)
0.57, (system B) 0.65 . Amino ec@d analysis : Ser (1.04),

Glu (1.95). ‘ 3

Compound v (3. 8 g; 5.2. mmol) was dlssolved in 2N
HCl/dtoxane (5 ml) and\ left ﬂo stand at room temperature for
2 hours. The hydrochleride sa&t (V1) was. isolated as
previously deocribed to gi?e 3,4 g of a white solid (yield
97.5%) wﬁich cryeﬁallized'from ethers pet. ether (1:4.v/v):

- m.p. 68-70 °C; Rf (system C) 0(61.&_7 ) e
- . T

Aoal. calcd. for C,.H..N 0,C1 (M. W. 670.19); C, 60.93;
H, 6.03; N, 6.27; Cl, 5 29 Found C 60.57; H, 5.96; N,
< 5.91; c1,’5.16. ‘

Boc- Lys(z) OSu- (VI1) was preo;red as descrlbed for

«Compound I and obtalned in 81% yleld m. p 70-71 °C; Rf

!
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{system A) 0.77 , (system Brvo 84, Anal. calcd. for C,,H,.N
O, (M.w, 477:54): C, 57.84; H 6. 56 N 8.80. Found C

57.73; H, 6.48; N, 8.64.

rd

COmpound VI (3.4 g; 5. 07 mmol) was dissolved in water

[

(20 ml) and sodium b1¢arbonate (852 mg; 10.14 mmol) was

¢

added with vigorous stirring followed by Compound VI (2. 3

g; 4.82 mmol) in dloxane (25 ml). The pH was malntalned

between 7 - 8 and the mixture was stirred at room
temperature'for 24 hours then worked up as prev1ously
descrlbed for Compound 11 to vield 3.99 g of Boc- Lys(Z)Ser- ’
(le) Glu(Ole) Glu(Ole) -OH (VIII) (yield 83%) crystalllzed
from ether:pet. ether (1:4 v/v). After purifisation. by
Sephadex LH-20 Chromatography, the peptlde was crystall1zed
w1th ether to give a 55%. yleld (th1s represent a 20, 5% yield
when compared ‘to the original .compound 1I): m p. a88 -90 °C; Rf
(system/A) 0.70, (system B) 0. 71. Amino ae;d analysis® Lys'
(1. 07), Ser (0. 92) Glu (2.00). ) |
! ’ ' .

~ Anal calcd. for C,,H.,N,O,.‘kM.w.§996.58): C, 63.90; H,

6.59; N, 7.03. Found: C, 63.60; H, 6.71: N, 7.05. |

b. Synthes1s of Fragment B, Boc- Glu(Ole) Leu Ala-Glu- .

kN

(OBz1)-0OH

S

( Boc-Ala-Glu(OBz1)-0OK (IX) waevp}epared in a manner .
o . _ . . [

similar to the preparation of Compound LI using Gly(0Bzl)

s
N
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'(Z‘S(g; fO.S mmol ) . sodlum blcarbonate (882 | mg; 10 5 mmol)

A B P L 72

-
. ’
i

and Boc Ala -0Su (2,86 9i 10 mmol) The product was obtalned

Tlas 3. 45 g of -a white solld (yleld 84 5%)_. m.p. - 84- 85 °C Rf

(system A) 0 53 (system B) 0. 58, Amino ac1d analys1s Ala

- (0. 97) Glu (1 03).

Anal’ caicd for c,,n,.n 0, (M W. 408.48) ¢ ., 58.80; H,

>'s 92; N, 6.85. FPund c, s8. 57h‘H 6.69; N, 6.82.

4

\

Compound Ix was deprotected with 2 N HCl/dloxane as .

prevxously descr1bed ‘The . hydrochlorzde salt (x) was’ ‘

~

:obta1ned as a wh1te hygroscoplc Solzd in 70 7% YIEld Rf _,“

,‘(system c) 0 48,

Boc- Leu OSu (l 68 g, 5 13 mmol) The product was obtalned as .

> .

,

Boc Leu Ala-Glu(Ole) OH (X1) was. prepared in.a 51m11ar

way to Compound V using the hydrochlor1de salt (x) (1 86 g;

5.4 mmol), sodzum bxcarbonate (907 mg; 10.8 mmol) and v

2.46 g of a white solxd (yleld 91 8%): m. P 73-74 °C Rf
(system A) 0.44, (system B) 0, 48 Amxno acid analysxs Leu

(1 04) Ala (0 99) Glu (0 96&
. ' :

E

’ , .

Anal. .calcd ‘for c,.u,,N o. (M‘W 1521.65): c” 59, 86'-H,

7. .55; N, 8.05, Found c 59.497 B, 7 44; N, 7/79

- Compound X1 was deprotected w1th 2 N HCl/dloxane as

,vprevzously descr1bed The - hydrochlorxde salt (XII) vas.

; obtaxned,1n 93 7% yxeld m p. 112- 114 'c- Rf (system C)

.-



73

-0.‘4‘5." . | s ' ' - . ) '"»".VVJ

%

~ - Anal. calcd. for C,.H,,N,0.Cl (M.W. 457.98): C, ss 07;
H, 7.06; N, 9.17; C1* 7.74. Found: C, 55.38; H, 7.24; N,

. .8.92; c1, 7.56. | "

o . : :
e Boc Glu(0Bzl)- Leu Ala- Glu(Ole)*Oﬁk(XIII) vas prepared i
731.1\ o
in a szmzlar way to Compound v u51ng the hydrochlor1de satﬁﬁh
i

XIF (1.83 g, 4 mmol) sodlum bxcarbonate (672 mg, 8 mmol
? and Boc- Glu(Ole) 6Su (1.65° g, 3.8 mmol). The pr@duct wa§
:obta1ned as 2, 5 g of a whmte solid (90% yleld) which’ was ..
;purﬁiled by LH 20 column chromatography and crystallxzed f
frgm ether: pet ether (1:4 v/v) (21, 3% yield based on the g;
or1g1na1 compound Boc Ala OSu) m p. 84- 86 °C Rf (system A) '
0. 50 (system B) 0. 57 Am1n3 acid analy51s' Glu (1. 98) Leu :

(0 99) Ala (. 02)

4 Anal calcd fo; C,.H,.N O.' (M w. 740 9) C 61, 60 H
’7 09 N 7 56, Found C, 61\13 H 7 15 ‘N, 7. 62

- Synthesxs of Fragment C, Boc-Ala Phe Arg(Tos) OH E

Boc Phe Arg(Tos)-OH (XIV) was prepared in a manner

"uszmllar to the preparatxon of compound V. usz

®
J/)

3fk'hydrochlor1de salt of Arg(Tos)-OH (5 74 g,

”\ﬁ'i;sod1um bacarbonate (2 65 g; 31 5 mmol) and Boc Phe-OSu (5 43

,.;g;pg 15 0 mmol) The product was obta1ned as 7 16 g of a ;g;.*lf
. » : & ‘, o , ; r
N R PR SR i B I
b AT SR :
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crystall1ne whxte gol1d (yer&\BO 4%? m.p. 117-119 °C;. Rf

(system A) 0. 41 (system“B) 0. 61 Am1no.acxd ana}yslsz‘Phe

S (1.03), Arg (0. 97) o : ;,
R Anar, calcd.'fpr‘C,;HggN,O,s~(M.H.“S?S.?): C, 56.32; H,
 6.49; N, 12.16; S, 5.57. Found: C, 56.75; M. 6.52; N, 11.46;
L . P - e ey
S,.4.96. .. .- - B, . N

N CompoUnd XIV was deproteéled thh 2 N HCl/d;oxane as 2
ptev1ously descr1bed The hydrgchﬁorxde smlt (XV) yas
obta1ned 1n quantxtatlve y1e¥% m, p. 115 117 C Rf (system
c) o 56. | ‘

RN
-':Anal; caléd for c,,H,,N 0, sc1 (M., 512 03) c 51 60;

H, 5.92; N, 13)67; S, 6. 26 Cl, 6.927 Found: ¢, s0. 06 H,
: e T S o
6.21; N, 12 oo s, 5 475 c1, 8. 59

' : E/\ . .

-
L

' Boc hla Phe-Arg(Tos) OH (xVI) was prepared 1n .a s;m:larv o

v O B

:j?fashuﬁn t° Compound V u51ng the hydrochlor1de«salt xv (2 15
;'g, 4.2 mmol), sod1um brcarbonate (706 mg, 8 4 mmol) and i

”VfBoc-Ala OSu (1 14 g, 4 mmol) The produat was obtaxned as a
fcrystaillne wh1te solxd (2 0 g, 78% yxeld) vh1ch was |

.'ffpurxf1ed on Sephadex LH 20 followed by crystall1zatxon fromj"f ff

1 ' water (45 7% yxeld based Qn the orlglnal C°mP°U"d

;1[5[fnoc Phe-OSu) 124 125 °c, Rf (system A) 0,38, (system -
‘fflfB) 0 51 Am1no aczd analysxs..Ala (1 07) Phe (0 97) NArg ;_?;gti

- . -~
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~ Anal. caled.. for Cauba N.0,S (M.W. 646 78); c, 55.70; -
H, 6.56; N, 12,99; s 4. 96 Found c, 54.88, H, 6.73; N, .’

12,465 S, 4.61. . R N

d. SYnthesis df;Fragmeqp D,HBog4Ile-Phetksp(Oggl)-OH‘
3 2 T S RO . S

4

°'f( ) Boc Phe Asp(Ole) ~OH (XVIII) vas prepared in a- s:mllar
A\way to Compound v using Asp(Ole) OH (2 23 'gs 10 mmol) o
sodxum b1carbonate (1. 68 g; 20 mmol) and. Boge- Phe—OSu (3.6 g,d;"u
‘10 mmol) The product was obta1ned as a wh;te crystal;ine , |
;rsolzd (3.38 g; 71% yleld) m.p. 61- 63.°c R (system A)
0.62, (System B) 0 56 Amlno ac1d analyszs' Phe (0 98) ASp |
(1. 02) Anal, calcd for c,.H,.N o} (M. w 470.55) ; c, 63. 81 Y
bpﬁ, 6.44; N, 5 g5, Found C 63 72; H 6 49 N, 5.87.

- Compound,XVII‘was deprotected u1th 2 N HCl/dzoxane as-

) e prevaously descr1bed The hydrochlorzde salt XVIII was

/
: obtaxned 1n quant1tatxye y1e1dﬁgm p. 100 °C Rf (system C) -
o 40 L o | |

| . Anal. calcd gor C,.H.,N 0 Cl (M w 406 88) C 59 04
| ?*.;H 5. 71, N s aa Cl 8: 71 Found c 58 36 H, 5. 72 N, .

o ey

Boc Ile Phe-Asp(Ole)-OH'(XIx) was prepared 1n a
iag,”szm1lar manner to Compound V using the hydrochlorxde salt

JQ“(L;xVIII (1 92 g, 4 73 mmoI),_sodxumrb1carbonate (795 mg,_9 46

H B S VRSO 3 g
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76
mmol) ahd‘ﬁoc«lie~O$uA(1.4% g; 4.5‘mmol)l The product was
obtained aé a crystalline uhite}SOqu (1.99 g; 76% yield;
53% yield -basid on éhe'oriéihal compound Boo-Phe*QSu)i m.
146-147 °C ; ‘Rf (system A) 0,63,‘(system B) 0.54. Amino acid

ﬁanalysis: Ile (1.02), Phe:(O.Sf),‘Asp (1.05).=

%

Anal calcd for C,,H,,N,0, (Mﬁw 583.72): C;-63.78; H,
7.09; N, 7.20. Found c, 64. 75 H, 7.03; N, 7.16.

e. ’ Purification‘of protebted.peptide_£régments'

- > | x\\
'Aﬂﬁlytipal samples of the completed otected
tripepﬂides and tetrapepiides (54mg) Qer:§2eprotected with
hydrofluorlc acid (10 ml) at 0 °C for 30 min wltb—anzsole
(10% v/v) as. a cat1on ‘scavenger. ‘The hydrofluorlc aC1d and e
the bulk of the anxsole were removed under vacuum at 0 °C
B Purlty of the deprotected pept1des was assessed by pafer

electrophoseszs. o - ‘ | e

If the hydrofluorxc ac1d deproteéted pept1des were not

homogeneous, pur1f1cat1on of the protected peptzdes st

.
S~

,carrned th on Sephadex LHLZO 1n a 2.6 cm x 100 cm co;umn
equ111brated wrth dlchloromethane-methanol (3 7, v/v)

‘~Samples of 500 mg dlssolved in.2 ml o{ column solvent were _?;.

 ':zapp11ed to the column and eluted at a flow rate of 15 ml/hr B

_?collect1ng 2. 5 ml ftact;ons vhile mon1tor1ng the column "\
V

.“feffluent at 232 nm Qr. 255 .nm, An al1quot (50 ul) of each

@ . Y b
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fractlon in the detected peakﬁareas wasﬂgeo;ted on Silica

Gel 60 F,,. plates (0.25 mm) and the plates developed in |
chloroform methanol acetlc ac1d (85:10:5, v/v). The peptldeS'
were detected by spraylng the plates wlthba n1nhydr1n !
solution. Fractions from the LH-20 chromatography'were'
pooled based upon the thin layer chromatography results,'
evaporated in vacuo and the res1due crystall1zed from ether
or water.‘Homogenelty of the protected peptldes was

re- exam1ned by repeat1ng the hydrofluprlc ac1d cleavage and :
“the hlgh voltage paper electrophore51s

T,
ﬁf, S
2. Solid phase peptide synthesis

R ’, . 4 " ‘A

1 Most of the pept1des used in this. sgudy were

synbhe51zed by solid phase peptxde synthes1s. The -

g

experzmental background surround1ng the use of-~ gpmii phase
pept:de syntheszs and its appl1cat10ns to b1ochem£stry have
been adequately de5cr1bed 1n several rev1ews (Stewart and |
Young, 1969; Erickson and Merr1f1eld 19763 B1rr,'1978) The
techn1que was devrsed by Merr1f1e1d (1962) and 1nvolves the_
use. of an 1nsoluble res1n support to wh1ch amxno ac1ds or - ¢
small pept1de§ havlng the1r sxde chalns blocked by |
protect1ng groups are coupled sequent1ally,gThe preferred
d1rect1on of: coupllng is to act1yate the ar carboxyl group of
an amxno ac1d and to couple 1t to the amznp term1nal of a |
pept1de chaxn bezng synthe51zed on the resxn. SOme of the

_‘Q

"D;
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'advantages of such an approach over other synthetlc methods

1

lie in the ease it offers 19 removing soluble react;on
~ contaminants after gach am1no acid coupling, the abxl;ty to

use an excess of reactants (i, e. protected amino aczds,u';
I : . Y

couplzng~agent) to force the couplxng react1on to’tomplet1on

and, the p0551b111ty of automatzon Speed and-’
reproduc1bx11ty at each step of the synthesis can thus-+be

achieved, One major drawback has been the: dlfflCUlty ?9 .
' F}

pur1fy1ng the pept1de haV1ng the proper. sequence {rom ones

Al

having one or more amlno acid delet;ons. This problem' has,\L>

now been partly overcome by the advent of h1gh pressure

¥

- liquid chromatography.
> i _ . .
P1gure I1.1 represents a flow chart of steps performed

R i :

durlng a typ1ca1 synthe51s. The salggﬁsepo1nts canébe

descrzbed as follows. "'J) The first protected amzno acid

. is covalently coupled t0 a re51n support by. the ces1um salt
attachment method (6151n - 1973) 1n the case of a- |

.chloromethyl type resxn. Alternat1vely, the 1nLt1a1 res1due

)

",can)be lxnked to a b nzhydrylamzne support in the presence

of a couplxng agent such as. dlcyclohexylcarbodlzmlde (DCC) .'_;

‘;Both res1n matr;ces were used 1n this study. )

e

2) Protected am1no aczds are’ then coupled follow1ng a,
‘pcyclxc sequence of*operat1ons where the Bdc group of the
".epeptxde chazn 1s f1rst removed by treatxng the pept1de ?es1n g

» w1th trxfluoroecet1c acxd (TFA) The deprotected pept;de 1s

<
,‘)'R
*
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| mxxtbre ‘of. pyrx’

¢ g SR

then washed and neutrallzed w1th dllsopropylethylamlne. The

_\

Boc amzno ac1d and a carboxyl group actlvat1ng agent such as
dlcyclohexylcarbodrlmlde (DC&) are then added. After the

peptzde bond formatlon, the re51n is washed and the coupllng
5

cycle 1s repeated‘if necessary ' 3)*‘ The synthetic

/

peptzde is then detached from the res1n and all ‘the 'side f"

cnazn blocklng groups are removed by’ treatlng the peptlde

'fre51n thh anhydrous hydrofluorlc ac1d

o Experzmental parameters surround1ng the synthe51s and

pur1f1catlon of each pept1de used in thxs study w:ll now be

dlscussed 1nd1v1dually S i o
. a. Synthesis of“AcSThC(1034123)4(peptidé'1)-

ﬁThe acetylated 21- resxdue analog was syntheszzed on a

Beckman 990 peptzde synthe51zer. Boc-Gly (13 5 mmol -5

' equnbalents) was ester1f1ed to chloromethyl resln (3 g; 0. 90;
, mmol of chlorlne/g of reszn) usxng the ceszum salt method

’_ (G151n, 1973) Boc glyc1ne re51n (0 78 mmol of glyc1ne/g of

80

Boc Gly reszn) was deproteéted and select1vely c/upled w1th".

Boc Ser(le) (0 25, mmol of Boc Ser/g of Boc Gly res1n) and

the rema1n1ng ﬁ;e amzno groups were acetylated w1th a'
‘ne acet1c anhydr1de benzene (3 1 3, v/v)
..

for 90 mznuték_

to the dxpeptzde reszn us1ng the reverse coupling procedure

| . - v . -
-~ a M . - ', - . - ¢
! SRR M . : o

The thlId am1no aczd Boc Ala, was coupled h



W o TN
to reduce loss of peptlde from the resin due to dlkétO"
plpera21ne formatloa (stln and Merr1£1eld 1972).'The
Tf1n1t1al coupllng of “Boc- Gly, the selectlve coupllng of
Eoc Ser(le) and the reverse coupllng of BoczAla were all

monztored using the p1cr1c ac1d procedure of Hodges and

R 4

| 'Merr1f1eld (1975) The remalnder of the peptlde was
synthe51zed u51ng two 60 mxnutes d1cyclohexylcarb!ﬁi1m1de

medlated coupllngs wlth 3 equlvalents of Boc amlno ac1d :

-

'based on the amount of trlpeptlde on the resan determlned by

. - e
,plcrlc ac1d monltorlng
' a L IR AU - : -
. oo

Deprotectlon was carr1edoout in Sozitrlfluoroacetlc

",ac1d/ CH Cl2 (v/v) for 30 mxnutes and nehtral1zatlon was

carrled out u51ng 5% dllsopropylethylamlne/CH cl, (v/v) The

a- am1no group of . all am1no aczds was protected by the Boci
- group and the followlng side chaln blocklng groups were.
Nused Glu(Ole) Asp(Ole) Arg(Tos) Asn(Mhh) Tyr- d[
;”(2 6 d1chlorobenzy1) and Ser(le) All amlno acxh% were .
‘, _60 mM 1n CH dl during coupllng w1th the exéeptzon of

[Boc Arg(Tos) and ‘Boc- Asn(Mbh), wh1ch were 60 mM in 3%. .

d1methylformam1de/Ch c1, (v/v) Q,ff"g r: o

. Te .
. - .

‘. The program used for the consecutlve attachment of each
‘f anlno aczd to the trlpeptlde reszn consxsted of the/
follow1ng steps. Ueprotectlon cycle- 50% TFA/CH Cl,, t
m1nute' 50% TFA/CH Cl,, 30 mlnutes, CH Cl,, four tzmes, 1_“?‘l

v
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i

R

minuté:‘BO% iSoprobanol/CH,C;;4 two times, 1 minute; CH,Cl,,
. | ' Y :
eight times, 1 minute. Coupling cycle: 5% DEA/CH,Cl,, three

times, 2 minuteér CH,Cl,, seven times, 1 minﬁte; Boc-amino
écid, 5 minutes® DCC, .60 miﬂ\geﬁj‘CH,Clz, three times, 1
minute; B0% isopropanol/CH,Cl;; two .times, 1 minute; CH,Cl,,
two times, 1 minute: éO% isopropanol;éH,Clz, two Fimes, R
Aminute} CH.Cl1,, efght»timeé, 1 minute. The coupiing cycle
Qas repeated. The CH,Cl, ang isopropanol washes were 75 and’
30 ml, respectively. The 50% TFI;/CHzcl2 and the 5%

-

DEA/CH,Cl, volumes were both 30 ml.

The program used flor the picric Qcia monitoring of free

~

amino groups coﬁsigted of the foliowing stegﬁ: 5%
DEA/CH2C14, three tihes, 2 minutes; CH,CI,, five times, 1
minute; 0.1 M picric acid/CH,Clz, two times, 5 minutes;
CH,Cl,, seven times,” 1 minute; 5% DEA/CH,Cl,, three_timés, 2.
minuteg;‘CH,Cl,, seyen times, P minute. The volume of the
pid?ic acid treatments was 30 ml. When monitoring was
performed after dep;otection,(lhe above program was
intrpduced after the deprotectdion cycle and was'followed‘by
an-additional depfotectiqn cychngith a 5-minute ireatment
of 50% TFA/CH,Cl, instead af 30 minutes in order to remove
any naenspecifically bound picric aéid before continuing with
the-synthesis. < ‘

L3 -4"/‘ ' .

4 &
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The completed peptide was acetylated by treatment with
the previous acetylation mixture after removal of the

N-terminal Boc group.

b. Synthesis of AcA’*STnC(98-123)amide (peptide I1) and

ACA'*STnC(90-123)amide (peptide I111)

Peptides II and II1I and the remaininc peptides were
synthesized u51ng a benzhydrylamlne resin (Pietta and
Marshall, 1970) to minimize the loss of growlng peptide
chains during the deprotection steps of the synthesis. A
' second.adventage in using a benzhydrylamine support ;s that
the'C—terminal carboxyl group linked to the resin is
converted to an amide group when cleaved from the resin by
'HF (Southard, 1971). An amide group 1is more appropriate in
this C-terminal posxtlon since the sequence of the synthetic
fragment is in the interi of the protein and the
C-terminal carboxyl group would be involved in.a peptide

{

bond. : .

The peptides AcA’*STnC(98-123)amide (peptide II) and
AcA’*STnC(90-123)amide (peptide II1) were preﬁ%red by a
comb1nat10n of stepwise and fragment coupllng solid phase
procedures (Fig, IT. 2) Boc- Gly (0 5 mmol) was coupled to

benzhydrylam1ne resin (2 g; 0.51 mmol NH,/g resin) using one

d1cyclohexy}carbod11m1de mediated Coupling in CH,Cl,.
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Fig. 11.2 Strategy used for the synthesis of the 26- (peptide II)
and 34-residue (peptide I1I1) peptides. Fragment E deno-

tes the 20-residue protected fragment prepared by solid

phase peptide synthesis on the resin. Fragments A, B, C
and D denote those protected fragments prepared by the

solution method
ment on the resi

%4

and then coupled to the 20-resVdue frag-
n. - S .
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Boc-Gly resin (237 umol glycine/g Boc-Gly resin) was
acerylated with pyridine-acetic anhydride-benzene (3:1:3

v/v) to terminate free amino acid groups on the benzhydryl-

t

!

amine resin which d?g not couple "Boc-glycine. The next 19
residues were coupled by the standard stepwise automated

coupling procedure described‘earlier for "peptide 1I.

The prorected fragments were coupled uéing the hydroxy-
benztriazole active ester procedure {Kopig and Geiger, 1970;
Gisin et al., 1977). The appropriate fragmeht’(Z 5
equivalents to free amino groups on the elcosapeptlde resin)
was dlssolved in CH,Cl, (8 ml), Hydroxybenztrlazole in a 1:1
molar rat1orw1th the fragment was dissolved in dlmethyl-

- formamide (4 ml). The fragment and hydroxybenztriazole
solutions were added to the oeprotected and heutraljzed
eicosapeptide resin in CH,Cl, (- 6 ml) and the mixture -was
stirred for five minutes. Dicyclohekyicarbodiimide (1.05
equivalents to hydroxybenztriazole and fragment) in
ﬁimethylformamide (4 ml) was added to the m1xture and thé
coup11ng proceeded for 48 hours at room temperature. With

the exception of the above coupling procedure and th€ fact

the

‘that one coupling of each fragment was carrled out /,

programs used for the deprotect1on and coupling cyclesrwere

1dent1cal to the ones descrlbed for pept1de I,
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nfter coupling fragments C and b, tne'resfn was. divided
in half by weight. One half of the hexacosapeptide resin was
Wdepfotected, acetylated‘wfth pyridine%dcetic anhydride-~ '
benzene (3:1:3, v/v) and cleaved with HF as described below
to produce crude AcA"STnC(98~123)amide.'The synthesis was -
, continued using the other half of the he;acosapepfide‘resin
and coupling fragmente A and B in the same manner described
for C and D u51ngrhalf the volumes The pro@bcted 34 residue
s

_pept1de re51n was deprotedled, acetylated and cleaved with

HF to produce crude AcA’*STnC(90- 123)am1de.

c. Purificafion of peptides Ag§TnC(103412§l,_AcA"STnC—’u
(98-123)amide and AcA’*STnC(90~f23)amide (peptides 1, 1I and
1) | | '

5
The re51due obta1ned from HF cleavage (section. G.2. f)
i was dissolved in a small volume (3- -5 ml) of ‘50 mM NH HCO,
~and desalted on a Bio- Gel P-2 column (1.5 cm x 120\cm) .
elut1ng with 50 mM NH HCO, at a flow rate of 10 ml/hour and |
mon1tor1ng the column effluent at 230 nm. The desalted and

| lyophzllzed product was d1ssolved in 10-15 ml of 50 mM
Tris-HCl, 50 mM KCl 1 mM EGTA at pH 7. 5 and applled to a

e~DEAE Sephacel column (2 cm X ?6 cm) equlllbrated w1th the

A~same buffer and eluted w1th 200 ml of the startxng buffer
followed by a llnea\\lodlc gradient. of 1000 ml. of sﬁhrt1ng
buffer and 1000 ml of 50 mM Trls HC1, 500 mM KCl, 1 mM EGTA*



87
at pH 7. 5 w1th a flow rate of 60 ml/hour. The effluent was -
monltored at 230 nm and fractlons of 10 ml vere collected
,The fractlons conta1n1ng the major peak (Peak'I in. Fig, o

II 3a). were comblned lyoph111zed desalted as descr1bed

‘ _above and the re51due thus obtulned was d1ssolved in a small

volume /2 3 ml) of 1, Q mM KH, PO., 200 mM KCl at pH 7.0. The
solutxon was applled to a hydroxyapat1te column (1 cm xS
25 cm) “and eluted w1th 40 ml of 1.0 mM KH, PO, 200 mM KCl
pH 7 0 followed by a llnear phosphate gradlent of 250 ml of
' starting buffer and 250 ml of 50 mM KH PO, 200 mM xc1

pH 7 0 Wlth a flow rate of 10 ml/hour The column was \
monltored at 280 nm_and- fractlons of 3. 3 ml were. collected

‘The fractzons conta1n1hg the major peak elut1ng from the_f '

column (Peak II.in Fig, 11, 3b) were combined and

lyoph1llzed then desalted as descrlbed above. The pur1ty of

N

the 26 and 34 re51due pept1des was est1mated from the amino

“a »

ac1d analy51s (Table I11-1) whlle the purity .of the 21

f res1due fragment was est1mated from amzno ac1d analy51s
(Table II-1) and hlgh voltage paper electrophores1s at pH
6.5, Percentage Qvelds of the’ 21, 26 and 34 res1due peptldes Q
: ‘based on: orig1nal am1no ac1d ester1f1ed to the re51n were

11 13 and 16%, respect1ve1y, after all pur1£1cat1on steps.\

- d, Synthe51s and pur1f1cat1on of AcA"STnC(QO TO4)am1de ”

-

1(pept1de IV) | n_ e -
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Boc-#rg(Tos) (0 275 mmol) was. selectxvely coupled to a
benzhydrylamlne support (1 03 g; 0 56 meg/g resin) u51ng a

1.1:1 equivalent of dlCYCthexlearbOdllmlde (0.3 mmol)

Boc-Arg(Tos) resin (167 umol Arg(Tos) /g Arg(Tos) resin)
was acetylated Wlth pyr1d1ne acetlc anhydride- benzene |
(3:1:3, v/v) to terminate free -amino- groups on the resin
which did not couple Boc- Arg(Tos) The remaining 14 fe51duesA
were coupled u51ng the’ SteleSe SOlld phase ‘procedure
descrzbed for peptlde I. Each Boc-amino ac1d were coupled
twice u51ng 6 and 3 equ1valegts for the first and second
coupl1ng respectlvely The coupling t1me was increased fto 90

'mlnutes.‘./ ' ,. ’ -

Il

S

The flnal peptlde was acetylated wlth pyridine- acet1c
t

anhydr1de benzene (3 3, v/v) in a manner similar to the
k*’one descrlbed for peptzde I. After HF cleavage from the
resin, ‘the crude peptide was 1n1t1a11y pur1f1ed on a QAE A25 .
column (30 cm % 1 cm) u51ng a 100 mM KH,PO,, 10 mM KCl
- pH 6.50 buffer as the eluent The major peak from th1s
: pur1f1cat1on was lyoph1l1zed and desalted on- ezther a Blogel
P2 column equ111brated in 50 mM NH HCO, or by reverse phase
:.hxgh pressure 11qu1d ohromatography on a Syuémropak RP-P C18-
B d preparatlve column (1 cm x 25 cm) (LGden, IndlaLa) using a o
0. 1% TFA/water, 0.1% TFA/acetonltrlle gradxent..For this };"J

) later pur1f1catlon method a 0% to 60% grad1ent of 0.1%



,prevzously deScrlbed procedure.

91

<
| &
TFA/acetonitrile (60 min, gradient with a flow rate of

£

2 ml/min) was sufficient to elute the peptlde as a single

peak. The comp051t10n and concentratxon of the pure peptide

-

was verified by amino, acid analysis (Table 11-1),

e. - Synthesis and pur1f1cat10n of AcSTnC(103—115)am1de

(peptide V) o ‘ o .

*

‘Boc- Leu (0 55 mmol) was selectlvely coupled to a
&

benzhydrylamlne Support (2.0 g; 0, 56 meq/g.;re51n) using 1

fequxvalent of dlcyclohexylcarbodllmlde (0 55 mmol) .

-~

BOc-Leu resin (240 umol Leu/g of Leu resin) was

- acetYlated as described earlier in order to termxnate free

8

'amlno ac1d groups on the benzhydrylamlne resin whzch did not

_couple Boc- leuclne The rema1n1ng 12 residues -were coupled

by stepw1se solld phase pept1de synthe51s as descr1bed for

pept1de IV. ﬁhe peptlde N- termxnal was acetylﬁted u51ng a
Q £ A *?‘.}..w :
5 . N ”
o T ;* T O
- SO

The crude peptade was 1n1t1ally purlfzed by hzgh ‘

:'hpre55ure l1qu1d chromatography (HPLC) on- a SynChxopak Ax300

1on exchange column (Llnden Indlana° 250 x 10 -0 - mm ID) The‘,

crude pept1de was dlssolved Ain 5 mM KH PO., pH 7 5 buffer,

and the sample pH reajusted to 7 5 w1th 1 M KOH. The,',

L~Jndxssolved materlal was centr1fuged Allquots of the

supernatant were then 1n3ected on the column. A grad1ent wasgftf
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constructed using 5 mM (buffer A) and 300 mM (puffer B)
KH;PO; buff€?1 ajusted to pH 7.5, The.program us%d to
isolateﬁthevpure peptide was as follows: 100% A, Slmlnutes;
| lipear ;radfent from 100% A to 85% A:15% B, 40 mlnutes 85%

A:15% B, -5 minutes;. llnear gradlent from 85% A:15% B to 75%

A:2$%'B, 5. minutes; linear grad1ent from‘75% A-ZS% B to 100%

A, 5 minutes' 100% A, 10 minutes ‘The flow rate was 2 ml/m1n
and the absorbance was recorded at 220 nm u51ng a2 3 mm path
cell. Figure II 4a 1llustrates a typ1cal purlflcatlon |

pattern observed using our HPLC approach. The magbr peak was

» desalted on a HPLC preparat1ve C—18 SynChrOpak RP-Pucolumn_'

(L1nden, Ind1aqa, 250 i 10.0 mm- ID) The pept1de was |
’d1ssolved in* 0. 1% TFA/water arld the pH was ajusted to pH 2,5
“w1th concentrated hydrochlorlc ac1d The peptldé was eluted
| off as a 51ngle peak using a 0% to 30% grad1ent of 0.1%
TFA/acetpnltrile (45 m1nute gradlent‘ 2 ml/mln flow rate)
’(Flg. II. 4b) The compos1tlon and concentratlon of the pure

pept1de were- Ver1f1ed by am1no ac:d ana1y51s (Table 11- 1)

o . 0

£ ‘Cleaﬁage offpeptides.from‘the'resint

Cleavage of pept1des from thelr support and the removal
o ~
’ of blocklng groups were carrled out 1n hydrofluorlc ac1d at
N b °C for 3&\m1ndtes (1n the Case of peptxde I) or. 45 m1nutes

,i(1n the case of pept1de II III v and V) in a type 1

'j“hydrofluorlc ac1d apparatus from Prote1n Research Foundat1on o
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II 4 Pur1f1cat10n scheme of AcSTnC(103 115) am1de. \ o
(A) HPLC‘pur1f1cat1on of “the crude pept1de on a prepa-
~ rative ion-exchange column. The flow rate was 2 ml/min,
and 500 ul of a 16 mg/m1 solution of the crude peptide
was typically injected 6n the column. The phosphate ‘
grad1ent used to elute the fragment 15 descr1bed in the

' - text.

- (B): HPLC pur1f1catlon of the,maJor peak e]uted from .the

- ion-exchange co]umn on a preparative reverse phase co]ﬁhn
. The flow rate was 2 ml/min: The O. l%fTFA/water 0.1% TFA/
».aceton1tr1]e grad1ent 1s descr1bed in the text. -
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with 10% distilled anisole (v/v) as a cation scavenger.- The

HF and the bulk of the anisole were'removed Under'vaCGum

. below 0 °C The re51due was washed with ether (3 x'5 ml) to

remove the remalnlng anlsole and other by- products, then
extracted with 50% acetlc acid (4 x 10 ml). The a::tlc acxd
4'extracts vere evaporated to dryness and the re51due ﬁ.
dlssolved in 50 mM amménium bxcarbonate by adjustlng to pH

‘8.0 with 1 M sodlum hydroxlde, theh the solutlon was

- : v

o . ’

- lyoph1l1sed o . o o A

S3L §1nthesis assessment'and.troubleshooting

The'prlmary sequence of rabblt skeletal troponln C
(reszdues 90 to 123) is composed of several '‘aspartic and
glutam;c ac1d re51dues. Some are 1nvolved in metal chelation
while others are clustered together and offer a site of
1nteractlon for target protelns. However, most of the
problems surroundlng theschemlcal synthe51s of su;h analogs‘

i revoIVe around these essintlal res1dues

v Atteﬁpts to synthes1 e. the sequ nce 89 to 123 by
,"fstepwzse SOlld phase synth s1s on a chloromethyl re51n _'
'l,suppork was unSUCCessful W ak coupllngs were observed for

‘l“;Ile 110 Aspﬁ503 Arg-loo and in the Glu 94 to Glu- -92

‘"reg1on. Amzno ac1d analys1s S peptlde resln samples

.‘collected durlng the synthes1s

——

vlﬁb revealed that the ratlo

o



of Arg-100 to Leu-114 wag only 0;20.tTHus the amount/;f
growing peptide chains having the co}rect seguence was
alfeady‘doun to less than 20% after only 24 amino acid
couplings. Purification of the HF crude peptide on a
DEAE-Sephacel column‘gave a'complex mixture of peaks.’
Efforts to pu;ify the’p;oper segquence failed;‘as the fufthef
purificationvoflselgcted peahs yielded further_mixturesyof

- “peptides. Poor amino acid analysis results were consistently
. » ~ .

. Observed,

o . .
| ~The synthesis"was repeated on a benzhydrylamine support

to minimize peptlde chain loss durlng the deprotectlon steps
(Pletta ‘and Marshall, 1970) The first 20 amino acids were
coupled by stepwlse ‘solid phase peptlde synthe51s. To cope

- with the weak coupl1ng steps prev1ously-ﬂ!ﬁf?3ﬂgd we
decaded to synthe51ze small tri- and tetrapeptldes ‘and

' coupled them in solut1on to xhe elcosapeptlde (1 e. 20-amino
| acid) resin. using the hydroxybenztrlazole active ester T

| method (Konlg and Gezger,,1970 GlSln et . al.,j977).'This'
scheme. was,presentedvearl1e; 1n,Frg, 11.2. The synthe51s | 'y
vperformance isfiilustfated:in'Table 11-2, " The synth051s

ﬁappeared to have proceeded correctly for the 1n1t1al 20

*_am1no ac1ds. The first fragment reacted w1th an 82% coupl1ng?if‘u‘

y1e1d The second and ‘third fragments coupled well (>90%
coupllng) wh1le the last fragment showed a poor coupllng

‘:»performance (only 64% coupllng observedS.kOnly one major

~



: TABLE 11-2

PROCR,;SS OF THE SYNTHESIS OF PEPTIDE AcAgas'mCWO*l?J)midr

HYDROLYS1S
SYNTHESIS SEQUENCE AMINO T T T i
ORDER . NUMBER . ACID 1 2 3 4 5 6 7 8
1 123 Cly 110 1.10 1.10 1.10 1.10 1.10 1.10 #1.10
2 122 Ser® 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62
3 121 Ala L.o4 1.04 1.06 1.064 1.06 1.0 1.04 1.04
4 120 Arg 0.99 0.99 0.99 0.99 0.99 0.99 0.9 o0.99
5 119 Phe 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96
3 118 Ile 0.96 0.96 0.9 0.96 0.96 0.96 0.96 0.96
7 117 Clu 0.94 0.9¢ 0.9 0.94 0.9¢ 0.94 0.9¢ 0.94
g 116 Ala 1.06 1.06 1.06 1.06 1.06 1.06 1.06
s, 1 Leu 0.96 0.9 0.9 0.96 0.96 0.9 0.96
10 114 Glu 0.93 0.93 0.93 0.93 0.93 0.93 0.93
b8} 113 Cly 0.95 0.95 0.95 0.95 0.95 0.95
12 112 Ala 0.94 0.94 0.94 0.9 0.94 0.9
13 111 . Asp 0.96 0.96 0.96 0.96 0.96 0.96
14 110 1le 0.89 0.89 0.89 0.8 0.89 0.&g
15 108 Tyr 0.64 0.84 0.84 0.8B4 0.84 0.84
I 108 Cly 0.88 0.8 0.88 0.86 0.88 0.88
17 107 Asp 0.92 0.92 0.92 0.92 0.92
18 106 Ala 0.93 0.93 0.93 0.93 0.93
19 105 Asn 0.92 0.92 0.92 0.92
20 104 AL\ 0.80 0.80 0.80 0.80
21 103 Asp 0.73 0.73 0.73
22 102 Phe 0.82 0.82 0.82
23 101 lle 0.0 0.90 0.90
24 © 100 Arg 0.99 0.99
25 99 Phe 0.73 0.73
26 98 Ala 1.08 1.08
27 97 Glu - 0.90"
28 9% Ala ‘ 0.85
29 95 Leu 0.93
30 9% Glo ' ’ ~ 0.90
31 93 Glu :
32 92 Glu ﬂ
33 9 Ser” i
34 %0 Lys
.Serine wés partly destroyed during “acid hydrolysis
bAverage value '
’ .
SAMPLING POINTS
90 100 110 120 123

AqR-S-E-E;E-L-A~E;A-F-Ry1-F-DyR-NiA-D G-Y~1-D-A-EE-L-A;E-1-F-R-A-5-G-OH
2

9 8 7 .6 S 4 3 2 1
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product was observed in the purification stép. éimilarly,
the major peptide impurity from the synthesis of AcA’*STnC-
(90-104)amide was purified by HPLC on a €18 column and was
shown to lack a single glutamic acid residue. Finally, the
sequential synthesis of the fragment AcA’*STnC(90-115)amide
was attempted (Clare, D.M., personal communication) with
little success, as Asp-103 coupled poorly (less than 25£
coupling yield). In summary, synthesis problems associated
with the N-terminal region are centered around the coupling
of Asp-103 and of one ér more of the glutamié acid residues

1Glu-92, -93/ -94 and -97), particularly Glu-94.

{

Synthesis difficult{es arose also in synthesizing the
calcium binding loop region. For ekample, Reid (personal
communication) noticed in his attempt to synthesi%e the
peptide region 90 to 115, pHe poor coupling of Glu-113,
Asp-111 and -107, Ile—110,.Gly-108'and Asn—lOS. It was also
discovered duriﬁg the purification of a crude preparatiqn of
AcSTnC(103-115)amide, that the major peptide impurity |
represenfed a fragment lacking one of the glutamic acid

residues {either Glu-113 or -114),

el

The C-terminal region (115 to 123) of our fragments was
reldtively free of synthesis problems.

In summary, the residues suspected to be involved in’

»

weak couplings are underlined in the sequence listed below
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Table I11-2. Although this section has depictedvthe synthesis
of these analogs as an almost impossible task, one should
realize that the adequate solid phase synthesis of the first
20 amino acids is not difficﬁlt to achieve. The major
problem associated with the synthesis of longer peptides ié
rather related to the tendency of our tri- and tetrapeptides
to degrade even upon storage ag 4 °C in a crystalline state.
This experimentalfparaheter can however be improved by
recrystallizing these fragments\bs;pr to -their use and by
assessing their purity by thin layer chromatography.
Alternatively, liquid chromatography might pro§e to be
necessary to achieve a proper level of purificétion of these

tri- and tetrapeptides.

H. CHEMICAL CLEAVAGE OF TROPONIN C

1. Modification and cyanogen bromide cleavage of rabbit ’

skeletal troponin C |

T

Rabbit skeletal troponin C was'prepared as described
elsewhere (Choné anduHodges, 1981). This protein was theﬁ\
modified with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) 'in
ofdef to protect,cysteine 98‘from-modifitaiion during the |
cyanogen bromide cleavage (Négy et al., 1978). The

modification step was performed as follows, troponin C was

first dissolveh in a buffer containing 8 M urea, 0:2 M Tris



A2
99
Q

acetate, 0.1 M EGTA, 50 mM DTT, p4 8.0 (200 mg TnC/12 ml
buffer) and dialysed against the above buffer for 4 hours to
insure the denaturatlon of the protein and the reduction of
the sulphydryl broup. DTNB (100 mg, DTNB/-SH ratio of 16:1)
was then added to the dialysis bag and dialysis was
continued for 30 minutes at room temperature. The protein °
solution was tnen dialysed against 50 mM NH.HCOQ (3 x 8
liters, 6»hourslper change at ¢ °C) to insure the remnval of
unbound DTNB (chHange in color from orange to light yellow)
and of the components of the original buffer used. This step
was follawed by a fu;ther/dialysis against 5% formic acid (2
x 8 liters, 6 hours per change at 4 °C). The protein
‘solution showeé traces of precipitate at this stage probably
due to tne transition from p% 8 to pH 2 (the isoelectric
point of TaC is around 4). The entire contents of the bag
iwas lyophilized in a flask of qdequate dlmen51on (1200 ml)
to allow the direct cyanogen bromide cleavage of the
modified troponin C. The ‘protein was then diééolved in 70%
formic acid ;6 a final concentration of 10 mg/ml. Protein
cleavage was 1n1t;ated by treating the modlfled protein with
‘@ 200 fold excess of cyanogen bromide. The react1on was left
to proceed for 24 hours at room temperature, Dlgest1on was
complete as dennnstrated by the absence of a f?%ponin°c band .
on SDS urea pdlyaqulamide gel electrophoresis of the

digest. b | ,
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2. Purification of a cyanogen bromide fragment containing

the region 84 to 135 of rabbit skeletal troponin C

The digest was fractionated on a Sephadex G-50
superfine column (190 cm'x 1.5 cm) equilibrated in 50 ﬁM
NH,HCO,. The CB9 containing peak was further purified on thg
same column. This material showed 2 singlekband‘on SDS'urea
polyacrylamlde gel electrophore51s and a single peak by
>reverse phage high pressure llquzd chromatography. The HPLC
column used in this case was a preparative C18 SynChropak
RP-P column menzionedgabove The peptide CBQ was eluted from

the column u51ng a 0% to 60% gradient of 0. 1% TFA/aceto-

4

nitrile (60 min gradient w1th a flow rate of 2 ml/mln) The

peptlde sequence and concentratlon were determined. by amino

acid analy51s (Table_Il—1).

I. PREPARATION OF IODINATED PEPTIDEé -

Lactoperoxidase was used to>catalyse ﬁhe iodinarioo of
the szngle tyrosine present in AcA"STnC(QB 123)amxde and
‘AcA"STnC(90 123)am1de using a methodology prev1ously
descrlbed (Seamon et’ aI 1977; Morrison and Bayse, 1970)
The 10 ml reactlon mlxture consisted of 0. 1 mM of the
‘peptide, 0.1 mM KI, 50 mM sodium phosphate buffer, pH 7, 0
0.1 mM H 202, 0.30 IU of lactoperoxldase (S1gma) and 5 mM

EGTA. The 1od1natlon was 1n1%1ated by the add1t1on of the_

J
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- énzyme and monitoged by the decrease in tyrosine fluores—.
cence at 305 nm (excitation.at 280 nm).,Successiue additions
of KI and H,0, were made.to insure total“iodination of-the
tyrosine.lWhen the'resjdual fluorescence was reducedwto 5%
of the original 1nten51ty, the reactzon was seopped by the
‘add1t10n$of 10b'u1 of ‘a 50 mM DTT solutlon

J. ULTRAVIOLET SPECTROSCOPY
\ .

<

1. Experimental procedure

The absorptlon and’ dxfference spectra were measured on
a Cary 118 C recordlng spectrophotometer at' 25 °C over a
wavelength range from 250 to 350 ;; ‘Spectra were ‘recorded
using two quartz cells hav1ng a tcm path length and a 1 ml
volume. Constant dry N flush1ng was used to purge the
opt1ca1 track and cell component as it enhanced ‘the
'stab111ty of the 1nstrument. Typ1cally an absorpt1on'
Spectrum was obtalned after callbratlng both cells (sample
and reference) 1n the presence of startlng buffer whlle a
d1fference spectrum requ1red the callbtat:on of both cells
with the peptxde solutlon 1nvest1gated In the latter. casep
equal volumes of ca1c1um solut1on or buffer vere added to

‘the sample-cell (+ Ca") and the reference cell (+ buffer)

‘before the spectrum vas recorded

o

2. Peptide sampie§< ' !. : S

.
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Solutions‘of AcSTnC(103rd23) AcA"STnC(98—123)am1dé
and AcA"STnC(QO 123)am1de (0.4 mM) vere prepared in e1ther
100 mM MOPS, 50 mM KCl 1 mM EGIrA, pH 7. 5 (aqueous medlum)
or. 50 mM MOPS, 25 ‘mM KCl1, 0 5 mM EGTA 50% tr1fluoroethanol
}(TFE) pH 7. 5 (hydrophob1c medium) . Note that all buffers
were prepared wzth double dlstzlled water prev1ously treatedv
with. chelex re51n and flltered through a 0.45 um m1111pore |
f1lter prlor to the1r use}r$he peptlde concentratlon was

"determlned by amino- ac1d analy51s.

3. Calcium solutions

Calcium solut1ons (10 ‘to 100 mM) were prepared from
reagent grade CaClz dlhydrate in e1ther the aqueous or the
'hydrophob1c buffers ment1oned above. Thelr calc1um content o
was accurately measured by tltratxon with a standard EDTA
solut1on using mureX1de as the end po1nt 1nd1cator (Blaedel

and Kn1ght 1954).

K. ,CIRCULA‘R: DICHROISM

1. Circular dichroism measurements . -

C1rcular d1chro1sm measurements were performed u51ng a

‘ rCary 60 record1ng spectropolar1meter egu1pped w1th a Cary

1“6001 CD attachment (Oikawa et al 1968)‘or,on‘apaasco-”‘ ’;i‘*f

J- SOGC spectropolar1meter.r
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The mean residue elliptlcity; [é]k,'at a wavelength Ay

was calculated from the expression: '
#6),= 8, x MRW/(100.x T x ¢)

where MRW represents the mean residue weight .(taken as 113

in‘these'studies), @, is the_observed elljpticity value at a

A
selected wavelength / represents the cell path length and

was equal to 0. 005 dm and ¢ is the pept1de conceatrat1on in

gcm“’. The unzts of [9] are degree.cm? dmole

2. Precautions againSt'metal'contaminatipn'

Nalgene beakers, plast1c pipettes and vials were ‘used
throughout the study to avo1d the ca1c1um contamination of
.peptlde and drug solut1ons. In addxtlon, Ca”-free buffers
were prepared from delon;zed‘dlst1lled.water which had been

treated with‘Chelex resinu | ‘ N PR ;

3. ;-Calciun solution5~
Ca1c1um sdlut1ons (10 to 100 mM) were prepared from
_reagent grade CaClz dlhydrate and th61r concentratlon was o
determlned by tltratlon w1th a standard EDTA solutlon US1ng
1_murex1de as the end po1nt 1nd1cator (Blaedel and Knlght

' _‘,-1_95,4-)., A AR RCRTE

:f4;4‘ Calc1um tltratlons of AcSTnC(103 123)

. AcA"STnC(98 123)am1de and AcA"STnC(90 123)am1de
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a. Peptide samples

fhe lyophilized peptides AcSTnC(103-123), AcA’*STnC-
(98-123)amide and AcA"STnC(90—123)amlde were-initially
dissolved and diluted to a concentration-of 0 .4 mM in either
8 M urea, 100 mM Tris, 50 mM KCl, 5 mM EGTA, pH 7.2
~“(denaturing medium) or 100 mM MOPS, 50 mM KCl, 1 mM EGTA, pH
7.5 (agueous medium) or S0 mM MOPS,ﬁ25 mM‘KCl, 0.5 mM'EGTA,

50% trifluoroethanol (v/v), pH 7.1-7.5 (hydrophobic medium),

b. Determination of calcium binding constants

The concentratlon of free Ca" in solutzon was
‘controlled by an EGTA conta1n1ng buffer and calculated using
the computer program of Perr1n and &\gce (1967) w1th the
log,. of the assoc1atlon constants for the complexlng

spec1es of- EGTA (51111n and Martell -1964) 'set at: Hf to

EGTA*", 9.46; H' to H'EGTA", 8.85; H; to H, EGTA®", 2.68; H'

‘to H,EGTA'", 2; CaL, 11.00; and CaHL, 5. 33. Free metal ion
concentratlons were corrected for peptlde bound Ca“ R
l assumung 1 mole of Ca“ is bound/mol of . pept1de u51ng the
Perrin and Sayce computer program for two 11gands. An
'estxmate of the log., of the assoc1at1on constant for the

E calc1um peptlde complex (CaP) was 1nserted 1nto the: program,

~ and the free Ca“ values determxned Were used to calculate

an assoc1atxon constant as descr1bed below The calculated 4

.4

i

€
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value of the asspciation constant was'used to revise the
estimate of the association constant (Ca?) rn'the Perrin .and
Sayce program for two ligands THis procedure was repeated
until the calculated association constant equalled that
inserted in the Perrin and Sayce program. The 4H* to peptide
association constant was set at 4.00 to correspond roughly
to the pka of the side chains of the acid residues involved
in chelation. These calculations also assume that the

cumulative association constants for EGTA complexing species

remain.the same in both hydrophobic and aqueous solyents}

A second computer program (Hincke‘et.al., 1978) is used
to perform a nonlinear curve-fitting iterative prdcedurer
which fit the data to an equation of the form:

el
- n. K. [Ca""]

A[O]220 ;4_3 LI -
i . o4

1+K; (a1

\

where i.= 1, and extracted the values of ni and Ki. Here, ni

is- the maxlmum value of [8)::0 whlch can be e11c1ted from -

._the ith class of Ca"-dependent trans1t10ns, Kiis the.

apparent assoc1atzon constant of the ith class of b1nd1ng

\\sltes, and [Ca"] 1s the concentrat1on of free Ca**

,; ca}pulated as’ descr1bed

| S SR R o »
c. _‘Determinatien of a-helical content .
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The effect of Ca®° and trifluoroethanol on the'CD
spectra of the 21-, 26- and 34-residue peptides have been
analyzed in terms of helix content based on the Chen, Yang
and Chau equation (Chen et al., 1974) for chain length «

dependence.of helices:

(01, = (f,- ik/N ) [O]:X + fp [0Dp, , f 1.

[}

where [6], is the observed mean residue ellipticity at
wavelength A, [GI: is the maximum mean residue ellipticity
of¥a~helix (H) of 1nflnlte length [9]f2 is the mean residue
elllpt1c1ty for the pure unordered form (R), the f values
- are the fractlons of the two forms in the molecule, | is the
- number of helical segments, N is the total number of
res1dues and K is a wavelength dependent constant The
fB[G]B’term is ignored for these calculat1ons since we
, assume no B-sheet formation in. any of our peptldes under any
: of the condltlons studled The [9] values for 1-nm ’
" 1ntervals between 215-240"nm were emplrlcally determined as
'lthe average CD spectra for the 26-'and 34-residue
apopeptqdes in 8 M urea. The [6]: values at‘1~nm 1nter%als |
were obta1ned from Chang et al. (1978) The CD spectra in

dthe presence of Ca’* were analyzed +in. terms of helix’ content
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by first subtractlng the contrlbutlon to the mean re51due
, .
ellipticity due to loop formation’ [8]

4

(33 [ = Cfy = M) TeTg + fp 00, I

%

4

[6}. values at 1-nm 1ntervals between 215 240 nm were
i obtalned by subtracting the [6] values obtalned from ‘the
spectra of the peptzde in trlfluoroethanol in the presence

of Ca?* from that obtalned 1n trlfluoroethanol in the

ab@enc:wwﬂaCa". Using empirically determined [6] values

i240 nm, ‘the values of f in equation 1 were
}1ve the best fit to the eXper1menta1 CD curve

fast squares computer curve f1tt1ng procedure

N ~

:ﬁvalues of used to calculate f wéﬁe as-foliowe:
apop gdes in aqueous medium, j = 0; apopeptides in the

" :e of trlfluorOethanol for -the 21-, 26- and 34-res1due
. Peptzf;s'jj =.1, 2 and 2, respect;vely;'apopeptidee.in the
"Qresi'ie of Ca**, i‘= 0; i aud'l or i‘; 2 aud 2 for the
;%f— aﬁd 34~ res1due peptldes, re spectlvely The basic
assuuptlon used in the ch01ce of an|j value is that on.
proceedzng from the 21 resxdue peptlde (Ioop-hellx) to the

26~ or 34 re51due peptzdes (helix-loop-hellx) we are
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inducing the formatlon of the N- termlnal helix w1th Ca?" or
‘trlfluoroethanol, thus the I value 1ncreases by one. Though
the a-helix content will vary with the value of | used in
the calculat;;n the relative changes 1in f between the 26-

or 34- re51due peptide and the 21-re51due peptide remaine

unchanged, using the above assumption.

Nagy et al. (1978) showed that the a-helix content fromg
[Glzz,wfor a pure a-heiix”with the added refinement of
allowing for lengths of the helica1~segments (Chen et‘al
1874) can be used to arrive at an a-helix content for CBS
with and wlthout.Caf‘ and the difference between these two
values was in good'agreement with the va}ue derlvedvfrom tHe :

dlfference CD spectrum by the curve fitting procedure We

havé used thlS method to calculate ‘the number of a- hellcal

re51dues_1n TnC and its fragments wlth_and without Ca’* as

shown in.Table‘III-4: .
[(01pg2 = My L0}y (1= KT )
'where n 1s the average number of re51dues per hellcal
segment of the proteln molecule, As reported by Nagy et al.

(1978) ;" the helical ‘segments in TnC and,ltstfragments;are"

e  unlike1y_toqcentaih more tha@gB'tg 10. residues.

R

.5, Calcium and trifluoperazine titrations of CB9-
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a. CB9 and TnC samples
, , : N
The CB9 sample was dissolved in 100 mM MES 50 mM KC1,
! mM DTT, 1 mM EGTA, pH 6. 0 buffer to a concentrat:on of
O 4 mM, The\gabblt skeletal troponin C was dlalysed agalnst
a 50 mM NH,HCO,, 1 mM EGTA, 1 mM DTT solution followed by
water in the presence of .chelex resin. The lyophilised |
‘sample was dissolved in 100 mM MES, 50 mM KCl, 1 mM DTT,
pPH 6;0 buffer to a concentration of img/ml. The |
_concentration of these samples was verified by amino acid -
analysis., | | |
b. Trifluoperaane‘solutions
Trifluoperazine was obtained as a hydrdchloride powder.
The purity of.this material was assessed‘by thin 1ayer,
chromatography on silica gel plates (Merck) The first
L_ solvent system used was composed of 3 grams of ammonlum
acetate in 20 mls of water and 100 mls of methanol The Rf
value of the only spot observed under both U v, "light and‘\
phenothiazine sta1n1ng c0nd1t1ons was' 0.40., The. second
system used was compoSed of ammonlum hydrox1de, benzene and-
d1oxane at a ratio- of 5: 60 35 respectlvely The Rf value for
the drug was 0 32. The p051t1ve 1dent1f:catlon of trlfluo-
peraz1ne was obtalned u51ng the sulphurlc ac1d/formaldehyde

. test described by Clarke (1969). The concentrat1on of a

2
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typical TFP solution prepared was determined both by weight
and by bbtical Qensify measurement at 256 nm, using an
extinction coefficient value of 30,110 M~'cm™'
(Clarke,1969). Both approaches yielded similar values.

Because of the light sensitivity of phenothiazines, only
: ©

‘fresh solutions of the drug were prepared and kept in the

dark for the remainder of the experiment. Typically, 5 to
30 mM stock solutions were made up for the C.D. experiments.

Note that the pH of these stocks solutions was low (2.8 to

Pl

3.3) depending on the trifluopefazine hydrochkloride

concentration. We avoided going above a drug concentration

of 1 mM during the titrations since at these concentrations,
3]

the drug outpuffered the buffering capacity of our samples.

The pH of the sample at the end-of the titration was reduced.

by only 0.05 of a pH unit under these conditions.

c. Determination of TFP and calcium binding constants

K

e . . D
The ellipticity values obtained at 222 nmzfor the
"o : 5
calcium titrations were used to evaluate the calcium binding
constant of CBY9. The non-linear fitting procedure used was

described elsewhere (section 4.b). In the case of the TFP

.titration of CB9 in the absence of calcium, the binding

constant of the drug was evaluated Gsing the following"Hill

-

5

plot equation:



log Y/(1-Y)= log K L 1 TFP
S E ass. m log | ]free

where Y is the ratio of observed ellipticity 5% 222 nm over
the maximum ellipticity recorded. K represents the

ass. .
association constant of TFP with the peptide CB9 and

[TFp]‘ﬁ?e represent the calculated concentration of the free

drug during each step of the titration. A linear

least-squares fitting of the data gave a correlation

Al
coefficient of 0.99 while the observegd slope was of 1.4,

6. Calcium titration of AcA’*STnC(90-123)amide in the
presence of neuroleptic drugs T
a. Peptide:drug samples

The following drugs were used without further purifi-
fcation; Cis- and trans-thiothixene, benperidol, haloperidol,
molindone, promethazihé, chlorpromazine and fluphgnazii%.
Their purity één bs assessed by thin layer chromatography .on
silica gel plates, using a solvent System composed of a
ammonia-methanol solution at a ratio of 1.5 to 100 (Clarke,
1969). Plates are then examined under ultraviolet light at

254 nm or by spraying them with an acidified iodoplatinate

reagent (Clarke, 1969). .

The buffer system chosen for the CD spectrophotometric

studies was 100 mM‘OPS( PH 6.0, 50 mM KCl, 5 mM EGTA. The
3
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use of MES buffer is however preferable in future
experiments since its pKa (6.15) insures a better buffering
capacity at pH 6.0 than MOPS (pka of 7.29. The peptide was
dissolved in the above buffer and dialysed overnight against
the same buffer in order to remove traces of calcium. The
approprfate drug was dissoived in the above buffer, then the
peptide and drug solutions were mixed to produce a
drug/peptide ratio of 2.3/1 (1.0 mM drug/0.43 mM peptide)
and the CD spectra were determined. All peptide:drug
solutions were freshly prepared and maintained in the dark
throughout the circular dichroisw experiments. Ellipticity
measurements and the determination of the calcium binding
constant of the peptide in the presence of these drugs’yere

described in previous sections.
L. NUCLEAR MAGNETIC RESONANCE

. 'H NMR measurements

'"H NMR experiments were performed with a Bruker HXS 270
MHz spectrometer operating in the Fourier transform mode and

equipped for gquadrature detection.

2. Metal contamination

Peptide and TFP solutions were prepared in plastic

vails and beakers to minimize calcium and danthanides

’
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contamination arising from their presence in glass matrices.
All buffers were prepared from deuterated water and treated

with Chelex resin (previously equilibrated in D,0).

Calcium and lanthanides will interact with the glass
surface of the NMR tubes. One should thus insure the removal
of all traces of metal prior to the use of these tubes. The
followin? sequence of séaks and washes was adopted:

1) Chromic acid soak, 30 minutes

11) Double distilled water‘wash
111) 3 N HC1/25% ethanol soak,'30 minutes
iv) Double digtilled water wagﬁ\\

v) Deuterated water.rinée }

vi) Lyophilization of NM§\{Eb%§//

The tubes were cleaned and lyophilized one day prior to

\\.

their use.

9
3. Metal solutions

i\
All calcium stock solutions were prepared from reagent
grade CaCl, -2H,0 di§§olved in D,OQ The Ca?® content was
determined by EDTA titration using murexide as the end point

indicator:(Blaedel and Knight, 1954),

The lanthanum, lutetium ahd.gadolinium solutions used
in this study were prepared from reagentfgradé LaCl,.5 H,O0,

Lu;0, and GdCl,;s H,0. The lutetium oxide was converted to
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its chloride form by additibn of an equimblar quanfity of
hydrochloric acid. %he solutions were made up in 100 mM KC1,
0.1 mM DSS and adjusted to pH 6.0 with.NaOD or DCl. Their
lanthanide content was determined by EDTA titration uéing

xylenol orange as the end point indicator (Lee and Sykes,

1980).

4. Calcium titrations of AcSTnC(103-123), AcA’®*STnC-

(98-123)amide and AcA"STnCK90—123)amide

a. Peptide samples . 0
The peptides were dissolved in 10 mM PIPES, 0.1 M KCl1,

0.5 mM DSS in D,0, pH 6.8. , , oA

\

b. Spectral parameters

A typical spectrum was obtained frdﬁ 1000 acquisitions,
using a-1 second acquisition time, a 9 us pulse width
(-90°), a * 2000 Hz sweep width and a line broadening value

of 1 Hz.

T C. LaSer-Phofo-CIDNP experiments

' Kaptein (1978) has developed a NMR technique which'
allows the selective detection - and aséignment of resonances

from exposed histidine, tyrosine and tryptophan -residues, -

P

b
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The technique abbreviated laser photo- CIDNP 15 based on the
use of a laser to produce a photochemlcally 1nduced dynamic

A

nuclear golarlzatlon effect on the protons of theSe aromatic .
side chains. Essentlally, the method 1nvolves the use of a
flavin aye which is photochemically excited to a trfplet
state during a brief ‘laser irradiation of ;;e NMR-samp%e
(step (15).'
hv light " :
F > '"F o ’F -(1)'Photo excft%fion
. of the dye ‘

o

 Any peptide or protein tyrosine, tryptophan or histidine

side chains (Tyr(109) of rabbit skeletal tropenin'c in our
case) acceesible to the excited flavin will reversibly react
with the dye to yield a trapsient-radieal‘pair. This step is

depicted in the cast of tyrosine 109 where the triplet state

" species °F abstracts its phenolic hydfogen atom (step (2)).

Tyr(109)-OH + *F 5 Tyr(109)-0e¢ + ‘FH* ~ (2) Radical

A fohmation

k)

Nuclear polarization will occur upon recombination of the

.“reaical pair created (step (3)).

Tyr(109)-0e + FHe > Tyr(109)-OH + F  (3) Radical

o pairing
P .

Photobleaching’of’the dye may also ocedr'aS'fiavin-molecules"
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can recomblne to generate a non- excztable form of the dye
(steg (4))
2 FHe 5 °© FH,+ + F (4) Photobleaching

. ’ i
)

- Similarly, an overexposure of the sample to laser light will
increase the chances of protein or peptide modificatjon

through the presence of reactive side chain species.

—

The‘effect of nuclear polarization can be readily
monltored by 'H NMR as the spectral lines belonglng to these
partlcular s1de chain protons will be selectlvely enhanced
The enhancement pattern (em1551on or absorptzon) can_be |
predicted by a serles of CIDNP 51gn rules described by
Kaptein (1971) In the case of tyr051ne aromatlc protons, a‘
strong emission pattern (a negative enhancement of 28 times
the 51ze of the doublet) 1s observed for the 3,5 proton
doublet while the 2,6 proton doublet is only slxghty

enhanced (1.7 fold increase in absorpt1on).

A Spectra Phy51cs Model 164 argon 1on laser was
utilized to illuminate the flav1n contalnlng sample. The,
10 mm flat bottomed NMR tubes used contalned typlcally |
1.2 ml of a 0.5 mM peptlde solut1on (10 ‘mM PIPES 0.1 M KCl:
0.5 mM DSS in D, O, 5 mM CaCl,, pH 6. 8). A5 ul allquotlo\f a
50 mM FMN stock solutlon was added ‘to the NMR tube. The data

©'was acqu1red in an alternatlng pattern, i, e, one spectrum
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of the non-irradiated sample followed by one of the
irradiated sample, with a 10-second delay between the light
and dark_spectra. The light soeotra were irradiated with

3.5 watts of power for 1 second prlor to accumulation of the

FID. Blocks of 8 spectra were collecteg u51ng the spectral

parameters ment1oned before (sectlon G;4nb).

5. Calcium and trlfluopera21ne ‘titrations of CB9 andg
> v . .

AcA"STnC(QO 104)am1de

a. Peptide samples . BN

. The peptlde CB9Y was dlssolved in 15 mM PIPES, .

- 0. 1M KC1, 0.2 mM DSS, pH 6.80. A 2 ul allquot of

B- mercaptoethanol was added to the 400 ul NMR samples before
the experiment . As observed in a prellmlnary NMR spectrum,
the addition of a reduc1ng agent isg essentzal for the proper
foldlng of the fragment (spectrum not shown). As for the
peptide AcA"STnC(9O 104)am1de, it was taken up in 25 mM

r

KH, po., 50 mM Kcl, pH 6.0.

v

b. Trifluoperazine.solntions/

The purlty of the drug was assessed earlaer (sectxon
J.5.b) and proven adequate for 'H NMR studzes Solutlons of
- trifluoperazine (30 mM) were- freshly prepared in elther

15 mM pxpss 0.1 M K1, 0.2 mM DSS, pH 6. 80 or 25 mM KH,PO,,

G-
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50 mM KCl, pH 6.0 and were maintained in a dark environment

throughout the 'H NMR experiments.

c. Spectfal parameters
X For the peptide AcA’*STnC(90-104)amide, a typiéal

' spectrum was obtéinea from 1000 acquisitions using a 1 s
acqu151tlon tlme, a 9 us pulse w1dth and a line broadenlng
of 1 Hz For the CB9»fragmeqt, spectra were obtained from
4000 acquisitidns usihgva 0.5 s acquisition'iime. All‘other

parameters were as described above.

6. Lanthanide titrations of AcSTNC(103~115)amide

. a. Peptiée samples

The metal-free spectrum was obtained from a 8.3 mM
peptide sample (400 ul)‘dissolved in 15 mM deuterated .
_imidazole, 100 mM KC1, ,{2 mM DSS, pH‘7.0. The lanthanidé
titrations were perfonméd 6n 0.8 mM samp{es of AcSTnC-
(103—115)amide>taken uﬁ in 100 mM KCl; 0.1 mM DSS and
reajusted to'pH 6.0 with a 0.5 N NaOD solution. In'the case
of the gadolznlum t1trat1on, the 0 8 mM sample also
contalned 1.3 mM LaCl,. The pH of . the samples were monltored .
“ before and after the;metal titration and were shown to
remain at their inifial value of 6.0. Thé'exactﬁpeptide,

concentrations were determined by amino acid analysis.
i ,
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Alternatively, absorbance measurements at 280 nm (extinction
coefficient value of 2100 M 'cm"') can be used to estimate

the peptide concentration. .”

»

b. Spectral parameters

For the apopeptidé\(metal—f?ee), the spectrum was
obtained from 4000 acguisitions with a sweep width_bf'
+2000 Hz ana;a 2 s acquisition time. The resolution in the
spectruﬁ was enhanced'by zerofilling the 16 K FID,to 32 K.
The, decoupling experjmehfs were performed by irradiating
selécted resonances in the %pcpéptide spectrum and observing
their,connecti§ities‘with other resonances. Typically, 256
acquisitiéns were taken for each spectrum with a -sweep width
- of 15000 Hz, a 1 s}aCQUisition time, a 8 us pulse width
(*80°) and a line broadening of 1 Hz. Spectrum parameters
for the lanthanide titrations where as follows; 4006
acquisitions w{th a sweep width of #2000 Hz, a 0.5 s
acquisition time ; a pulse width of 8 us and a‘spectral line

¢

‘btoadening value of 1 Hz.

c. Determination of La’* and Lu’® binding constants.

‘The following equation was used to determine the

(

guantity Y3

A S VN
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where 65 represents the chemical shift of a peptide
resonance in the metal-saturated spectrum, ¢, 1is the
observed chemical shift value for this resonance at a
particular point of the titration, while ¢, represents the
resonance posi;ion in the absénce‘of'metal. ThisAquanti:y
was*calculated for a variety of reﬁonances during the course
of a lanthanide titration. Tpe averaged Y value for each
titration point was plotted&ggainst the mgtal:peptide ratio

and the binding constant was determined by a least-squares

fitting of the data set to the equation;

/2 -
Y = [(Mg+P.+Kd)- ((M,+P,+Kd)* - 4M,P,) ]/2P,
& -

where M, and P, represent the total concentration of metal

and peptide in the sample and Kd is the metal dissociation

constant to be determined . Note that metal precipitation

problems occured when the peptide solutions were titrated

fapidly (addition of large aliquots of metal ion) or when
the pH of the peptide solution was close to 7.0 (slow
formation of hydroxides). Binding constifts were determined

from titrations where no precipitation was observed.

d. Gadolinf%% titration - : B

The gadolinium titration was performed on a 0.8 mM
$ ‘ .
sample of AcSTnC(103-115)amide ‘dissolved in 100 mM KC1,

0.1 mM DSS, 1.3 mM LaCl, and reajusted to pH 6.0 with a

.

-
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0.5 N Ni "on. The sample was titrated by adding

mM' GAd’* solution to the NMR tube. Note that
F,an are within 10 & of the metal, only trace
.aaolinium (< 5% of the peptide concentration)
to excessively broaden the cbserved resonances,
necessary to add an excess amount of lanthanum

to th4MR tube to insure that the. small concentratlons of

Gd:*- ient in the ~sample did not fluctuate due to the
known praction of such metals with glass matrices (Jones
et al., §R74; Marinetti et al., 1976). The exact peptide

concentration-was determined by amino acid analysis.

At thilkinitial lanthanum and AcSTNnC(103-115)amide

‘,c6ncentr_/ ahof.1.27 mM and 0.77 mM respectively; 98 % of
the peptﬂ e‘can be calculated to exist 1n the bound state
using a La’*" b1nd1ng constant of 1.1 x 10’M"f(chapter Iv).
The percent peptide bound to gadollnlum was calculated using

the follow1ng relat1onsh1p

o

%$Gd** bound = 98 X’[qu‘]o

‘é _[_Gda.]'o + [‘ILaJ‘].o -

| The terms [Gd“]° and [La"]° 1nd1cate tne ‘total
.concentrat1on of gadol1n1um and lanthanum in the NMR tube.

This expresszen assumes that-Gd”‘and La’* have the same L
: affinity for the peptide and‘that the amountlof Ga>®* added

'is small so that the fractionalnsaturatipn:of‘peptide by
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metal is unchanged.
) \;,',,\ o .

"e. T, and T, measurements
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The spin-lattice relaxation times (T,) of well defined

proton resonances were determined from progre551ve

saturation experiments. Typicalbz the total delay t ime

~ between spectral acquisitions was varied from 0.21 s to 4 s

anc 300 free 1nduct10n decays (FID) were collected for each

delay time, u51ng a 9.5 us (90°) pulse width, a 0.2 s

acquisition time, a : 2500 Hz sweep width and a line

i

broadening value of 1 H;. Peak- heights of the resonances

were measured and plotted as a function of

between pulses following the equation

M=M (1-e-t/M
8 M (1 - e |
’ 1
where t is the total delay time, M and M
o @

and observed resonance peak helghhs and T,
\t -

relaxation time for the proton nucleus 1nvestigated

5

total delay time

are the,maximum

the spin-lattice

k4

The spin—Spin relaxation times (T.) of six well defined

resonance'patterns (Giy-108 3 5 ppm doublet' Tyr 109

ppm and 6.80 -ppm doublets'héla 106,-112),

%

" TV and the relationship

1 45 ppm and 1.30

. ppm doublets' Acetyl ASp-103 /2/00 ppm. 51nglet) were

4 determined ‘using a lineshape analys1s program to determine'

e
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Tav o= /T,

where Av represents the line width (in‘Hé) of a parti&ulaf
'reéonance line at half height. Spectra used for the line
width measurements were obtalned from, 4000 acqu151tlons
\u51ng a 0‘? s acqu151t10n time, a 8 Uus pulse width, a

t 2000 Hz sweep width and a line broadening value of 1 Hz.

’

-
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' CHAPTER 111

CALCIUM-INDUCED PEPTIDE FOLDING: IMPORTANCE OF N- AND

C-TERMINAL HELICAL REGIONS OF THE EF HAND

A. SPECTROSCOPIC STUDIES OF ANALOGS OF SITE 111 OF RABBIT

-

SKELETAL TROPONIN C

Our grdup has been involved in developing a dynamic
model to describe calcium-induced érotein folding in
troponin CL.calmodulin and relatéd proteins. Upon Ca?"
addition to these Ca"—modulaﬁed proteins, large increases
in the o«-helical content and a general increése 1n
compactness of these molecules have been observed by
intrinsic fludrescence (Leavis and Kraft, 1978; ngman et
al., 1977; Dabrowska et al., 1978; Cox ét al., 1979) and
fcircular_dichroism (Lé&g}s and Kraft, 1978a; -Liu and Cheung,
1976; WOiff et al., 19§§§ Hincke et agl., 1978; Walsh et al.,
1978). 'H NMR spectroscopy has also been used to studyhthe
conformational changes in theée proteins (geémon et al.,
1977; Levine et al., i977; Levine et al., 1978; Seamon,
1980; Hincke et al., 1981b). However, it is eytremely
difficult to probe local molecular éVentsvin a single

calcium binding site in these multi-calcium binding site

proteins. To overcome this problem several groups have

124
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1solated fragments containing one or several calcium binding
sites from parvaibumin (Derancourt et al.,1978), troponin C
(Leavis et al., 1977, 1978; Grabarek et al., 1981) and
calmodulan (Drabikowski et al., 1977); Walsh et al., 1977).
Biochemical and spectroscopic -studies on these peptides ha@e
generated a wealth of information about regions of
interaction of these calcium binding proteins with target
proteins such as troponin I, phosphodiesterase ané
phosphorylase kinase (Leavis et al., 1978; Grabarek et al.,,
1981; Kuznicki et al., 1981). Similarly, the calcium
affinity of these isolaged sites and the amountAof secondary
and tertilary structure perturbations observed as a result 5{
calcium addition (Leavis et al.,1978; Nagy et al., 1978;
Birnbaum and Sykes, 1978; Evans et al., 1980; Leavis et al(,
1982) have permitted a partial description of the folding
pattern of such peptides in the apé— and metal-bound states
and have enabled investiéators to propose as in the case of
troponin C, the location and extent of strictural changes
due to the presence of calcium. However, the size and choice
of chemical and enzymatic fragments obtained often limit
their usefulness in generating information about -
calcium-induced\folding and the location of e-helical A

regions.

The unigue approachradopted by our group was to study

folding events by chemically synthesizing a single cglcium

€
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binding site and analogs thereof; and to compare the:r
calcium binding characteristics and observed folding
pattern. Site II11 of rabbit skeletal troponin C was chosen
as the model for our synthetic analogs on the basis cf the
feilowing two criteria:

') This site has previously beer shown to retain its
calcium binding ability (Kca - 10’M“5 when isclated as a
cyanogen bromide fragment of rabbit skeletal troponin C
(Fig. II11.1, first sequence) and, .

2) Its calcium binding loop possesses key features
predicted to affect the stability of the calcium:peptide

complex (Reid and Hodges, 1980).

The sequences of three synthetic analogs are presented
in Fig. III.1. Their synthesis and purification have been
discussed in chapter I1I. The first sequence represents the
cyanogen bromide fragment containing the Ca®°" high-affinity
site III of rabbit skeletal troponin C (CB9) (Collins et
al., 1973). The synthetic peptides have an identical
seguence to the native frqgment CBY9, except for the
replacemeﬁt of cysteine 98 by alanine, in order to avoid
~Qroblems associated with sulfhydryl groups. Their lengths
vary from 21- (Ac STnC(103-123)) to 26- (AcCA’*STnC-
(98-123)amide) and fihally 34-amino ‘acid residues (AcA’'‘-
STnC(90-123)amide), through the extension of the N-terminal

region of the molecule. The peptides were acetylated at the
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N-terminds and the C-terminus blocked as-an amide, except
for the 21-residue analog which contains an unblocked
a-carboxyl group. By protecting the ends of these fragments

we do not generate extra charges which are absent in the

natural protein.
B. SECONDARY STRUCTURE ANALYSIS

1. Circular dichroism results

a. Effect of calcium and trifluoroethanol on the

peptide secondary structure

The preparation of a 21-residue synthetic analog of the
hel ix-loop-helix unit (Reid et al., 1980) provided a model

with which to study Ca®'-protein interactions. However, the

N i

Ca*"-binding constant of the model peptide studied was too
low in aqueous medium (Table III-1) to be of any value irf

structuf® affinity studies. Another 21-residue analo *

reported here_haé similar C;”—bindingvproperties in gpth
aqueous and hydrophobic media. As found prev}ously, \
acetylation of thé'21fresidue analog resulteabin changing\an
inactive Ca’*-binding unit to a lowiaffinity Ca?*-binding
unit which could be explained on the basis of fémoving the
repulsiOQ.twtweéﬁthe positiveiy charged N-terminal amino
group and the cation (Reid et al., 1980). Theréfore,

elongation gf'the peptide by addition of residues to the
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. ‘ TABLE 111-1

Caz* binding constants of the synthetic peptides and various fragments

of the natural proteins containing a single calcium binding site

Analog

KC‘a

Aqueous buffer?

'l

Hydrophobic buffer?

acF?%sTnc(103-123)
AcSTnC(103-123)
AcA¥€5TnC(98-123) amide
acA¥€sTnC(90-123) amide
Carp MCBP 4.25 (1-75)°
Carp MCBP 4.25 (76-108)°
nser S Tne(B-135) (€B9)¢
STnC(121-159) (TH2)€

W =~ N W W N
D T N
LS AR N > . T « ~ I Y Y]

—
o
™~

P e T o S SV Ry W
o O O O O o
H NN B Y BN

—
o

9.2 x 10
3.5 x 10
£9x10
9.2 x 10

[SANNRE BN R

aAqueous and hydrophobic buffers are described under experihenta] procedu-

res, chapter 1l.

bTaken from Reid et al., 1980.
®taken from Derancourt et al., 1978.
udTaken from Nagy et al., 1978.
€Taken from Leavis et al., 1978.
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'N-terminal should be expected to produce the same effect as
acetylation. Preparation of 26- and 34-residue peptides
(AcA"STnC(98—123)amidE and AcA’*STnC(90-123)amide) not only

.

resulted in peptides which bound calcium in aqueous medium

N
15

but the Kca values were orders of magnitude higher (Table
I11-1) than the 21-residue acetylated peptide (AcSTnC-
(103-123)). This result suggested that the extra residues
addéd to tﬁé N-terminal region did more than jugt eliminate
the detrimental affect of tﬁe N-terminal '‘amino group on.
calcium chelation. Lenkinskipand his ‘co-workers (1983)
recently noted that 12-amino acid long anaiogs (residues 64
to 75) of site II of rabbit skeletal troponin C did not
require blocking of the N-terminal 'amino group to achieve an

apparent calcium binding affinity of 1-2 x 10*M~ ',

Before considering the CD spectra of the.peptides shown
in Fig. III.2, it is important to understand the basic
assumptions involved in their interpfetation. The 21-, 26-
and 34—re§idﬁe abopeptides in agueous mediu$ shbw'increases
in negative ellipticity Qhep.dbmpared with the random:coil
spectra observed for the pgptides in 8 M urea (Fig;—III.Z).
We interpret theée changes as. the develépmént of nascent

helix répresenting a structural change which is not large
enough to account for the formation of a minimum helix of
.ohe turn. Addition of calcium or trifluoroethanol to the

apopeptides in aqueous medium produces large indreases in

e

.
¢l
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Fig. III. 2 C1rcu1ar d]ChFO]Sm spectra of the pept1des Calcium,
: trifluoroethanol, and 8 M urea-induced CD spectra of
(A) the 21- res1due, (B) the 26-residue, and (C) the
34-residue peptide. 1, apopeptide in 8 M urea, 100 mM
Tris, 50 mM KC1, 5 mM EGTA, pH 7.2; 2, apopept1de in.
-aqueous medium; 3, calcium- saturated peptide in aque-
. ous medium; 4, apopept1de in hydrophobic medium; 5, -
ca1c1um~saturated peptide in hydrophob1c medium.
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negative ellipticity, indicative of secondary structural
changes 1nvolving a-helfg formation (Fig. III.2; Table
I11-2). Maximum [6],,, values were elicited from all
peptides in the presence of 50% trifluoroeqhﬂioi and we
conclude that this indicates the formation o&ithe ma x i mum
‘%mount of a-helix possible wig;‘these peptideg{ The
21-residue peptide is the cbmmén ségment in all three
peptides and this segment consists of the loop region and

‘ C-terminal helix of the helix-loop-helix Ca?* -binding unit;
therefore, all helix changes determined by CD which are |
greater than thgse determined for the 21-residye-peptide
under corresponding conditionstare assigned to the N-termi-
‘'nal helix region of the 26- or 34-residue peptides. Lastly,
since the maximum amount of'ﬁeli{ possibie is formed i1n 50%
trifluoroethanol, any CD changeslelicited by addition of
Ca?* to the peptide in 50% trifluoroethanol must be
attributed to loop formation %nd will not be considered as
part of the [6].., values involved in the helix formation.
As a result,/all Ca?*-saturated péptidg spectra are TS
corrected for lbop formation b? subtraéting the loop spectf;
determiﬁed as the difference spectra between the apbropriate
peptide in 50% trifluorcethanol with and without calcium.
The difference spectra so obtained are similar for the 26-

and 34-residue peptides ( [6],,, for the 26-residue peptide

loop formation, =-772°; [6]),,. for the 34-residue peptide



"3 TABLE 111-2

Circular dichroism studies on synthetic peptides and isolated
fragments fram calcium binding proteins

. e b TN S e
L
Analoga Aqu;gus medi;T Hydrgghobic meg:um
. -Ca +Ca -Ca +Ca
A1 725Tnc(103-123)  -1,900  -6.,600 - -9,100 -12,000
AcS]nC(103-123)' -1,900 -6,100 -8,600 -11,400

AcA STn((9B-123) emide -3,900 -7,700 -10,800 -12,100

AcA STn(C(90-123) amide -4,500 -9,200 -12,300 -13,400
3 .

Carp MCBP 4.25 (1-75)
Carp MCBP 4.25 (76-108)
HSer STnC(84-]35)(CB9)b -5,730 -10,800

STnl (121-]59)(TH3)b -5,000 -9,800

2 mn synthetic peptides and fragments of the calcium binding
proteings contain a single calcium binding site.

bCBQ and TH2 [6] values are-at 222 nm from Nagy et al., 1978
and Leavis et al., 1978.

~
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L)

locp formation, -724°);: however the‘21—residue peptide gives

a
¥

a larger difference than obtained with the former two

Yy

peptides ( [6],,,, -2800°). The reason for this discrebancy
1s not known but likely involves structural change in
addition to loop’ formation upon addition of calcium in
trifluoroethanol. Therefore, the 21-residue sp;ctra in the
presence of calcium were corrected for.loop formation using
[6]... values obtained for the 34-residue peptide. The
signifiéance of this alteration in calculations for the

| 21-residue peptide became obvious during the curve fitting
procedure when thé fit‘went from poor‘k<70% variance
accounted for) to good (>96% variance account for) when the

21-residue [6),,, values for loop formation were replaced by

the 34-residue [8],,. values.

To examine the structural changes occd}ring 1n the
peptides in response to the presence of trifluoroethanél'or
Ca®" we subjected our CD data to a nonlinear least-squares
computer program for curve fitting based on the equations of
Chen et al. (1974), as described in chapter II. Cbntrary to
the inability of Nagy.et al. (1978) and Leavis et al. (1?78)
to obtaln reasonable computervgenerafed fits with the CD
data for their fragments; we were able to generate
reasonable fits (»95% variance éccounted for in all
generated fits). This ability may have ari;gn from our use

of the 26- and 34-residue spectra in 8M urea as the CD data.
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at [6),.. for random structure, since if we used the-data of
Chen et al. (1974).for random structure we did not get

reasonable fits to our data.

Table I11-3 ghows the number of residuyes involved in
Sstructural changes induced by calcium and trifluoroethanol
in the 21-, 26- and 34-residue peptides over and abové the
Structure of the 21-residue peptide iﬁ the absence of ¢

calcium, presence of calcium and presence of trifluoro-

ethanol. L~

b. Analysis of the peptides a-helical.cohtent

The addition of Calciﬁm to the 21-residue peptide in
aqueous medium induces the formation of 2 to 4 residues of
nascent helix most likely involving residues 112-114 of the“
beptide (Fig. II1.3) The calcium ion can be seen as a ( \?ﬁ

stabilizing factor involved in the nascent helix formation.

As seen 1n the crystal Structure of parvalbumin (Kretsinger

"~

and Nockdlds, ;97?[ and di5cusseé.preViously (Re;d et al.,
1980; Reid and Hodges, 1980), the glutamic acid residue in
. position 12 of the loop reglon (Glu-114) must be in a |
~position to chelate the catlon in the -2 coordlnate of the
octahedral coordination sphere. This" orientation of Glu-114

can best -

_made if this residue is part of an a-helix

Bues 112 to 114, | =
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The addition of trifluorocethanol to the 21-residue
apopeptide results in the induction of a single helix since
the peptide contains only the C-terminal helix region of the
hel ix-loop-helix unit. These 6 residues of a-helix i1nduced
by trifluoroethahol (Table 1I1-3) can be assigned to thev

region covering residues 112 to 117.

The 26- and 34-residue apopeptides can be seen tc¢
contaln more structure in aqueous medium than the 2l-residue
apopeptide (Tabie 111-2, Fig. I11.2) with the 34-residue
apopeptide having the largest amount of structure of the
three peptides in aqueous medium. The 26- and 34-residue
peptides are therefore assumed to have two areas of nascent

helix as shown in Fig. 111.3.

The addition of calcium to the 26-residue peptide
results in the addition of four residues of a-helix over and
above that obtained for the Ca?'-saturated 2i-residue
peptide 1n agueous medium (Table 111-3). fhese structural
changes are assigned to the N-terminal side of the loop
(Fig. III1.3)..Just as Glu-114 chelating Ca®" stabilizes the
C-terminal‘nascent helix, Asp-103 chélating Ca?" in\the ;i\
coardinate of an octahedrai coordination shell coulgube
respbnsible for stabilizing the N-terminal a~helix. For this

reason we attribute the four residues of a-helix to the

region 100-103. Thus we cah see the beginning of a
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Ca‘’-initiated helix on the N-terminal side of the loop

region. The addition of trifluoroethanokﬁto the 26-residue

peptide results 1n the addition of 5 reéidues of a-helix

over and above that obtained for the 21-residue peptide in

agueous medium (Table 111-3). The close agreement between
o

the helix induced by calcium and triquoroespanol suggests

that calcium has induced essentially all the potential helix

on the N-terminal bf the peptide.

Finally, addition of calcium to the 34-residue peptide
in agqueous medium results in the addition of seven residues
of a-helix over that obtained in the Ca’--saturated
21-residue peptide (Téﬁle 111-3). These seven residues are
assigned to the N-terminal side of the loop region’around
residues 97-103 (Fig. I1}.3), thus extending the N-terminal
helix formed by addition of calcium to the 26-residue
peptide. Similarly, trifluoroethanol shows an increase of 9
residues of a-helix. Again, calcium has inducea almost all
of the inducible a-helix (7 vs. 9 residues) on the N-termi-
nal end; Thus, the interpretation of the CD data outlined in
Table III1-3 and rig. I111.3 places the majority of the
a-helical structure induced by Ca’" in the N-terminal of the
helix-loop-helix unit. This interpretation seems reasonable
1f we assume that the extension of the peptide on the N-ter-
minéﬁ beyond that of the acetylatéd 21-residue peptide does

not increase the amount of structure in ihe C-terminal helix
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beyond that found 1in tbe 21-residue analog. This suggests
that the majority of Ca’ -inducible structure resides in the
N—terminallhélix of the helix-loop-helix unit and is in
agreement with previous studies using the (B9 fragment (Nacy
et al., 1978) in whicthagy et a]i assumed that one helical

segment 1s formed upon calcium binding and that .the segment
{

1s located in the N-terminal region of the Ca’ -binding
site.
c. Effect of elongating the N-terminal region on the

calcium binding affinity of the site

The extension of the N-terminal region in the
Ca®*’-binding peptides results in an increase in the Kca
value of the 34-residue peptide by 800 fold (Table 111-1)
indicating that this region provides some erm of
thermodynamic stability to the metal:beptjde complex. It is
also interesting to note that the work of Leavis ét al.
(1978) has suggested one of the Tnl binding sites to TnC is
located in the N-terminal region of the calcium binding site
ITI. Thus it would appear that region 90-103 in skeletal TnC
and the homologous region, residues B80-93 of calmodulin
(Wattersén et al., 1980) may be directly involved in the

i

biochemical function of these proteins.



The Ca’--binding constantg ( able I111-1) of tﬁe 21-
26- and 34-residue peptides in hydrophobic medium are
similar to one another and are 3, 1 and 0.4 orders of
magnitude higher, respectively, than the corresponding
peptide 1n agueous medium. As previously discussed for the

PS

AcF''?STnC (103-123) peptide (Reid et al., 1980>,>these
increases could be due to a prépositioning of the Glu~114 in
a position iéeal for chelation as well as by creating an
environment unfavorable to ionized acidic residues. Whatever

the reason, the effect becomes less pronounced as the N-ter-

minal helix is lengthened.

2. Ultraviolet difference spectroscopy

O

The Ca’"-induced uv difference spectra of all Ehree
acetylatéd peptides 1in agueous and hydrophobic medium is
presented in Fig. II11.4. The experimental approach used is
described in chapter 11 (section J). All our analogs possess
onl} one tyrosine located at thel-Y position in the calcium
binding loop. In the ultraviolet spectrum of the
apupeptides, one observes a broad tyrosine absorption band
peaking at 275 nm but the difference spectra (Fig. II1I.4)
resulting from the addition of calcium to each peptide
solutions yielded a minimum in the 276-278 nm region in all
3 cases. This represents a slight red-shift in agreement

with similar observations made in the case of troponin C and
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Fig. N11.4 Calcium-induced ultraviolet difference spectra of the

peptides. (A) the 21-residue peptide, (B) the 26-residue
peptide, and (C) the 34-residue peptide in aqueous me-
dium (---) and hydrophobic medium (——). Calcium con-
centrations varied between 3.2-18.6 mM. Conditions used
are described in the experimental procedures section. !
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1ts cyanogen bromide fragment CB9 (Nagy et al., 1978). The
red-shift 1s accentuated in the presence of trifluoroethanol

were 2 minima are now observed (276-277 nm and 284-285 nm).
~

hl

It 1s doubtful that the single tyrosine side chain has
moved to a more hydrophobic environment upon addition of the-
metal since iodination and laser CIDNP experiments have
proven 1its exposure to solvent at all times. The slight
red-shift is more in line with a charge neutralization
process arising from the binding of calcium in the vicinity

of the side chain.

3. Proposed model for the Ca’'-induced protein folding of

troponin C

The maximum amount of helix attainablé by the 34-resi-
due analog'in hydrophobic medium (Fig. 1I11.3) is less than
thét fou@évin the crystal structure of site IL in carp MCBP
4.25 (Kréésinger and Nockolds, 1973) and less than that °
predicted by the Chou and Fasman method (1974a) (Fig.

- II11.5). However, the maximum amount of C-terminal a-heiix
determined in the synthetic peptides (Fig. III.3) agrees
reasonably well with that predicted by the Chou énd Fasman
method (i.e;, residues 112-119) while the maximum amount of
N-terminal a-helix determined in the syntﬁetic'analog (Fig.

II1.3, residues 95-103) is less than the length of
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N-terminal a-helix predicted for the 34-residue analog by
the Chou and Fasman method (Fig. III.S,‘residues 90—10}).
The disagreement of the amount of a-helix from our stuéies
with the crystal structure of carp MCBP 4.25 may be due to
the contribution from other areas of the iarger protein to
stabilization of the a-helix in the region studied whereas
"the smaller peétide does not have some of these
interactions. Thehfact that the amount of C-terminal Helix
of these synthetic peptides in Bydrophobic medium agrees
with the predicted helix as well as the fact that the
majority of the C-terminal helix occurs only in hydrophobic
medium and is not Ca’°"-sensitive suggests two poésibilitiesp
Either the C-terminél helix 1s not formed in rabbit skeletal
T;C site III in the presence or absence ofpcalcium, or the
helix is preformed through side chain interactions with the
protein hydrophobic core. The latter possibiliéy agrees with
the assumptions of Nagy et al. (1978) that the C-terminal

helix of CBS is preformed and the N-terminal helix is

Ca?‘*-sensitive.

¥ }

Thé conformational changes elicited in the model
peptides, especially the 34-residue peptide, suggest some
interesfing speculations on the conformational changes
involved in Ca"-binafng to the four uﬁiﬁs in rabbit
-,skeletél TnC. Assuming that the C-terminal helix of the

Ca?*-binding unit is preformed due to interactions of

-
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’
residues in the helix with the hydrophobic core of the
perein and that the calcium sensitivity of the Ca*"-binding
unit 1s due to Ca’'-induced conformational %hanges in the
N-terminal region of the unit (i.e., Ca"—iﬁabced helix
formation as demonstrated by CD changes of the peptides in
agueous medium), then“the Ca?" 1induced conform;tional
changes occurring in the helix regions of the four units in
rabbitﬁékeletél %nC or calmodulin may occur by the

sequential binding of calcium (Reid and Hodges, 1980) as

outlined in Fig. III.6.

The apoprotein is assumed to have approximately 57.
resiéues of helical structure (Table III-4) which we assign
to the C-terminal helices of all four sites (Fig. 111.6) and
to partial formation of the N-terminal helices of Sites I
‘and 11. These preformed helices are stabilized by.side chain
interactions with tﬁe proteiﬁ hydrophobic core. Addition of
the first calcium ion results in Ca®" complexation at site
IIT (Reid and Hodges, 1980) and induction of the N-terminal
helix of site III (Fig. I1I11.6). The formation of the N-ter-
m{nal helix at site I&I affects the interaction of TnC with
TEI s}néé one of the Tnl bindin§ sites on TnC is thought to
be around residues 89-120 (Weeks and Perry, 1977; Léavis et
al., 1978). Bindeg of the second Ca’" ion to site IV

results in formation of the N-terminal helix in site IV and

stabilization of the complex through helix interactions with
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TABLE 111-

4

Correspondence between the number of residues in
regions and molar ellipticity values in TnC and its fragments

Frag-

a
ments

TnC
TR1
TR2
TH1
TH2

(89

aTRl.TRZ.THl.THZ and ThC correspond to the natural protein and
CB9 corresponds to

Sitesb -Caz*
1,11,111,1v (159)  -9,600
1,11 (76) -14,800
11,1V (71) -5, 900
1,117,111 (120) -9,000
IV (39) 5,800
111 (52) 5,730

fragments isolated by leavis et ¢

the fragrent

b

Values

fragment.
“Calculation of helix content is described under experimental
procedures {chapter 11).

isolated by Nagy et al.,
in parenthéses correspond to number of residues

(81;,,

0Ca2+

-14,800
-14,800
-12,900
-12,000

-9,700

-10,800

1., 1978.

1978. -

Calculated

-Ca

57
42
16
40
8

11

o-helical

dues
2+

87
42
34
53
14

20

resi-

24

in the

148
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the hydrophobic core (Fig. I11.6). We suggest here that the
N-terminal reg%ons_of‘sitesl and Il are also paf*lally
preformed prio;.to Ca’- interact?on with the high-affinity
sites. This assumption is necessary in light of the evidence
for a small conformational change upon Ca’ -binding to the
low-affinity Ca’"-selective sites (Potter ahd Gerg%ly,_1975;
Potter et al., 1976; Levine et al., 1975; Nagy and;Potter,

: /

1978, Leavis-'et al., 1978:; Sin ef al., 1978; Johnson et al.,
1978). Based on a comparison of the d1ff€rences 1n
elllptxcxty values betweenaga "~saturated TnC and apoTnC and
Ca® -saturated sites 111 and IV (TR2 and apoTR2) (Table
111-4), our calculations suggést that Ca’" addition to the
low-affinity sites results in roughly 12 residues of a-helix
which could be equally divided between the N-terminal
‘regions ?f sites I and 11. Thus, a third cation binds to
; rgmainder'of

s

site I1 (Reid and Hodges, 1980), inducing t hs
N-terminal helix formation (Fig. II1.6)}, that 1s

approximately 6 residues of e-helix, and hence affectlng the
second site of 1nteractlon of TnC with Tnl assumed to be in
re51due£g?6 77 of TnC (Weeks and Perry, 1877; 'Leavis et al.

1978). This may indicate the reason for the assumption that

o

the low-affinity Ca?‘-selective sites trigger the

physiological activity of TnC meaning that both Tnl binding

sites on TnC must be altered before the physiological o

’

.activity‘can be elicited. Finally, site I binds calcium
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(Reid and Hodges, 1980) with complete formation of the final
°

N-terminal helix (Fig. II11.6).

Thi1s seguence of events agrees with the conformational
changes whieh occur in the fragments containing sites 111
and 1V together and separate (TR2, TH2, CBY in Table I111-4)
which, in general, show a near doubling of the [8],., values
upon adéLtion of célcium (Leavis et al., 1978) which could

be explained by Ca’ -induced formation of one of the two

‘helices while the other 1s preformed.

If we assume that tﬁere are 11 résidues in each of the
eight helices{ then preformation of the four C-terminal
helices and haéf of each of the N-terminal geliées around'
sites I and 11 (Fig. II11.6) will broduce 55 residues of
a-hellix, close to the estimate of 57 residues suggested by
the [6]).,. of apoTnC (Table III—4).'Addition of 2 moles of
calcium to our. model (Fig. III.%) results in formation of a
tofal»of 77 residues of helix.which ig 65% of the total
change (Table 111—4)..This value 15 similar to the 62%
suggested by Johnson et al. (1978) but less than the‘80%‘
suggested by ﬁagy and Gergely (1979). This then leaves a 35%
of total eilipgicity change for Ca’:-binding to thev
low-affinity sites yhichais'accounted for by twelve'residﬁes

of helix distributed between the N-terminal helices of sites-

I and 11,
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This model is 1in disagreement with\tha utlined by
Nagy and Gergely‘(Nagy and Gergely, 18979; Evans et al.,

1980; Carew et al., 1980) in which they claim that of fhe
elght helices present 1n the ﬁinal Ca®’-saturated protein,
five are preformed and insensitive to Ca?°' while three
remain sensitive to calcium. The five Ca"-insensitive' v
helices are said to be the four helices flanking.sgtesll and
I1 as well as the helix on the C—termin%} side of site I11.
This leaves the helices around site IV and the helix on the
N-terminal side of site IIl as the Ca’"-sensitive helices.
These deductions are based heav11y on the fragments TR
contalnlng sites 1 and I1 (Ta¥le 111-2) which shows no CD
change on Ca?* addition (Leavis et al., 1978) and fragment
CB9-containing site 111 which increases [6].,,, by 50% -on

_ binding Ca?" (Nagy ét al., 1§g8). However, their model
offers no .explanation for TH1vwhich_contains sices I, IT and
111, yet shows more helix changé%;han CBY alone or TR2
“contalnl?% sites III: and IV which shows sqsﬁeen re51dues of.
helix structure presenﬁ (Table I1I- 4) 1n the absence of
calcium, more than can be accounted for by one preformed
helix, and this fragment also shows 47% increase in helix on
Ca?* addition whicn’wouid more likely be accounted for by
formatlon of two, not three, ‘helices. Nagy and d&rgely 5

model also falls to account for TR2 conta1n1ng 51te I alone

which .shows an eight re51due helix in the absence of calc1um
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and the addition of six more residues in the presence of

calcium (Table 111-4). The fragment TR! containing sites |
' L7

and Il which shows no change upon addition of Ca’ " and the

fragment TH1 containing sites 1, II and 111 which changes

only slightly upon binding éalcium are inconsistent with the
changes predicted by our model (Table 111-4). The
explanation we suggest for these discrepancies is that the
conformations of the helical regions in sitehl and II are
heavily dependent upon control by the high~affinity sites
IT11 and 1V. Cleavage of the two low~affinity,sites from one
-orwboth of the high-affinity sites removes the hfgh-affinity
site control of the low-affinity sites and results in hydro-
phobic 1nteractions between the twoblow*affinity sites such
that these sites behave as our peptides iﬁ hydrophobic

medium (Fig. I111.3) and all helices become preformed and

Ca?*-1insensitive.

Our model is different from that of ﬁégy and Gergely 1in
that we maintain that the N-terminal heiices of site I and ]
11 are pértially Ca’ -sensitive and partially preformed in

the absence. of calcium. The latter,conclusion had to be made

in light of the large amount of helix in the apopeptide and

the former conclusion was drawn from the fact that the
[ejzzzjin TnC‘involvéd in Ca“-bindigg‘to the low-affinity
sites is approximately 38% of the total change (Johnson et

al.3 1978) and thus must involve significant a-helix



formation rather than the subtle changes such as tighiening
of B-turns or additions of one or twc peptide units to
existing helices suggested by Nagy and Gergely (19739).

|
Our model for Ca’ -1induced conformational changes 1r

TnC outlined in Fig. I11.6 is more consistent than previous

models and agrees with the two major assert:ions that:

(1) the majority of conformational change in TnC occurs

during addition of calcium to the high-affinity Ca’" /Mg’

sites 1n TnC (Potter and Gergely, 1975; Potter et al., 197¢;
Levine et al., 1977; Leavis et al., 1978; Sin et al., 1978),
and

(2) the low-affinity Ca’ -selective sites are responsible
for the physiological activity of TnC .(Potter and Gergely,

1975; Potter et al., 1976). o

r .

The major conclusion that we draw from these results on
the Ca?*-induceéd conformational changes in rabbit skeletal-
TnC is that all helix-loop-helix units undergo induction of
the N—termina; a~helix upop Ca?'-binding and this conforma-
tional change is the event of importance for the functioning

of the Ca?'-binding proteins.

C. ANALYSIS OF SIDE CHAIN PERTURBATIONS
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The smail size of our analogs make them attractive for
NMR studies. The proton spectrum is relatively simple to
interpret and fluorine or other types of nuclear probes can
be synthetically integrated to permit the study of cdynamac

events occurring upcen Ca‘’r addition.

L4

. . . .7 ’ . -
In this section, we have investigated using a selected
number of 'H NMR resonances, the effect of calcium on the

environment of several side chains in all three analogs

o

prepared.
j

1. Assignment of resonances in the apopeptides

Looking at Fig. II1.7, we note that the apopeptide
spectra reveal the presence of two sharp doublets which have
central resonances around 7.08 and 6.82 ppm. These doublets

1Y
can be assigned to the meta (2,6) and ortho (3,5) protons of

tyrosine 109, respectively. Similar resonance patterns were
, .

observed for bovine cardiac apo—Tné Tyr-111 (Hincke et al.,
1981b), rabbit skeletal apo-TnC Tyr-109 (Seamon 'et al.,
1977) and apo-CB9 Tyr-109 (Birnbaum and Sykes, 1978). The

21-residue analog possesses a single phenylalanine
”~

(Phe-119), the resonance «of which Es readily assigned to the

multiplet regiod situated around 7.3 ppm, and resembles the
» e

free amino acid spectrum. All other analogs show a more

complexiphenylalanine region because their sequence contains
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3 phenylalanines (Phe*11§, Phe-102 and Phe-99), instead of
one. Nevertheless, all the phenylalanine resonances are
located in the region extending from 7.2 to 7.4 ppm as

similarly observed for the free amino acid itself.
t

In the aliphatic region, tﬁe CH, protons of the
acetylated N-terminal residue can be seen as a sharp s@nglet:
in the 2;00 ppm‘region. Its resonénce bésition fluctuates |
only slightly in going from the 21-residuey apopeptide to the
longer fragments. This factgboints out again the pnfolded
nature of these peptides, since pemperatﬁre denaturation of
carp parvalbumin shifts the acetyl protons of the N-terminal
fr&m 2.13 to 2.00 ppm (Cave et al., 1979). The sharp doublet
situated at 1.24 ppm in the 26-tesidue peptide has been
tentétively assigned‘to the methyl protons of élanine 98.
This assignment is-Based.on the absence of éuch a resonance
1n therother analogs and because Ala-98 reprgsents the -
aéetylated N-terminus of the 26-residue analog. Finally, all
the glutamic aéid’residues present in'the 26-residue peptide ‘
are lécated at the beginning of the C-terminal region of
*this fragment. The y-CH, protons of these amino acids

°

generate”a clean signal at 2.30 ppm which will. be used to

LY [

‘investigate this part of the molecule upon calcium addition.

2. Effect of calcium addition .
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Frgure I1I1.7 shows the effect of calcium adéitk@n-oﬁ
each of the analogs. In the arométic region of the e
21-residue peptide, the sharp tyrosine ortho and metéil
- doublets are decreased in intensity upon the addition of
calcium and a new sét of doublets appears. In addition, the
new set of doublets shifts continuously upfield with
increasing calcium concentration (for example, the new meta
doublet shifts from 7.08 to 7.01 ppm). From the behavior of
the tyrosine resonance we can suggest that two populations
of the fragment exist in thgﬁpresence of ca%;iﬁm; one which
is not affected by and‘may not bind calcium anafa sgcoﬁd

which binds calcium with an off fate.larQe enough so thét

the spectra are in the NMR fast-exchange limit.

his pattern is very different for the 26- and
34-residue fragments. First of allrthg}f.gs‘no fraction of
either;peptide which is not affected b§\t§é§ﬁuﬁ'binding.
‘Secondly, especially for the 34-residue fragmenf,_the off
exchange rate fdr calcium mgst be much_sﬁaller_so that the
spectra are in the NMR slow exchange rate‘with the
calcium-bound spectrum coexis;ing'witﬂ\and sequentially .
replacing the calciu&—free spectrum. The Off rate for }%é

calcium for the 26-residue peptide is ihterquiaté,in ot

thefe is considerable slow-exchanle broadening of t

calcfum-free and calcium=bound peptide resonances whé

‘peptide is fractionally saturated with,Ca". The meta
\ . N .

R
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resonance of the 26-residue free peptide is broad at a

. ﬁ?
calcium to peptide ratio of 0.58. This transition to slower
exchange processes may be explained as increased

stabilization of the Ca?® ion in the binding site as the

N-terminal region of these analogs is lenghtened.

The phenylalanine region of the‘21~§esidue analog
indicates that Ca"‘dogﬁ affect the Phe-119 located in the
C-terminal region of this peptide.vlt has been proposed tﬁét
’thé C-terminal a-helix of this site in rabbit skeletal
troponin C and CBS is Cazi’insensiti@e (Nagy et al., 1979).
~ However circulaﬁ'dichroﬁ%& would not detect changes in side
chain environment. It sﬁéuld be noted heré-that the
resonances of Qis—%ZS.of CBY remain unaffected by“Ca’
agdition (Birnbaum and Sykes, 5978): |

x

1

The‘two'bther analogs show a broadened upfiel? shiftéd ‘
phenylalanine region in the presence of the calcium. The
34-residue analog has an additional phenylalanine resonance
in the calcium—saturated protein positioned at 7.07 ppm.

~ This resonance corresponds to phenylalanlne protons as shown
by the 1od1nat1on experlment (Fig. 111.8). Such an
assxgnment was also made in CB9 This different resonance
pattern suggests that'the env1ronment of Phe-102 and Phe- 99
is affected by the lengthenlng of the peptide from 26 to 34

residues. The Ca?* sensitivity of these aromatic residues
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correlates well with their location in the proposed
Ca® -sensitive N-terminal region (Nagy et al., 1979; Reid et

al., 1981).

In tﬁe 2l-residue peptide, Asp-103 is acetylated. The
‘acetyl group methyl proton peak centered at 2.01 ppm in the
Ca’"-free fragment is split into two distinct singlets (2.0
and 1.92 ppm) in the presence of calcium. On extension of

. &
the N-terminal region only peak broadening is observed with

the N-terminal acetyl group.

a .

The sharp doublet centered at 1.24 ppm inqthé
26-residue peptide w;s asséQst'tQ Ala-9§_methyl protons.
This doublet” broadens considerably as.a function of Ca?*"
addition which sﬁggests that the biniing of Ca?’ affects the
environment of residu?s as far along as Ala-98 in the N-ter-
minal region. ®

The‘ze—and 34-residue fragments also show
ch#raéteristic shifted CH, resonances ih the 0.15 to
0.50 ppm region, in the Ppresence of calcium. T;ésé.'
resonances are most likely due to the interactions of
leucine or isoleucine side chains with arpmatic rﬁngsi
Calciﬁm thus prdmotgs‘the rearrangemeﬂt of the peptide to

:allow the positioning of é\phe%ylalanine or tyfosine ring
N R : :

near one of Ehe leucine or isoleucine re;?%ues. The use of

Kretsinger's (1873) moleculat coordinates for parvalbumin CD

-
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and EF loops suggests that only I'°'-F'°* Y'°°*-1''s gpng

I'"*-F''* could come 1in close proximity tp allow such

possible ring shifted upfield resonances in our analogs.

Glu-113, -114 and -117 are all located at ehe beginning
of the C-terminus of the Ca’ -binding loop. These amino
acids can be uniguely detécted in the 26-residue analog
since tbeir y-CH, protons produce.a resonance"located at
2.28 ppm. This #ffegion in the 34-residue peptide is further
complicated by the add1t10n°of four Jlutamlc acid residues
on extension of the W-terminal. The resonance broadens as .
"the metal ion concentratidn.increases.'Tﬁis agrees with -
Gku-114 being one of the ligands in the coordinat%on sphere
and helix induction of this region upon Ca’*-binding kReid

‘8

et al., 1981). : g

s

3. Titration of iodinated peptides

In order to study the effect of’palczum addition on the®

meta (2, 6) proto w@fﬁ%yadszne*109 and to aid in aSS1gn1ng

resonances, we have seﬂectlvely removed the ortho (3,5)

‘protons from the" rlng, u51ng the lactoperox1dase 1od1nat10n

\y

‘method (Morrison and Bayse;y1970).

_[L

J'J

In Fig} III.8 the spectra of tyo 1od1nated peptldesﬁ

r

.are presented. The ortho proton resonances centered around

6.82 ppm have dlsappeéred and the meta proton doublet

N
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(7.07 ppm) has now .become a singlet shifted downfield to
7.47 ppm. This resonance in both analdgs almost vaniSh;A in
the presence of calciun,_sdggesting-fhey are either
bpoadened or shifted 1nto the main phenylalanine envelope.
This observation, coypﬁed with the appearence of a resonance
at 7.07 ppm in the Ca":saturated spectrum of the modified
34-residue fragmentﬁ suggests that this resonance arises
from a phenylalanine contribution in the unmodqfied peptide
(Fi1g. 1]11.7). Tgﬁs peak (7.07.ppm) was assigned to the
combined effect of meta tyrosine protons and phenylalanine
rind protons in CB9 (Birnbaun and Sykes, 1978)'. Birnbaum and
Sykes (1978) commented .that the p0351b1e presence of rather
significant amount of unfolded CB9 in their Ca’"-saturated

spectrum may explain the.appearance of residual meta proton

resonance at 7.07 ppm.

A comparison of the apo- 1od1nated peﬁﬁldeg to the
unmod; fied peptldes shows subtle modifications in the
phenylalanine splitting patterns. Since this chemical
modxflcatldn 1s selectlve for ‘tyrosine only and the reactlon
-uas carefully monltored it suggests that the env1ronmen§ of
our phenylalanlnes is affected by the substituents on the
tyrosine rlng 'A general'upfleld shift (0.03 ppm) of the

region 51tuated between 7.2 and 7.4 ppm can be observed when

comparlng the Unmodlfled and ‘iodinated apopeptldes.~

)
“%7 . . .
% . , .
~ . * L] : :
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T b Laser Photo-CIDNP of Ca‘’ -saturated peptides

The laser pboto~CID§P spectrum provides an assignment
of the tyreosine ortho (3,5) protons and an indicationAof
tyrosine exposure 1n the peptide. This arises because the
ty%osiqe ortho (3,5) protons experience a characteristic
eﬁh;nced emission in the free gmino acid,{and‘the appearance

E . 1

P ofenhanced emission in the peptide indicates exposure of

F L

the tyrosine to the dye. In Fig. 111.9, the
calcium-saturated spectrum of each of our analogs is shown.
The large negaéive enhancements 1in the laser photo-CIDNP
differencé spectra have permitted the immédiate assignment

of the tyrosine protons in the calcium-saturated Sspectra.

N . N N il
. In the laser CIDNP difference spectra for the free
» o |
tyrosine amino acid, the meta (2,6) protons,show a small
enhanced absorption. However in proteins, with slower

overall rotational correlation times, this can be reversed

.

by cross relaxation of the meta (2,6) and ortho (3,5)

protons carrying the much largér negative enhancement of the

v

.

ortho (3,5) protoﬁs to the meta (2,6) protons. This sdggeSté

that the»r@SOnahcefét‘6.7 ppm in the calcium—sathrated

26-residue pep@ide is the upfield shifted meta_(2,6)

protons. The situatioh‘is;less convincing for the 34;re§idue
e ‘ o > A '

fragment.
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The interaction of the flavin dye with the tyrosine

ring suggests that tyrosine 109 is exposed in all the

analogs, 1in agreement with Ghe re5u1ts obtained on skeletal

trooonin C (McCubbin and Kay, 1975: Seamon et al., 19;3 and

CB9 (Birnbaum and Sykes, 1978).

5. Kinetic and thermodynamic aspects

b}

'"H NMR allows us to in;estigate some thermodynamic <.

aspects of Ca?'-induced peptide folding. .The lengthening of
the N—terminal'region of the calcium binding site can‘

5
dramatically increase 1ts Ca*‘—binding ability (Kca from

102 M to 10® M~'). Since the carbonyl group. of tyg051ne

109 is thought to be involved in 7he chelation of calcium by

l

analogy with MCBP'(Kret51nger and’Nockolds 1973), it is'of

*

interest to discuss qualitatively[the various exchange rates

‘

observed for the -ring meta (2 6) protons in eéch of the

synthetic fragments In going from the 21-regidue to the .,

34-residue analog, the'exchange.:ate appearsg to decrease so

. /
that the NMR spectra go from the fast- excrﬁﬁﬂﬁflimit to the

: e :
slow exchange limit. . For the 21—re51duem5~gement'(palt_of

%

“"the population of which remains unfolded5 only‘a lower

limit for the Off rate constant gmuch g&eater than /

‘.100 sec”' ) can be obtalned from the spectra u51nd tﬂe shift'

of the calc1um sen51t1ve meta (2 6) . protons upon caic1um

e NG

addition. For the 26—re51due peptide, we have petermlned-by
: ) l . :



166

a computer Iineshape analysis of the broadening of the meta

proton resonances as a function of added calcium that the

Py .

Off rate‘constant (koff) is 135 + 50 sec-'. This koff value

agrees well with the 230 - 350 sec”' range obtained for they

low-affinity sites of cardiac TnC (Johnson-et al., 1978).

For the 34-residue peptide only an upper limit on the off

»

rate constant (much less than 100 sec ') can be obtained,

s

from the fact that no exchange contribution to the

linebroadening is obsefie%\,The value also agrees well with
' that calculated from the prev{ously me%;ured bind;ng )
éonstant'eKca of 3.8 x 10* M ') and the assumption:that the
on rate is diffusion controlled (i.e., €0’ M-' S ') (Hammes
and ‘Schimmel, 1970). \

‘The Ca?--off rate (koff) can be described in term; of
compactness of the coordination sphere surrounding the
‘metal. Compactness is depepdent on both the type and the
pf%per positioning of the ligands around the cation. The
tertiary structure 6f a protein can affect the positiohidg
of the ligands. For example, one -can ;ead&ly compare the ;
calcium binding affinity‘of site 111 of rabbit skeletal j>
troéonin~C either a5 an isolated EF hand site (CB9 fragment,
-10*M-').or as part of TnC (110’M"): Lanthanide-induced 'H
NMR shifts (Lee et al., 1979) have permitteéfthé estimation (ﬂj
of average distances of metal to the various ligand nuclei.

‘Results suggested that such distances were larger ;h CB9
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than in the intact Ca’‘-binding protein parvalbumin. The
loss of molecular compactnessﬁvas cofrelated to the fact
that the binding constant for Gpo vas three orders of
magnitude lower than for MCBP"H\O5 M~' vs. 10* M '), We can
consider that the extra resigues of:parvalbumin aided ﬁetal
binding through at lea?t partial prefolding‘of the sites,
The positioning of the ligands is also apparently depepdent
on the amount of calciuﬁ-inducible a-helix present near the

. . .
binding loop s;nce the lengthening of the N-terminal region
in the synthetic peptidés raises thé binding constant
51gn1f1cantly Circular dichroism results showed a largev
increase in the a- hellcal content for thé*apopeptxdes in 50%
TFE. In such a hydrophobic environment (50% TFE), all the
fragmeﬁts bound calcium wiﬁh a similar bindipg constant of

~

the order of 10° M~'. The constazgy of the'bﬁnding constant
\
in this medium points out the ne

d ofgihe C-terminal helical
‘regxon for Ca"-b?ndlng since the 21- re51due analogs only
possess the C-terminal region in addition to the calcium
loop. Calcium-sensitive environmental changes in tMe
C-tgrminal region haveiseen feveaiéd from tgé "H NMR spectra

of our fragments (Phe-119, Glu-113, -114 and -117), The

binding constant of a 12-residue énalég of the binding loop

(lacking both N- and C-terminal regions) (Reid et al., 1980)

remalns low (10? M") in 50% TFE and confirms our view that

the c tirmxnal is probably essent1al to the affinity of .the

f
: ’
Y

¥
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site for calciumi The importance of the type of ligands
forming the binding‘loop remains to be tested by new synthe-

“tic analoés. | d

These peptides ;re excellent models to study the
’ thermodynamics of protein foldihg. Ffrstiy,‘Ca" i's a benign
"perturbant as compared to’streng denaturants Iike urea or
heat. Secondly, the small size of these peptides wiil most
likely provide a simple two-state model for protein foldiné
(unfolded < folded) in comparison,to‘the mukti-site caicium
bindgng proteins. For example, the>present model for
skeletal troponin CtSUggests that for the Ca"-specific
'sités (low-affinity sites),‘the'binding constant, Kca,
depends‘primarily‘onbthe enthalpy term, 4H®, the entrbpy
contribution, 'ﬁsoreactNNI , being rather small (Potter et
al., 1977 Moeschler eﬁ al., 1980). 1f we analyse tle source

of a large AH® term tée present hyp;the51s (Filimonov et

<~ oal., 197§)'suggests a change in heat gapec1ty‘dur1ng
unfblding'ot denaturation arising from the exposhge of’

! apolar‘groups'to water, Tmis explanation does not apply in
the case of our analogs since the exposure df such aromatic

.tesidyes as Tyr-109 has been‘demonstrated in the presence

and absense of the metal. Similarly, it is doubtful that the
format1on of helical segments helps to buryeapolar groups in

such small pept{des. In fact, the use of hydrophob1c

conditions has partly proven that the side chaxns‘located in
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¢
- the a-halioalfregion are exposed (Reid et al;} 1981).

’
Any significint contribﬁtion to tne heat of unfolding
would come. from the rupture of 1ntramolecular hydrogen
bonds. Interact1ons of water molecules with polar groups
otherw;se 1nvolved 1n the Ca** chelatlon or in
gntramolecular H Bondzng would lead to a negatlve thermal
effect (Prlvalov ﬁnd Khechlnasthlx, 1974) Th*§ would
better explaln the alteration of the AH® term by" add1t1on of‘

a—helrcal;segments ‘on each 51de of the calcium loop. Thls.\'

’ \

entnalpy value for Ca?°*-binding to high- or low;affinity
. e ¢ ) . ' ) S S :
sites remains around -30 to*-40 kJ per site (Moeschler et

al., 1980).

*Finally, in view of large calc1um xnduced confor-

‘mational changes observed by €D and"H NMR, we have ‘to

~-‘con51der the p0551b111ty of the 1ncrea51ng b1nd1ng constant

ualue arising from 2 sxgn1f1cant posxtlve entropy of

reaction, A S° -, follow1ng the relations
‘ o reactlon : : - . ; _

- Tln K = Ho_ Tn - .. . ) ’ . L _ : : ‘ . 1
R ca = An, 5 veaction - : (1)
- .

© . aps% . oogage 2/
S reaction A (éonformation as. hydration S ~(2)

We can probably predxct that the. entropy 1nvolved in peptide

| conformatxon Asoconﬂnmgtion ‘1,15 comparable to the large



&

hydration entropy for 6alc1um AS° , i.e., R
hydration T ¥

' -183.9 JK-° mol“ (F111monov et al., 1978) . We base our

pred1ct1on on the value of the b1ndung constant for the b

analogs (10‘ - 10’ M-') which corresponds to the b1nd1ng
ab111ty of low‘éff1n1ty b1nd1ng 51tes of TnC (Potter et al.
f1977 Moeschler et al., 1980) " The dlfferenéi between both
entropy terms of comparable magnxtude would yield, follow1ng

relat1on KZ), a small AS® contribution, Th1s would

reaction
"agree with. the expected entropy contrlbutlon for a

’

low- aff1n1ty sxte in tropon1n o (Moeschler et al. 1950). v
C . © . o B ,tMA;LT;\ o

S A v, * i T
D.  SUMMARY |

o 1

Three synthetlc analogs of 51te 111 og rabb1t skeletal
tropon1n Cc (21-, 26- and 34-res1dues in length)%have been
_prepared by the solid~ohase .method. The CD spectra‘of the |
S 21- res1due fragment 1nd1cated very,&1tt1e secondary structu-
re in aqueous media in the absence of alqgum. Addltxon of
ca® increased the secondary structureQxf'thedoeptide°but‘ ‘
theakcalwas’veryiueak 3.1 x 10’ M '+ The same peptxde in
uydrophob1c med1um 1n the absence of calczum ‘had
‘consxderable secondary structure and the Kca value 1ncreased
cons1derably, 3. 5 X 10' M' . The 26 reS1due peptlde,
‘-;conta1n1ng fzve more re51dues on the N-term1nus of the.

‘21 resmdue~pept1de, showed slxghtly more secondary structure

= 1n aqueous med1um in the absence of calcxum. Add1t1on of

¢



o~

°

in aqueous med:um which 1ncreased in the presence of

v ; S . Y e b 2

v > .
Ca?* to thls peptlde “raised ‘the amount of secondary struc~'

~ture in_ the metal ion- peptlde complex and resulted 1n a fﬂ

hzgher Kca value, 3.8 x 10¢ M7y By assumlng that the1
C-tetrminal regaon of the 26- resxdue peptlle metal 1on | Lo

he 21~re51due

complex adopts a structure 51m11ar to that of

metal pept1de complex, one 1s able to aSS1gn the 1ncrease 1n‘

structure to “the N- term1na1 side of the Ca'k:b;nd1ng loop.'
Hydrophoblc medlum further 1ncreased the secondary structure
of this. peptzde and also 1ncreai&d the Kca value to 4, 5 X |
10* Mo , a value s1m11ar to that obta1ned for the 21- re51due
peptxde. The 34- re51due pept1de contained a further ezght
amino ac1d res1dues on’ ‘the N- term1nus of the 26~ resrdue 4

peptlde. Thxs peptzde had consxderable secondary structure
‘.‘

1 P Vv

., calc1um. The peptlde has a reasonable aff1n1ty for Ca’" in

'taqueous med1um, KCa = 2 6 X 10‘ M". Agaln,_a hydrOphobxc

’

medlum 1ncreased bo{h the amount of secondary structure and

the Ca" af£1n1ty constant" Kca = 9. 2 x 10* M- '} A model of
s .

; Ca"-znduced foldxng of the three peptldes under dxfferent

condltlons 1s descr1bed and results obtazned frEm th1s model
are used to descrlbe Ca"-b1nd1ng to the four ealcxum»d‘

b1nd1ng unxts in rabb1t skeletal troponxn C.

The d1mens1on of our analogs has enabled us to analyse -
by proton magnetlc resonance, the effect of calcxum on

selected pept1de s1de chains. The resonance patterns
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.TobServed for tyrosine‘l09 phenylalanlne 119 and the acegyl

roup located on the N- termlnal re51due qf each peptide are

J_1nd1cat1ve of the Unfolded nature of the fraéments in the

1 ~absence of calczum Ca"rznduced changes in the . enV1ronment

: e ‘
- of residues located in the Ca"-bxndlng loop (Asp-103,.

’nyr-109 and Glu-t14) as well as in the;N- and é*termlnal_
reg1on£ of»the hellx-loop-ﬁelix calclum'binding'unit
(Phe-99, phe~1bé .pheSQ19 ana Al;-98) were followed»by their
character15t1c proton resonances. Lactoperoxzdase 1od1nat1on
, and laser photo CIDNP exper1ments demonstrated the exposure
of Tyr 109 in the presence and absenee o; ca1c1um in all the
v\analogs and also aided in the a551gnment of the tyrosine 108
rlng protons. An upf1eld shxfted resonance assoc1ated with
Phe-99 and/or f102.r1n3 protons was.observedbzn,the
| caleium—Saturated spectra, TheAexchange rate for'the meta
‘ proton;resonanoes.of tYrosine 109 indicates a transiﬁion‘torf
slowerrrates.as the:therminal‘of}the/calcium site {s

elongated ‘This finding'correlates witn the. observed

“"_1ncrease if the calczum b1nd1ng constant of the synthetlc

- analogs occurrxng upon peptlde elongataon and conflrms the .
1mportance of the: N\termznal hellcal reglon in stab111ztng
the cat1on 1n the peptxde b1nd1ng loop. F1nally, h&V

“observatxon of changes 1n phenylalanaag~119 resonances

5 ; 1ocatéd in the C- termlnal of our sma}lest.fragment coupled p

f with thq 1ncredsed calc1um blnd1ng COnStB"ts obserﬁed tor- 'vd.

\ .
LY

Y A ] a,
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the 21- pnd‘zs;resiéue peptides (Kca of {0 M-') in 50%

~

trifluoroethanol 'in aqueous buffer (helix inducing

conditions) is consistent with the involvement of .the .
C~terminal region in theACaf‘ stabilization process. ’
e ) - N & L 3 ‘ . .



. o
" CHAPTER 1V N

3

LANTHANIDE INDUCED FOLDING OF A SYNTHETIC CALCIUM BINDING

.LOOP

A. - THE USE OF LANTHANIDES AS CALCIUM ANALOGS

- The physico-chemical properties of lanthanide (Ln) ions

approximate iR some cases, the ones observed for the calcium

A

-ion. For example, lanthanide ions form ionic_rather,than‘
covalent bonds and'in this respect they;resemble the
alkaline earth elements (Moeller“ét 37 1965) These metals
also prefer to form complexes 1nvolv1ng oxygen l1gands
rather than nitrogen ones and this aspect of their chemzstry .

is analogous to ca1c1um rather than magne51u@ (Nleboer,

1975) tn add1t10n, a var1ety of tr1va1ent lanthan1des )
possess an 1on1c radius comparable to ca1c1um.‘However

Shannon (1976) indicated that for any g1ven cat1on, the

)

observed radlus depends s1gn1f1cantly on the assigned

coordlnatlongnumber. Table Iv-1,111ustrates this point for
CL o . C s !

some key metal ions. This factor becomes rélevamt if one

considers that the coordination,numbers reported for Ln ions

‘s

K range in valueefrom‘S to 10 and that the most common values
observed are 8 and 9. In contrast ca1c1um prefer to form
‘complexes haV1ng a coord1natxon number of 51x,5seven or

' exght (Nieboer, 1975; Einsphar and’ Bugg, 1977».,

Al

Nevértheless, 1anthan1des possess spectroscop1c propert1es'

3

-
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TABLE 1V-1 [

lonic radws of several alkah, alkali earth and 1anthamde catmns ;
as a functlon of coordination number .

A

¥

loni¢ " lonic
Cation CN radius? - Cation N radius?
| YOO N MY
Hya* IV 0.99 3% y1 1,03 N
oy 1.00 - oI 1.10
4 VI 1.02 , oyl 1.16 ¢
12, 2+ ' X 1.22 ‘
Mg’ v 0.57 ~
Vo 0.66 63,3 v 0.9
SVl 0.72 : oyl 1.0l :
viil o.89 VIl 1.07°
194w S IX .12
K ~ W 1.37 E ~
: vi o o138, Sed™ v 0.94 -
VI 1.46 .y Loo v
20c,2*  y1 . 1.00 o S %ﬂ?? -
VII© 1.06 . 65. 3+ S A
o VIIT 1.12 Tb vi. 092
38g .2+ M L18 ~vil . 0.98
‘ Il 1.04
Vil 1.21
| | N U O T
¢ yIIT 1.26 Cgolze o
o 13 Vb VI 0.88
565,2* VoL o VII . -.0.93
| . S, . yHI 0.9
VIl 1.38 Lo 1.8
IX  1.47 Yot w1 0.8
. VIII: 0.98
1.03

IX.

Bﬁ“ A7aken from Shannon, 1976
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not exhibited by calcium and have thus been e&ployed as

-

substitutes for calc1um 1n order to probe various types of ! ..
Y N 'O

| caIC1um binding env1ronments Reviews B? Nleboer (1975)

Reuben (1977) Martln and Rr\nardson (1979) and dos Remedios

(1981) summarlie the blologlcal appllcatlons of such metals.

7z
B a

- The lanﬁhan{des have been used as calcium analbgs'iﬂ

* structural sfud&es of several'EF}hand containing proteins.
The spectroscoplc propertles of Tb** and Eu”, for instance,
have been advantageously used to measure dxstances between
the calczum b1nd1ng sates of carp parvalbumzn (Rhee et al
1981)‘and of trOponxn C (wang et al., 1982a); or to
.vdetermmne the sequential order of metal b1nd1ng to

A calmod lin (mmoffer et al., 1980a,b; Wang et al., 1982b)

ﬁ'n1n c (Leav1s et al., 1980). In the case of carp

a

parvalbum1n the paramagnet1c properties of the lanthanide
Yb” 1nduces cons1derab1e sh1ft1ng and broadening of the"Hf
.NMR resonances from'nrotons in proximity to this met;l |
_These ytterb1um-1nduced spectral perturbagggns can then be.
danalysed in terms of the structure of the metal b1nd1ng 51te‘

(Leeand Sykes, 1979, 1980ab 198!,1982_). ¢ L
wenhave been invol%ed in tﬁeﬁ"moleCUlar dissection” o f;/

v % ‘
a model EF hand domazn u51ng synthet1c analogs of s;te ReS

?'of rabbit’ skeletal troponin C (chapter III) It was

prev1ously shown that the removal of one or both hel1ca1
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regions reduces the calcium binding:constant of the

resulting site to about dO’M“. This was demonstrated by the

poor calcium b1nd1ng aﬁflnlty ex}blted by a 12- and a

21-resldqf synthetlc fragment of this site (AcSTnC(103-114)

‘Kea = 2 x 10’M"; AcSZnC(103—123) Kca = 3.1 x

102M- ‘)(chapter 111). However, lanthanldes are known to b1nd =
' t1ghter to calc1um b1nd1ng proteins, In\the case of. rabbit-

skeletal troponln & (Wang et al. 1981{, terblum(IIIZ

binding constants of 5.2'x 10'M' and 9 7 x 10‘M" and

N

europ1um(III) binding constants of 4. 7 x 10°M~" and 5. 3 X

Qe M ' have .been calculated for the calc1um hlgh (2 X L

N

10’M") and low (5 x 10 *M- ") affinity 51tes OPottiS and

jﬂﬁergely, 1975). These facts have enabled us to reduce the

Y

size of our synthetlc EF site to only the metal b1nd1ng
'\4 \
xreg1on We therefore synthe51zed a 13- res;due fragment

representlng the calcium b1nd1ng reg1on of s1te 111 of
Vrabblt skeletal troponin C (res1dues 103 115) and made use

;of high- f1eld 'H NMR methods to analyse the b1nd1ng events

S

‘"durlng a metal. tztratzon of thlS 51mpler system.

©
-

’ ? . .. . . ’ N . ) . " . 3 '
' The diapagnetic ianthanides La""(4£°) and Lu’* " (4f'*)
were used in a flrst set of 'H. NMR' exper1ments. They were.

selected over other 1anthan1d?s1because, as 1n the case. of

' calc1um their observable effect on the ‘H NMR spectrum of

.

AcSTnC(103 115)amide is free of paramagnet1cally 1nduced -

sh1ft1ng and bnoadenlng of resonances. The spectrum
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perturbations are'solely the result of a restricted oeohetry
adopted, by the peptlde‘Ppon metal blndlng Another advantage
- in using these two lanthanldes is their dlfference in ionic
radius (Lu®-, 0. 86 A; La’", 03 R; Ca**, 1.00 &; ’Shannon
}1976) The results obtalned from these lanthanide titrations
of the peptide should 1nd1cate the importance of both the
metal charge and radlus on the metal b1nd1ng afflnlty‘%f the
51te and yleld 1nformatlon concernlng the conformat1on

~'adopted by the synthetic peptide in thelrtpresence o

ﬂ

B. VARIATIONS IN LANTHANIDE AFFinrrY AND INDUCED PEPTIDE .

- CONFORMATION | ST ; :

1. . Assignment of apoAcSTnC(103-115)am1dé‘resonances”

) [N . - ) . . ’ L L . '

The peptide AcSTnC(103-115)amide sequence is presented in
Fig. IV.1. One Should note the preserice of two alanines |

‘three aspartic ac1ds and’ two glutamlc acids in the sequence

as this factor‘wlll 1nfluence the complex1ty of the observed

L

,‘H NMR spectrum.; .

The apopeptlde spectrum is shown in Flg IV.2. The'
3
1n1t1al a551gnment of resonances was. a1ded by the publlshed

llst of proton NMR resonance p051tlons recorded for ;

L4

»sy@thet1c pept1des contaxnrng each amlno ac1d (Bund1 and

’wUrthrrch 1979) and by a spectral record of all the free

4

am1no ac1ds at 270 MHz. The 1ntegratzon and decoupling. of

,.’ .
/ L | ¢
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all the spectral lines permitted the,assignmént of éll
spectral regions. However, some regions of the proton
spectrum remain complex because of the se%Eence composition.

Table IV-2 lists all the assignments made. Note that each

amino acid in the peptide sequence can be partly )‘
charatterized by one or several resonances (Table IV-2). In
the absence og metal, the peptide possesses little.structure
as the resonances of Tyr-109 (B-CH,, 3.0 ppm; ring [2,6],

7.1 ppm; riﬁg,[3,5], 6.8 ppm), N-acetyl-Asp-103 (2.0 ppm)

and Ala-106, -112 (B8-CH, , 1.4 ppm) résémble, in terms of
lines position aﬁd pattern, the resondnces observed in model
compounds;‘The absence of secondary structure is further

exemplified by the overiapping methyl doublets (1.4 ppm) of

alanine 106 and 112.

An important aséignment'is that of the quartet pattern
centered at 3.90 ppm to the Gly-10§ a-carbon protons. In the
spéctrum of tﬁe-free amino acid, the a-carbon protonS of
glycine are magnetically equivalent and yield a singlet. For
the peptide however, these protons are noz equivalent as -
indicated by the AB pattern in the spectrum. This i; in
agreement with the.spectrum observed for the internal

glycine of the syhthétic‘tetrapeptide H-Gly-Gly-Tyr-Ala-OH

(Bundi and Wurthrich, 1979). These a-protohs also-beha&ed as |

!

“an AB'sbin system buf were located around 4 ppm

(] s - | = 0.016 ppm). Bundi and Wurthrich commented that
6A GB .
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7.08-7:.11

,L"!‘
fABLf. 1v-2 -
Assignment of -prdton magnetig resonances of
Apo-AcSTnC(103-115)amide
Resonance
position Resonance pattern .
(ppm) observed Proton assignment
- 0.76-0.87 uneven doublet g~ and 6-CH.,Leu-115
6-CH3,Ile-l?0
0.88-0.94 doublet y-CH3,Ile-11O .
1.00-1.20 complex multiplet y-CHz.Ile-llo -
1.36-1.44 doublet E—CHa,Ala-IOS.-IIZ
1.55-1.65 broad asymmetric peak y—CHZ,Arg-104 ‘
B-CH,1le-110
B—CHZ.Leu-JIS
1.67-1.85 complex multiplet B-CH; ,Arg-104
. y-CH Leu-115
2.00 singlet N-terminal acetyl
N group,Asp-103
1.95-2.20 broad peak. B-CH2.610-113,-114
2.35-2.45 asymmetric peak - y-CHZ.Glu-]13,-114
2.55-2.90 - broad asymmetric B:CHZ,Asp-103.-107
multiplet and -111
' B-CHZ,A§n-105
2.95-3.05 doublet B-CHZ,Tyr-109
3.10-3.22 triplet _&8-CH; ,Arg-104
3.80-4.00 quartet a-CH, ,Gly-108
4.03-4.10Q doublet a-CH,I11e-110
4.15-4.38 broad multiplet a-CH,Glu-113,-114
. a-CH,Ala-106,-112
' a-CH,Arg-104
6.82-6.85 doublet ring,aromatic 3,5
Tyr-109 A
: doublet ring,aromatic 2,6

Tyr-109
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* non-random spacial arrangements of the amino acid side

chains arise from intramolecular short range interactions
-

independent of the peptide lengqﬁ In our peptide, the .

| & _68 | value is much larger (0.109 ppm) and might be

A
attributed to a further selectlv;ﬁprlentatlon of these

. .
Lo . R ’ﬂ
protoéons near the ring of tyrosine 109. In the metal-free -

form, this peptide sequence possesses little secondary
. _ 3

in the presence and

i \
absence of 8 M urea (Reid et al., 1981). A similar

o v . - . .
structure as observed from C.D. analysis

.conclusion can be drawn from the appearance of . a 51ngle

resonance at 1.4 ppm for the tvo alanlne methyl groups.

@

2. Lanthanide titrations

a. Lanthanum and lutetium titratid%s

The addition‘of lanthanum to the peptide solution:
‘resulted in a sh1ft1ng of most of the peptide resonance
.llnes (Fig. IV.3). The methyl group of N- acetyl Asp- 103
(2.0 ppm) and some of the methyl groups of Ile‘110 and
Leu- 115 (0.8 ppm reg1on) appear the least affected by the
_‘presence of the metal Th1s-1s expected for free rotatxng
methyl groups located along 1ong alzphat1c side chalns or at
the extrem~t1es of the peptlde However, large shlfts are
observed in the aspartlc acid and asparag1ne B- CH, region

N
(2.5-2.9 ppm) , :es1dues wh1chxare‘1nvolved ;n'the metal



184

\V

%,

v 40 oL3ea mv..unwa 03 (e3la3w e puokaq p:o paLaaed mmz
.co,pmgu,p 3yl  ‘wnu3dads yN Iﬁ 3y3 uL_sabueys p:mpﬁzm,: SL0quAs  *p°9 Hd ‘s$q zs 1°0

vcm LIX WW 00T Ut Wuw g° o hwn,uamau .ov,sm nmﬁﬁ moﬁvuchmu< 40 co,uwgqu sacmzpcmq m >H rmwu

Hdd 0°0 - S'0  0'l  S't 02 S'Z 06 §6. 0'h -  udd mjmw_ o.s, s
. lrr--,.—-..—..».-»..».-.»»-».»F-.-.--.- . R
oo - =

I P

.

ZHNISTTL-EO0L) INLS OV
NOILYHLLL WANYHLINYT



185
\

ligation. Similar- events occyr .in the B-CH, (2.0 ppm) and

y-CH, (2.28 ppm)lresonanoe ;egioné of Glu-113 ang Giu—114

(-2). | " | |

\

A remarkable shift of the a-protonS‘resonanceé,of
Gly-108 (3.90 ppm)‘is observed‘. ThiS‘réSUlt suggesﬁo_thatb
one ofrfhe_protons iéjgagnetiCall§ shielded upon peptidé
folding, The doublet centered at 3.82 ppm is Shifted to,

3.50 ppm in the La’*-saturated Spectrum,yAhother’interesping
metal-induced shift is iﬁqt of the methyl resonances of
'Alafi06 and}AlafJ12‘§nto different énvironments. The initial

. doublet at 1,39 ppm gives rise to two doublets centered at

1.47 'ppm and 1.33 ppm respectively.

-
(1]

In Fig. 1V.4, the lutetium titration of AcSTnC;
(103-115)amide reveals less extensive shifting of
‘,resonances. For example, the Gly4108 a-carbon protbqﬁ}

‘quattet at 3.9 ppm only shifts apart by 0. 146 ppm ‘ ¢

¢

([ 8y~ O ] nit. 0.109 ppm; [éA B ]f1 al = 0. 255 ppm) ‘as
compared to 0 395 ppm ([6 "8y %h{t. = 0.109 ppm"
-0.504 ppm) for the La" t1trat1on.-A

B ‘final
q1m1lar observatxon can be made for the alanlne methyl

0 5 ]

) -protons (1.4 ppm) where both doublets remaln poorly resolved

in the presence of lmtetlum.,The B CH, envelope of Asp—103
(+x) =107 (+2), -111 (=%) and Asn 105 (+Y) located in.the

T &
2. 5 to 2 8 ppm reglon rema%dj/sen51t1ve to the add1t1on of
- * . I : R :

~
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pre

the metal as does the B-CH, (2.0 ppm) and y-CH, (2.28 ﬁpm)

regions of glutamic acid 113 and 114 (-2).

The results from both lanthanide ﬁitrations indicate
clearly that both metals do not folé the peptide into the
same conformétion. It should be noted at this point.that
La®** (ionic radius}, 1;63 &) has a larger ionic radius than
Lu’* (ionic radius, 0.86 &) or caiciﬁm (ionic radius, 1.00

A’).
b, Lanthanide binding constants

As‘described in chaSter 11, the guantity Y was eValuateékv
for several resohances during ;ach-additién of a metal
solution . The Y values were determined from the spectral

" lines of N-acétyl-Asp-103,-the methyl groups of Ala-106 and

‘.Ala-112, the «-CH, proféns of GlerOB, the B-CH, group and

.;gromatic (2,6) ring protons of Tyr-109. Figure IV, 5 shows
plots obtained for a typiéal lanthanum'(frame A) and
lutetium (frame B) titration of the'peptide as a function of
metal to peptide rétio;.lh the case oflﬁéth metals, the

| maxipgy shift observed fof all fesonances ¢ohitorédfappears
to.b; reachéd near a metal to pgptiaé raﬁio\of'0ne-to'one o

' suggesting a 1{1'stoichiometry for the meﬁallto peptide
éompléx. The céfcuiétéd La?** biﬁding éonstéht #as_equal\to
Aj,i X Td’M‘i (aygrage of13>titrétiqgs);'The péptidé shdwed,a
lessgf abilitylfo bind luietiumngkad?i) of;;,3 x 104M°*; -

3
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Fig. IV.5 Lanthan1de titration p]ots of AcSTnC(103 115) am1de
 (A) lanthanum titration; (B) lutetium titration. The
observed chemical-shift ratio (Y) was plotted as a -
function of metal added to the peptide solution: The

/quantlty Y. is described under eXper1menta1 procedures
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average of 2 titrations). We rationalize a lowering of the

metal binding constant on the fact that the peptide geometry
[ J

around the metal is less compact. This can be visualized by
the fact that in the case’ of lutetium, the peptide ligands

int%ract with a metal which is 20¢% smaller than lanthanum.

- This situation will bring the 4 negativelylcharge@ side

chains (Asp-103, ;107, =111 and Glu-114) closer together and
thus cause ligand repulsion If the peptlde was to assume |
the same ‘conformation as in the presence of lanthanum, then
the bonds between ligands and metal would be 0.17 & longer

a factor that could well reduce the stability of the

etal.pept1de complex. Furthermore, the qgalltatlve behavior

oo, ) : :
Aof the line widths of the .AB pattern of theiglycine

a-protons centered at 3;96 ppm is an\indication oflthe off
rate (koff) for tbe bound metal ion. These reeonances
initially broaden and then sharpen during the lanthanum
titration as compared to a s1mp1e sh1ft1ng pattern observed

in the case of lutetium addltlon (Figures 1V.4 and IV.5).

Thls suggests that the oFf rate for the bound La'* is lower

than for Lu” wh1ch correlates with the larger- b1nd1ng
constant. The binding order observed also agrees wlth the

lanthanlde affinities measured on- nat1ve trogpnln C (Wang et

'al., 1981) where Eu(III) (ionic radlus, 0.95 &) b1nds
iht1ghter than Tb(III) (1&h1c radius, 0.92"4) to both the

-

h;gh— and low-affinity 51tes;
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- 3. Peptideﬂfolding pattern

A lookvat isolated resonances of the peptide yields
informationvabOut the actual folding %f the peptide;
Positron‘s;of the calcium binding loops(Fig. IV.1) for
example, is highly conserved throughout the sequenci'
alrgnment of c;lcium binding proteins (Barker et al., 1978;
Reid and Hodges, 1980). Gl;cine normally occupies this
‘_positiont Notable eweptions are a serine substitution
obaerved for the alkali light chain of rabbit skeletal
muscle myosin , a known non calcium binding EF hand. Proline
or ly51ne subst1tutlons at this position in intestine
calc1umlbrnd1ng proteins %ﬁofmaﬁn et al., 1979; Fullmer ang
Wasgerman; 1951) and}in brain*S~1QO a,b (Isobe and Okuyama,
1981) are'fofloued by an inserted residue and lead to a
.tdlstorted\metal b1nd1ng reglon (Szebenyi et al. 19815 that
‘retains its calcxum b1nd1ng ability . Our 'H NMR results
suggest that Gly 108 adopts a rlgld environment even 1n the‘
apOpept1de form. This conclusion was drawn from the
.‘observatxon that 1ts a-carbon protons ‘appear as an AB
quartet centered at 3.90 ppm. The addltlon of e1ther
lanthanum or lutetlum promotes the sh1eld1ng of one of the
a- carbon protons as oﬁ%erved from the upf1e1d sh1ft of two
_resonances (3 85 and 3. 78 ppm) of the quartet (F1gures IV.3

and IV.4). ‘The shielding effect is larger in the presence of
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La’’ than in the case ef Lu®* addition (upfield shift; La’",
0.315 ppﬁ; Lu’-, 9.095 ppm). This upfield shift can be
rationalized by iooking at a?stereoprojectidn of fhis"
synthetic fragmentfpresented in Fig. IV.6. This progeqxlon
was constructed u51ng the pept:de backbone coordinates of
carp parvalbumin (Kretsinger and Nog}olds 1873) to which
our peptide side. chain sequence‘was substituted. It points
out that the glycine «- carbon protons are in clo%e proxlmlty
Lo the aromatic side chain pf Tyr-109 and may be shielded
"through a ring current effect, Another poésibility is the
proximity of one of the protons to the carbonyl group of
Tyr-109 involved in the coordlnatlon Sphere. The carbonyl
group generates a shielding cone perpendicular to its Cc-0
double bona plane. The lack ofzevolutionary divergen;e at
thig position of the®loop ie probably linked to the presence
’6f the a-carbon near various ligands involved in metal‘
chelation. These ligands réQpire'some flexibility’in order
to prbpe}ly fold eround‘tne meﬁal One can appreczate this °
féct by cons1der1ng a subst1tut1on to a bnlkzer 91de chain,
The presence o; such a side- chazn could weI& hlnd r the |
] binding of Asp-103 s:de ‘chain or Tyr 109 carbonyl group to o
.~ the metal (F1g Iv. é) Also, the protein backbone'chaln

undergoes a large change in d1rect10n in thls part of the EF-

~loop (Krets1nger, 1980)
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Fig. IV.6 Stereoprojection of rabbit skeletal troponin C region
103-115. This representatign was constructed by using
the crystal coordinates of carp parvalbumin for the
metal binding loop of the CD hand (residues 51-63)
[Kretsinger and Nockolds, 1973]. The original set. of
coordinates from the peptide backbone was retained,
but the rabbit skeletal troponin C side chains of re-
sidues 103-115 weré substituted for the parvalbumin
side chains. " The orientation of the side chains along
their respective Ca-CB bond was maintained. This dra-
wing can more easily be viewed in stereo with a ste-
-reoscope from Hubbard Scientific Co., Northbrook, IL.

L
3 PR
[iid
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Another site of interest,islthe ~Y position oécupied by
Tyr-109. This site represents the least conserved position
of the calcium binding loop in terms of amino acid .
substitutions f(chapter VI). However the Carbonyl group at
this position represents the -y ligand and the side chain,
because of its location in the loop, is thought to play a
role in the metal dehydration process (Reid'ahd Hodges,
1980). In view of its hydrbphobic side chain, Tyr-109
appears to be a residue of choice in helping to dehydrate
the metal_inner—gphere complex. The {;Uﬁﬁﬁispettrum of the
peptide afomatic region pointed out the upfield movement of
the ring 2,6 protons reéb;ances during addition of lantha-

)
nides and in particular lanthanum, A crossover of the ring
protons,reéonances had been observed in earlier studies on
both synthetic (Gariépy et ai., 1982; chapter 111) and
natural fragments of this site (Birnbaum and Sykes, 1978).
In all cases, the 2,6 proton lines appear upfield shlfggd
“while the 3,5 proton resonances were n¢ significantly
altered by the présence of calcium. These observations have
led to the idea that geometric constraints were placed on
the rihg, in the metal bound conformationl‘lt;was further
thought that the shielding effect on the tyrosine 2,6 ring
protons waé a reflection of the change of environment of the

side chain. Our present lanthanide results point out that

the metal bound environment of the tyrosine side chain
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remains closely associated with the'loop (upfiéld shift of
the 2,6 ring proton resonances). Furthermore, the addition
of the relaxation probe gadolinium, to the ﬁetal bound or
metal free peptide produces a rapid broadening of the méta
protons doublet as compared to the ortho protons doublet and
does 1ndicate that these protons are closer to the metal
than the ortho protons (next section). One possible position
for the ring can be obtained by a simple rotation of the
side chain along 1ts Ca-CB bond toward the carbonyl group_of
Asp-107 or Gly-108. These latter groups will provide a
shielding mecﬁanism_for the meta protons which remain.closer

to the metal than the ortho ones.

The reason for wanting to investigate the tyrosine
environment in our fragment comes from the observation that
1t i1s also exposed to the solvent in calcium-saturated
troponin C. For example, the tyrosine rihgs of troponin C
have been labelled by iactoperoxidase 1iodination (Seamgn et
al., 1977) and by tetranitromethane (McCubbin and Kay, 1975)
in the presence or absence of calcium. Similarly , 'H NMR
CIDNP experimentsfdemonstrated.clear%y that although the
~ exposure of the rings to the excited flavin dye is reauced
in the presence of calcium, the‘effect 1s guite apparent
(ﬁincke et al., 1981b). 1f 6ne éonsiders the dimensions of
the dye and its hydrophobic natrte, one can conclude Ehat

i 14 .
the tyrosine ring remains exposed to the solvent, in the
|

|
1
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metal-saturated protein. The troponin C model proposed by
Kretsinger and Barry (1975) illustrates this péinf. Thev
tyrogine ring exposure is thus similar to the one observed
for our peptide . Looking at Fig. IV.6, one realizes‘that 1f
the tyrosine side chain gets partly immobilized in between |
the peptide backbone of Gly-108 and Asp-107, it might weli

explain the shielded environment of one of the a-carbon

-

C. DETERMINATION OF METAL-PROTON DISTANCES IN A

protons of Gly-108.

GADOLINIUM:PEPTIDE COMPLEX

1. Distance measurements

r

The uncertainty surrounding the actual geometry of the
lantﬂanide:peptide complex has triggered a second set of 'H
"NMR experiments where the relaxation probe gadolinium was
used to determine metal-proton distances involved in this
comélex. These studies were carried out»with“a‘view to
f%construct‘the_cohformation adopted by this éynthetic
fragment in the presence of gadolinium using the available

set of distance restrictiofs.

i

a. Gadolinium titration

The gadolinium titration was performed on a

lanthanum-saturated peptide solution (La’' to peptide ratio
pep

-
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of 1.6 to 1) since in the presence of excess lanthanum, the
peptide §dopts a bound conformation where an impréved
resolution of key resonances is obsérved (i.éivB~C§, of
alanine 106 and 112; ﬁ—CH; @f Glu-113 and -114) (Fig. IVv.7).
Other technical reasonshfor the use of the peptide in its
lanthanide-saturated form werée discussed earlier (chapter

11, gadolinium titration). "

The experimental strategy used to obtain information

concerning metal to proton distances was to replace the

lanthanum ion by gadolinium with the peptide always-in the
metal bound geometry;WGadolinium possesses isotropic rela-
;ation enhancement propértigs due to its 4f’ electronic

configuration. A gadolinium titration of the lanthanum bound"
peptide is presented in Fig. 1V.8 and illustrates the
b;oadening effect induced by gadolinium on the protoen

resonances of AcSTnC(103-115)amide. “

The changes in resonance line'width due to the presence
of this paramégnetic metal -can be related to the
metal-proton distance‘invoived follow;ng the‘Solombn—Bloem—
befgen equations (agbendix). Since the B-CH, protons of
Asp-103, -107 and -111, .of Asn-105 and of Glu-114 (2.2 to
2.9 ppm region) are parts of side chains involvedlin meﬁal
chelation (Fig. 1V.7, sequence), these particularlbfotons
should lie closer to the metafl than the meth?l groups of

@
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Alaf106 and -112 (doublets centered at 1.30 and 1.45 ppm),’
or.the acetyl group of Asp-103 (singlet at 2.00 ppm), or the
tyrosine ring protons (doublets dituated at 6.80 and 7.00

ppml, This assumption. is verified readily by the obsetvation

_ (/of'the greater broadening of the resonances associated with

the coordinating side chains as compared to other proton

resonances seen in Fig., IV.8. . °
b. Determination of relaxation tifes

The spin—lattice}rela#ation_times.(T.) assooiated‘with
individual'resonance patterns shown in Fig. IV.7 were
determ1ned at each addition of gadolinium to the NMR tube.
The measured 1/T. values were then plotted as a function of
the‘percent of ‘the peptide bound to gadollnlum, .and-a T,m
value at a 1 to 1 ratio of Gd** to pept1de was extrapolated,
from a least squares fit of “the data. Similarly, 1/T, values
calculated from line width measurements for the well deflned.
resonances were plotted as a funct1on of the percent of
-peptlde bound to Gd" and ylelded a l1near relat1on from
whlch a value of T mat a1 to 1 ratio of gadolln1um to
jpepf1de could be extrapolated Table IV -3 llStS relaxatlon

"t1mes calculated for the resonances a551gned in F1g Iv 7.

Note that in the determination of’T,m values the
spectral line broaden1ng contrlbutlon of 1 Hz was

‘substracted from all 11ne w1dth est1mates, as descr1bed in .

' . . ‘ ' s
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Relaxation times?

TABLE IV-3

and calculated proton-metal distancesb

§~CH,, 3.2 ppm

Proton species Tlm sz Tlm/TZm

- (msec) (msec) (R)
Asp-103 ‘ :
Acety1-€H, 1.0 0.43 2.32 . 8.2 0.4
Ala-106,-112 1\ : ,
8~CH3, 1.30 ppm 0.83 0.50 1.66 8.4 £+ 0.3
B-€H4, 1.45 ppm 0.60: 0.44 1.36. 8.3 +0.2
Tyr7109 _ .

3,5 ring protons 0.56 0.38 1.47 8.0 + 0.2
2,6 ring protons 0.23 0.19 1.21 7.2 + 0.4
Gly-108 ' . , :
a-CH, 3.5 ppm 0.80 0.15 5.33 6.9 + 1.0
a~CH, 4.0 ppm 1.2 ---- ~r-- (9)
Arg-104 . ﬁ

1.6 ———- ---- - (9)

\

Determ1ned by linear least squares f1tt1ng of 1/T
as a function of % peptide bound to gadolinium.

1 and 1/T va1ues

Represent meta]-proébn distances calculated from the. re]axat1on

times observed.
~ values obtained.

Values in parentheses are est1mates based on T1
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chapter I1. However, this factor and any other contributions
affectlng the 1n1t1al 11ne width should not influence the
extrapolated T.m value 51nce it is the slope characterlslng
the linear relatlon between 1/T7, observed and the % peptide -
bound to G3d’" that dzctates the final T,m value calculated.
Also, the increase in line width for a g1ven resonance due
to Gd?*- bound to the peptide will represent a dlrect T, m
measurement only in the case where the peptide exchange rate
between its metal free and bound state is fast on the NMR
time scale (i.e. fast-exchange) We have assumed a fast
‘exchange process between the bound and free states of the
peptzde in llght of the follow1n8 facts

i) d1fferent1al line broadenlng is. observed for
various resonances so that exchange cannot be in the slow
exchange 11m1t except for the closest nucle1 "

ii) ‘the T.m/T.m ratxo rema1ns constant for a var1ety
of resonances (Table IV—3), except for~the Glyv108 u-CH,
protons. .However, if the value of the exchange llfetlme were
"becoming signlflcant for the closer Gly protons, the value
‘of T.m/T.m should be reduced and not 1ncrea5ed The
"dev1atlon in the value T m/T m for Gly 108 a- CH§ proton
(3.5 ppm) reflects exper1mental errors assoc1ated with the
;T.m and T,m values.

iii) 'theﬂlargest frequency shift observedvduring the

peptide lanthanum titration was of'0.32 ppm (Gly-108 a-CH;

-
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preceeding section). This implies that the lifetime of the
metal bound state is small compare to the reciprocal maximum

observed frequency difference (< 2 ms).

»

‘The major éoufce of uncertainty in the determination of
T.m aﬁd.T,m values is associated with the measurement of
slopes from 1/T versus %Gd®* bound plots (appendix). For
example, a slope calculated ffbm a regression analysis of 3
or 4 points as.in the case for the T, extrapolation is less

reliable than fromvan analysis involving 8 to 10. data points

as in the case of a 7, measurement.

c. Calculation of metal-proton distances

An average T,m/T,m value of 1.6 *+ 0.4 was determined
from the summation of'individuaiAvalues listed in Table
, IV-3, The vélue of 5.33 obtained for th; Gly-108 3.5 ppm
resonance was dropped from the computétion of this average
T.m/T:m term onvthe basis of its statistical‘significénée

(Dean and Dixon, 1951)..A correlation time < value of 0.48

C
t 0.06 ns was then computed and is in good agreement with a
value of 0.6 ns ([MW x 10-'2]/2.4 s for a MW" 1,500; Caqtor
ahd‘Schimmel, 1980) predictea for our peptidé. Noté that the
:cbrrelation time 1 is.related- to: T the lifetime of a
xnucleug'in the' bound sféfe:Ts , the ele¢tron spin]rélaxation

‘time; and T., the rotational correlation time of the

o
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Gd® " :peptide complex, by the eguation

Since 1> Trin the case of Gd°" and Eu?° (Nieboer, 1975)

and 1 1is large in comparison to 1. (710¢-10* times), the

correlation time value reflects the shortest term of the.

equation i.e, T

Metal-proton distances were calculated using T,m
values. When such a value was not available, the distance

was estimated using the corresponding T,m value. The

calculated distances are listed in Table IV-3.

2. ) Key assumptions :

One key assuﬁpt1on in the use of lanthanides as calcium
substltutes is that their b1nd1ng to these EF domalns is
analogous to calcium. This assumption may not be necessarily
true since lanthanides prefer to form complexes having a
.coo;diﬁafion number of 8 or 9 rather than six, seven and
eight as iﬂ-the ca®¥ of calcium (Nieboer, 19%5; dos
Remedios, 1981). Variatipn§ iQ the geometry adopted by our
~synthetic peptide were observed by 'H NMR in the case of
lanthanum and lutét;um additions. Also, Leavis et al. (1980)
pointed out that the intfins@c fluorescence of tyrosine 109

in site 111 of rabbit skeletal troponin C is enhanced'upon‘
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calcium and mégnesium binding but remains unaffected in the
case of terbium, lanthanum,; deodynigm or holium biﬁdingf
These results were rationalizea in terms of subtle
differences in the tertiary structure of fnc induced by
these ions. However, the abiiity-of calmodulin to bind'to.
troponin I or calcineurgn and to stimulate phosphodiesterase
activity is retained when terbium is used as a calcium
analog (Wallace et'af., 1982). A similaf behav@of‘bf lantha-
nides on the biélogical activity of rabbit skeletal troponin

C remains a difficult gquestion to answer-in'view of the

‘multiprotein complex involved 10 the actin- activated ATPase

assay (Olkawa et aI 1980). One can thus conclude that
) in the protein gegmetry near the metal binding

Jr and are deperident on the properties of the

«ﬁparable to the éaitium bound form;

- o
'igadolinium titratioh of B-CH, and y—éH, resonances
of Gli §H3 and -114 suggests on the ba51s of the large.
*broaf‘ {ng of these resonances that these side chains are
cloée;fo the metal and may well be both'part of the |
' coord%ﬁitx&n sphere. ThlS would imply an additi nal oxygen
Iigang §upp11ed by the peptide (Glu 113 side ch 1n) This
possibility is partlcularly appeallng if one considers that
this position in calcium binding proteins is often occﬁpied-

by a neéatibely tharged amino ‘acid (Reid and Hodges, 1980;
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chapter VI).

Note that the association constant of Gd’' to the
peptide was assumed compagable to the one calculated for
La’ (K(La*>*) = 1.1 x 10*M-'). Added proof for this premise
comeé ffom fluorescence measurementsQon a 12-residue
synthetic fragment of site Il of rabbit skeletal troponin
where the Tb’" association constant was'es;imated to be

2-3 x 10°M"' (Kanellis et al., 1983).

The assumption that the peptide adopts a similar -
conformation in the presence of Gd°* and La’* is not
critical in the measurement of proton-metal distances since
these distances are determined in relation-tq‘the gaéolinium
ion o?izj Hoﬁeyer, one should appreéiat¢ the fact that the

peptidé olllng pattern around other lanthanides might

difﬁgr,.as demonstrated earller

<~

Einally,lone should discuss the sources and extent of
non—specifiC binding since at 6?3 end of tﬁe'gadolinium
titratibn,’the concenttation of free 1anthanum was about
O.S‘mM-while-the'concengkation of unbound gadolinium'waé
less thén 7’uM Free.carboxyl groups repféSent the major
]q&ass of llgands that would bind La”%pr Gd** from thlS pool
of unbound lanthanldes. The presenc of an amlde group at
the C terminal of the peptlde elimindtes one source of
“ carboxyl group. However,‘the side chaln of Glu—113, 1svnot a

;e

/ o -
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calcium binding ligand based on the crystal structure of
carp parvalbumin’(Kretsinger and Nockolds, 1973) and
represents a possible source of free ligand. The
concentration of this ligand at the end of the gadolinihm
titration was\2.74 mM. Using the binding constants of La’"
and Gd®" to acetate ion.(K(La"),-T.OS x 10:M K(Lu’i),
1.46‘x 50’M"; Kola&\and Powell, 1962), where the acetate
ion fepresents a modeTiligand for the side chain of gluﬁamic
acid 113, one can calculate that less than 5% of the
‘available carboxyl ligand would exist 1n a lanthanum boﬁnd
state and less than 0.01% in a Qadolinium’bound state., These
results consequently demonstrate that non-specific binding
does not represent a significant factor in the gadolinium
broadening experiments in terms of a contribution tdﬁthe T.m

*
and sz estimates.

3. Distance restrictions

\

: I
In order to reconstruct the geometry of the peptide

AcSTné(103—115)amide in solution, one should establish all
available distance restrictions imposed on the site. These .
restrictions fall into 3 catégories:

1) The set of distanceé calculated from the felékation

time measuréménts represents a first level of7folding

restrictions,

'2) The tapid broadening of the. B-CH, resonances of

2
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aspartic acids, aspéragine, glutamic acids and tyrosine
residues as well as the y-CH, resohances of glutamic acids
suggests}that their distances to the metal are less than

7 A. This value represents an upper limit on these
distances. We can also assume that none  of these side chain
protons are within 2.5 & of the metal, since this value
corresponds to a typical Gd°’°-0 bondlength.

3) Thé oxygen atoms coordinating the lanthanide Gd*° can
be assumed to lie at a distance of<2.5 + 0.3 & from the
métal as indicated from the crystal structure of a variety
of lanthanide complexes (Alberston, 1968; Grenthe, 1969,

1971, 1972). o

These distance constraints can now be used as boundary
conditions in a distance-geometry algorithm devised récently
by Kuntz and his co-workefs (Havel et al., 1979; Kuntz et
al., 1979). a seriesmpf allowed configuratjons for the gado-
linium}peptide complex 1s generated from thisﬂagéay of
distance restrictions. Convergence of the geﬁer;t&d
structures‘is expedted to occur provided one has sufficient
distance constraints. The-analysis of“a preliminary set of
structures has indicated that this type ¢of algorithm may
prove sufficient to restrict the range of allowed

conformations to a few highly homologous gnes (Gariepy,

Sykes, Hodges, and Kuntz; unpublished results).
»
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D. SUMMARY
D!

In this chapter, we have demonstrated the utility of .the
| )

diamagnetic lanthanides lutetium and lanthanum as metal-
|

f

binding probes for a synthetic;13*residue fragment
representing the calcium bind&hg site 111 of rabbit skeletal
troponin C (residues 103 to 1{5). The peptide ‘conformation.
induced by these metals was ménitored by proton magnetic
resonance at 270 MHz. The . peptide affinity for these rare
earths is 50 to 400 times higher than for calcium (K(Lu’>"),
1.3 x 10*M"'; K(La"), 1.7 x 10°M"'; K(Ca?"), 3 x 10*M ')
which is related to the change in cation charge from +2 to
+3. Tpe peptide conformation induced by the presence of La’"
generates a diff;rent 'H NMR spectrum than the one observed
“for the lutetium-saturated peptide. Thus, it appears that
these metals do not fold the peptide into e;éctly the same
conformation. The resqnéncejshifts observéd>éuring'the LQ"
titration aré much smaller than in the case of La’"
addition. The fact that lutetium binds less tightly than
lanthanum to the peptide may be linkéd directly or
indirectly to the difference‘in ionic radius between these
metals (Lu’", 0.86 &; La*°*, ﬁ.03 R). This may in turn
indicate that the peptide primary seq&éncelencodes for some
aspects of metal ion”specifiéity. The 'H NMR results also
demonstrate that Gly-108 adopts i'restricted geometry in the

absence of metal such that its two a-carbon protons are in
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different environments which are further affected by the
addition of either metal. These observations support the
concept¥that geometric constraints arising from the i
particular peptide folding pattern near this residue
correlate with the highly conserved nature of this site of
the EF hand. This position remains occupigd by glycine 1in
most EF hand domains with the exception of known distorted

calcium binding sites present 1in intestine calcium binding

proteins and $-100 (Szebenyi et al., 1981).

) The binding of Gd’° to this peptide was investigated by
proton magnetic resonance. The relaxation enhancement |
property of this lanthanide was used as an analytical tool
in order to determine a series of proton-metal distances for
this Gd° :peptide complex. Measurements of relaxation times
(T,, T,) were performed at various stages duting the gadoli-
~nium titration of a lanthéﬁum—saturated peptide solution.
The relaxation times values derived for a 1:1 complex of
Gd** to peptide, were used to estimate the proton-gadolinium
distances involved. These distance measurements were then
tfeated as boundary conditiuns in a distance-géometry
~algorithm. This approach wili yield a series of possible

cdhﬁormations adopted by the gadolinium:peptide complex in

solution.



CHAPTER V

PHENOTHIAZINE BINDING SITE IN THE N—TERMINAL REGION OF SITE

111 OF RABBIT SKELETAL TROPONIN C

kY

A. CALCIUM-INDUCED EXPOSUREVOF HYDROPHOBIC REGIONS ON
TROPONIN C AND CALMODULIN
?

In chapter 111, we have demonstrated ghe importance of
the C- and N-terminal helical domains on the ability of site
I11 of rabbit skeletal troponin.C to bind calcium tightly.
These results have also indicated that the reciprocal action
of calcium binding to the loop region is to induce éhe
formation of a-helical regions. A closer investigation of
the residues involved in these helical regions provides some
insight toward the mechanism of action of CaM and TnC. As
stated in chapter VI, thHe sequence alignment of EF domains
from various types of calcium binding proteins reveals that
the C- and N-terminal regions are related by a partial
~sequence homology indicating that EF domains possess some
elements of internal symmetry. K;étsinger (1977, 1980)
indicated the presence of regularly placed hydrophobic
residues on Both sides of the calcium binding loop. Each
terminal regian,possesseSatwo pairs of hydrophobés located 4
residues apart. If these regions adopt an a-helical

arrangement then the spacial orientation of these side

210



chains will generate a, hydrophobic plane on each side of the

calcium binding loop (assuming that 1 turn of a-helix
;equires 3.6 amino acids). Since the N-terminal region of
site II1 of rabbit skeletal troponin C is known to undergo a
coil to helix ﬁransition upon Ca?" addition (Nagy et al.,
1978; Nagy and Gergely, 1959; Reid et al., 1981) 6ne.cany
conclude that the creation of a hydrophobic su;face in the
N-terminal region is a calcium-dependeqt event. The use of
hydrophobic compounds such as fluorescent probes (Johnson et‘
al., 1978; LaPorte et al., 1980; Malencik and Aﬁderson,
1982), antipsychotic drugs (Levin and'Weiss, 197}, 1978,
1979, 1980; Prozialeék and Weiss, 1982; Johnson, 19833 and
certain muse}é relaxing agents and anesthetics (Hidaka et
al., 1978; Kobayashi et al., 1979; Hidaka et al., 1979;
ﬁishikawa et al., 1980; Tanaka et al., 1980, 1981a,b) have
provided ample evidence that such hydrophobic domains become
exposed on TnC and CaM in the presence of calcium.
F:rthermore, the activity of various eniymes modulated by
calmodulin is depressed by the presence of éntipsychoﬁic
drugs (Levin and Weisé, 1977, 1980; Kuznicki et al., 1981),
w-7 derivatives (Hidaka-et él., 1977, 1978a,b, 1979;
Kobayashi et 57;,‘1979; Nishikawa et al.; 1980)'and i
ﬁeuropeptides (Seilinger—Bérnette and Weiss, 1982). Althoﬁgh
the interacfion of CaM with‘these hydrophobic compounds

appears to be & non-stereospecific one (Norman et al., 1979;

¥

'Q
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LaPorte et al., 1980; Landry et al., 1981; Roufogalis,
‘1981), the selectivity demonstrated by these molecules in
blocking calmodulin reguiated events has popularized their
use and has led Prozialeck and Weiss (1982) and our group to
propose a working model for the structure ‘and action of
pheﬁothiazihes on calmodulin and troponin C. The structure
and pKa values of four representative phen§thiazinés are
presentpd in fig. v.1. The following key péints can be
stated in relation to their antaéohisfié action:

1) The inhibitory action of these agents Sn the CaM
stimulated phosphodieSterase activit} 1s relared to ‘the
presence of hydrophobic and p051t1vely charged domaxns on
all these compounds and

2) The distance separating both domains correlates wirh
thf extent of the obServed inhibifory‘effect.

Benjamin Welss.group studzed the mechanlsm of actlon of
.ant1psychot1c drugs on calmodul1n u51ng analogs of these.
drugs and comparlng their 1nh1b1tory strength toward a CaM
stimulated. phosphod1esterase assay. Our approach was to
locailze_a phenothiazine b1nd1ng‘s;t¢ on tropqn1n c and to
analyse'some of the structﬁral features’rélevant to the

- drug:peptide‘complex.
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Fig. V.1 Structure and riitrogen ,pK,a's of some rep}esentaﬁve Iphve-
‘ nothiazine; [Adapted from Chatten and Harris, 19627].
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‘ %
B. LOCALIZATION OF A PHENOTHIAZINE BINDING SITE ON

-~

. 4
TROPONIN C

It was shown b? Levin and Weiss (1577) that thé
activation of bovine brain phosphodiesterase by calmddulin
‘could be selectively inhibited by phenothiazine anti-
psychotics. The specificity of these drugs for calmodulin
was partly dembnstrated by the faiiure of qther calcium
binding profeins to bind trifluoperazins$ Besides
calmodulin, only troponin C displayed a significant
calcium-dependent b1nd1ng of trlfluoperazlne (Levin and
Weiss, 1978). Recently however, the brain-specific calcium'
binding protein $-100 has been shown to 1nteract in a
ca1c1um -dependent manner w1th either a wW-7- coupled or a
phenothiazine-linked Sepharose matrix (Endo et al., 1981;
Marskak et al., 1981) Two high- afflnlty ca1c1um dependent
trlfluopera21ne binding sites (Kd =1 uM) exist on
calmodulin, At concentratlons of TFP above 10 UM, troponin C
'binding of this drug was comparable to calmodulin (Kd =5 uM)
(Levin and WEISS, 1978). The number of calcium- dependent TFP

binding sites on troponin C has not been astabl1shed.

We suspected that one of the phenoth1az1ne blndlng szte‘
on calmodulln was near 1ts thlrd calc1um b1nd1ng 51te s1nce
the use of tryptic fragments of calmodulln had revealed that

this site wak essential for the interaction of CaM with



215

iseeeral target preteins (Kuznicki et al., 1981; Drabikowski
et al., 1982) (Fig. V.2). Similarly , trifluoperazine (TFP)
has been showngto interact with the TR2C fragment of CaM
(residues 78-148, sites III and 1V) as demonftrated by its
inhibition of the TRZC—stimulated phosphorylasezkinase
activity (Kuznicki et al., 1981). It was discovered that a
cyanogen bromide fragment (residues 77-124, site I11)
result%pg from the incoﬁplete dﬁgestion of bovine brain CaM
remains bound to a fluphenazine affinity column ih the
presence of calcium (Head eteal., 1982) (Fig. v.3).
Fragments containing regions of bovine brain CaM (78-148 &
1-106) as well as-the cyanogen bromide fragment CBY9 of
rabbit,skeletal troponin C (residue 84 to 135) were shown to
interact with rabbit skeletal Tnl and release the inhibition
of actomyosin ATPese by troponin I (Weeks and Perry, 1978;
Grabarek et al., 1981; Kuznicki et al., 1981). 1t was
further proven that a homologous 11-&to 12-residue long
region of.troponin C (89-100) and of/CaM (78-90) is an
impertant region'in the binding of Tnl to these calcium
binding prbteins (Grabarek et al., 1981; Kuznicki et al.,

1981).

Thus the peptide region of troponin C comprising the
| sequence 90-100 appeared to be a trlfluopera21ne binding
reglon. Our first step was to make use of a cyanogen bromide

¢ragment of troponin C containing both the proposed region

t



Fig. V.2

(1-77) , (78-148)
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é

' 1 . 3
' (1-106) v ' (107-148)
. TRZ-[ e
(1-90)
L4
Target protein Tryptic fragment Relative effectiveness
. . .__._of modulation
Myosin light "1-106 0.005
chain kinase
Phosphorylase 78-148 0.01
kinase 1106 -0.0005
Cyclic nucleotide 78-148 0.0012
phosphodiesterase 1-106 0.005
X Bindihg
Troponin 78-148 Strong
1-90 Weak  «
1-106 Weak
Myelin basic 78-148 Strong
protein 1-90 Weak
1-106 Weak
Histone HZB A1l fragments Strong
. studied

14

(A) Tryptic fragments of bovine brain calmodulin.
TR-C fragments are obtained by limited tryptic:
digestion in the presence of calciym while TR-E
fragments in the presence of EDTA. The 4 calcium
birding domains are-represented by the hatched
areas [Adapted from Kuznicki et al., 1981].

(B) Interaction of tryptic fragments with target

_proteins. The relative effectiveness of modula-

tion of these fragments is in relation to calmo-
dulin. The effective ness of modulation is measu-
red by the amount of calmodulin or its fragments
needed for half maximal activation of an enzyme
[Adapted from Drabikowski et al., 1982]. -
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{

D3

of TFP bind Jlso a high-affinity calcium binding

5ébbreviated CBY9 contains residues 84 to
J{ﬁf experimental strétegy was to monitor
EBAthe peptide secondary structure using
circulat i' {Bism while proton magnetic resonance could be
used £o€_ ;figate which amino acid side chains were

involvedi ?the drug:peptide complex.

1. Trifiberazine behavior in solution

The twdélitrogen atoms of the piperazine moiety of
tgifluoperaziné have respettive pRa's of 3.9 and 8.4

(Chatten and 'fris, 1962; Fig. V.1). This implies that at

the experi‘f " and physiclogical pH range used (6.0-7.4),
the moleculgrpossesses a pdsi:ive charge on one of the
pipergzine nitfogéns. Going to low pH's will protonate both
nitrogens and will affect some of the‘aliphatic 'H NMR

resonances (results not shown). Going to high pH's (higher

than 7.5) will promote TFP precipitation due to the hydro-

A

phobic nature of trgfluoperazine in'its unprotonated form.

This fact can be correlated with the observed sharp decrease
in drug binding to CaM at pH's above 7.5 (LeVinband.Weiss,

1977).

Increasing the drug concentration at donstant pH,

produces large shifts in the 'H NMR spectrﬁmtgf

L]
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trifluoperazine (Fig. V.4). Changes in the obsérved chemical
shifts of tﬁgiﬁrug resonances probably arise from the aggre-
ggtion or stacking of the phenothiazine aromatic rings.fMost’///
of the protons of the drug appear shielded fromvor‘by.the
aromatiéznetwork in this "aggregated"” géometry.QOne should

note that receht '"H NMR and ''’Cd NMR investigations dealing
‘with the influence of trifluoperazine on the overall

structure of cal%odulin and the location of drug binding

regions (Forsén et al., 1980; Klevit et al., 1981; Krebs and
Carafoli, 1982) havé all been performed at a drug

concentration range in which the drug ifself undergoes
aggregatioh (greatef than 1 mM ?FP). One should thus - be

cautious in assessing the drug behavior above the 1 mM rénge

L]

and in interpreting the resulting spectra in tefms of inter-

actions etween trifluoperazine and protein.

Increasing. the concentration of anibnic buffers like
phosphate'(Fig. V.4b) may prémote ;ﬁ? drug iﬁteraction with
itself‘by bridging together the posi%ive chérges of twé
piperézine groups for e*ambie. This may éxplain fhe readily,b
observed resonance of the piberaziﬁe'ring methyl protons
( 2.7 §pm), thch appears in a fast-exchange mode (sharp
peak) in the presence of phgﬁbhate at a relatiQely iow TFP
concen;rétibn (0.25 mM). In cohtrast,“we'dbserye only a -

broad peak at 2.7 ppm, in the absence of phosphate for a’

0.5 mM TFP solution. A related behavior of the drug in PIPES
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Fig. V.4 Effect of TFP and divalent anion concentration 0. the -

- .. ® proton NMR spectrum of TFP. o : .
(A) No divalent anion present but increasing TFP con-
centration. The spectrg were recorded in 50 mM KC1,
pH 6.0. . ' ot
(B) Phosphate present and increasing TFP concentration.
The spectra were recorded in 300 mM KH,P0,, 50 mM KC1,
pH 6.0. o o
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was noted. We stpect thateother sulphonic acid type buffers
like MES and MOPS may also produce such artifacts. We have
thus performed all our experiments at TFP concentrations not
exceeding 1 mM. A Cont;ol spectrum of the drug alone was
\recorded for each addition of the drug during TFP titrations
of the peptides in buffers such that the 'H NMR spectra
remain unaffected by the changing cbncéntration of trifluo-

perazine.

2.7 Effect of Ca’" and TFP on the secondary structure of

CB9 and troponin C

The effects of trifluoperazine on the secondary
structure of CBY9 can be monitored by circular dichroism. In
the absence of éalcjpm, CB9 already possesses some secondary
structure (-5,700 degrees of ellipticity at 222 nm;'Fig.
V.5, spectrum A). This was in accog@ance with the value of
-5,730 observed by Nagy et al., (1&%?3; Figure V.s indicages
that the addition of drug to a TFP/S%ptide ratio of 1.6/1,
induces a further-inprease 1n helical coﬁtent (spectruﬁjh).
We did not go beyond a phenothiazine concentration of | mM
" because of a significant noise factor introduced in the CD

]

spectrum by TFP. In the presénce of calcium, the maximum
ellipticity content of CBY9 is induced so that addition of
TFP yielded no observable effect on the CD spectrum

(spectrum C).
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Fig. V.5 Effect of calcium and TFP on the circular dichroism
spectrum of CB9. Spectrum A, CB9 spectrum in the ab-
sence of calcium and TFP. Spectrum B, CB9 spectrum
in the absence of calcium but presence of TFP, TFP/CB9
ratio of 1.6. Spectrum C, CB9 spectrum in the presence
of excess calcium with or without TFP. TFP/Calcium/CB9

ratios of 1.6/8/1 and 0/8/1.

2
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Calcium titration in the presence or absence of
Frifluoperazine yielded 1dentical calcium binding constants
of 1.3 x 10> M ', 1n agreement with Kca values of
2.6 x 10* M ' for a synthetic 34-residue fragment of this
region (Reid et al., 1981) and 5 x 10° M'' for an earlier

study of CBY (Nagy et al., 1978).

Determination of the drug binding constant 1n the
absence of calcium was possible with CBY9 from the ellipti-
city Ehange observed at 222 nm. The binding constant
calculated was equal to 1.2 x 10 * M ' (Kd = 8 uM) which Is
comparable to the observed dissociatibn constant of 5 uM
ogtained from equilibrium dialysis experiments on
calcium-saturated rabbit skeletal troponin C (Levin and
Weiss, 1978). Thus it appears that the flexibility of this
fragment allows for the induced folding of the site by TFP
and unlike tﬂe naf?ve proteiﬁ, does not necessitate the

binding of calcium to induce the proper TFP binding site

geometry.

The trifluoperazine titration of rabbit skeletal
troponin C was monitored by circular dichroism. The results
showed no increase in ellipticity at 222 nm upon TFP

addition in the presence or aktsence of calcium.

3. Investigation of peptide side chains involved in the

TFP:peptide complex using proton magnetic resonance

~
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a. Addition of calcium to CB9 in the presence and

absence of trifluoperazine

In the absence cf TFP and calcium, the CB9 ‘H\NMR
spectrum obtained corresponds to apo-CB9 (Birnbaum/and
Sykes, 1878) and closely resembles the spectrum of synthetic
fragments of this site (Gariepy et al., 1982; Fig.QV.6a);'As
calcium was added, most of the spectral features expected |
were observed including the shift of Tyr-109 ring protons
resonances to 6.64 and 6.51 ppm\and the appearangf of
upfield shifted resonances in the 0.2 to 0.8 ppm region.
Shifts in this region are thought to arise from methyl
groups of leucine or isoleucine side chains placed in
proximity to aromatic side chains (Birnbaum and Sykes, 1978;
Gariepy et al., 1982). Also the methyl. group of one or more
cof the 6 alanines present in CB9, are affected by the

presence of calcium as the resonance envelope situated

around 1.4 ppm is altered considerably.

In the pfesence oi TFP (Fig. V.6b), the addition of
calcium generates the same Ca?"-induced resonances observed
in the absence‘of drug (the Tyr-109 resonances at 6.64 and
6.51 ppm (Fig. V.6a) as well as the alanine methyl
resonances at 1.4 ppm).- In general, the presence of the drug
does not appear to alter the binding bf calcium to the

coordinating region of CBY and is thus evidence that the
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drug binding site is probably not located in the calcium
coordinating region. This is in agreement-with the circular
dichroism results where eguivalent binding constants of
1.3 x 10°* M~ ' were calculated from the ellipticity measure-
ments at 222 nm in the presence or absence of trifluo-

perazine.

b.. Addition of trifluoperazine to CBY in the presence

and absence of calcium
Figure V.7a illustrates the effect of TFP on CB9. In
the absence of calcium, the addition of TFP affects both the
phenylalanines and the drug aromatic region (7.0 to 7.4 ppm
region), when compared to the initial spectrum of CB9 (no
drug) and the TFP control spectrum. A large broadened
multiplet appears at 6.9 ppm. Similarly, the
leﬁcine/isoleuciﬁe methyl regioﬁ centered at 0.9 ppm and the »
o ‘

alanine methyl region at around 1.4 ppm are significantly

influenced by the presence of this phenéthiazine.

Trifluoperazine titration of this cyanogen bromide
fragment in the presence of calcium is shown in Fig. V;7b.
Some feature§ arising'from the presence of calcium are
retained (Tyr-109 ring protons resonances for éxqmple),
while changes occur in the phenylaianine enveiope‘(around

7.25 ppm) with new aromatic resonances appearing as a
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Fig. V.7 TFP titration of CB9 in the presence and absence of cal-
cium. : :
(A) TFP titration of CB9 in the absence of calcium.
[CB9] = 0.27 mM.
(B) TFP titration of CB9 in the presence of calcium
(2.6 mM). [CB9] = 0.33 mM, ‘ .
Control. spectra of the drug were identical to the ones
shown in Fig. V.8. At the concentrations of TFP used, no
shifting of resonances in the control”spectra was obser-
ved. Symbols highlight changes in the proton NMR spectrum..
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broadened letiplet centered at 6.9 ppm. Changes are also
observed in the aliphatic upfield shifted resonances (0.2 to
0.8 ppm) and thé methyl region of leucine and isoleucine
(0.9 ppm area). These résonances are not observed in the
drug control spectrum. Thus it appears that a region of CB9
involving phenylalanines, alanines and leucines and/or
1soleucines side chains is in spacial prox1m1ty to the drug.
The fact that calc1um was not a necessary requ1rement for
drug blndxng was confirmed by circular dichroism results
which showed an increase in ellipticity-at 222 nm upon

addition of TFP to apo-CB9 (Fig. V.5). The calculated drug
~bindi.ng constant was 1.2 x 10® M.' in the absence of
calcium. Since upon calcium addition, no more ellipticity at
222 ﬁm could be induced, it was impossible t§ determine by
this approach, the phenothiazine binding constant to CB9 in
fthe_presence of calcium. Levin and Weiss (1978) estimated
the diésociation'constant of the drug to troponin C to be

5 uMbin the presence of calcium which closely correspondsl}o

the CBY dissociation constant in the absence of calcium

(1/kd = 8 uM) determined in this study.

Though tﬁe bjnding‘of phenothiazines fo both CaM and
TnC has been shown to be Ca?'-dependent (Levin and Weiss,
1978), the finding that TFP binds to apo-CBY9 is not
surprising. There is no evidence that these drugs do not

bind to isolated single'Ca”-binding sites represented by

4
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CBY9 (residues 84 to 135 of,%nC) and by the region 77 to 124
of ca}modulin, in the absence of calcium. This binding of
the drué to CBY9 in the absence of calcium can be explained
by the fact that the N-terminal region of CB9 1is probabl{h\\
flexible and exposed in the fragment and readil{ induced to
the correct conformation by the drug . Our CD and 'H NMR

results support this conclusion.

c. Interaction of trifluoperazine with a synthetic

analog of site III of rabbit skeletal troponin C
' ¢
. “ "'

It appears that the side chains of phenylalanines and
methyl groups of leucine and/or 1soleucine are in spacial
proximity to the drug. We strongly %uspected that the region
80 to 104 was the site of t{ifluoperazine binding. This
fragment was synthesized and used to test this hypothesis.
We did not expect ; strong TFP HWinding to the peptide since
the fragment lacks the actual calcium binding site and
appears to possess little §ecqndary structure as monitored
by circular -dichroism. Drug addition did not yield any
significanf CD change probably due to a weaker TFP binding
constant to guch a fragment. Some CD constraints also made
this.approach inadequate to study the TFP/peptide inter-
action. For example, the upper limit of 1 mM TFP and the
necessity to have. a high concentration of a small peptide to

observe a few residues of helix being formed, does not
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permit us to go far enough in the titration. However the
protob NMR results pointed out again large shifts in the
phenylalanine resonances around 7.5 ppm and the aliphatic
alanine (1.4 ppm), leucine and isocleucine methyl resonances
(1.0 ppm region) were affected by the presence of the(pheno-
thiazine (Fig. V.8a). These altered resonances correspond to

those observed in CBY9 and suggest that the amino acid

sequence 95 to 102 of CBS interacts with TFP. Nagy et al., -

(1978) commented that the N-terminal helical region of CBSY
containing residues 94 to 103, 1s 1nduced by Ca?" and |
stabili;ed by hyd;ophobic patches formed by residues 95, 98,
99, 101 and 102. This statement was recently confirmed by
our work on synthetic peptides of that site (Reid et al.,

1981; Gariepy et al., 1982).

d. Proposed model of a  phenothiazine binding site on

rabbit skeletal troponin C

In view of the present resulté, we suggest that the
drug acts as a steric blocker of a hydrophobic interphase,
in proximity to, or part of the binding'siteito pﬁospho-
diesterase in CaM and to Tnl in both TnC and CaM. This
hydrophobic site is probably a small helical region.
involving a stretch of 7 or 8 amino acids rich in aliphatic

and aromatic side chains resembling the sequence 95 to 102

of rabbit skeletal troponin C. A key feature of this segment
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Fig. V.8 TFP titration of the synthetic fragment AcA”®sTnC
(90-104) amide. [peptide] = 1.0 mM.
(A) Proton NMR spectrum of the fragment at various
additions of the drug.
(B) Control spectrum of TFP at additions of drug .
corresponding to the TFP/peptide titration.
Symbols highlight changes-in the proton NMR spectrum.
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1s the presence of two phenylalanine rings separated by one

turn of helilx, which orients both aromatic side chains on

the same side of the helix.

Another 1nteresting featu;e that may favor the binding
3 of trifluoperazine-is the presence of a positive charge at
physiological pH on the piperazine part of the molecule
(Fig. Vv.1). Evidencg from circular dichroism resulté on a
synthetic peptide répresenting the région 80 to 123 of
y rabbit skeletal tropoﬁin C has ingicated a correlation
between the distance separating the aromatic and positively
~charged domains of phenothiazines and their ability to
increaselthe a-helical content of thisvanalog_upon'drug
inding. Promethazine and chlorpromazine for example,
possess short positively charged aliphatic chains and only

weakly.induce the formation of e-helix while trifluoperazine

and fluphenazine have both a long piperazine moiety and {

yield a large increase in ellipticity at 222 nm upon binding'
to the peptide (E;gster v, section,cf Also, the addition of
TFP to CBS 1in thé presence or absence of calc1um promotes
the broadening of the ﬁ-CH2 and y-CH, resonances of glutamic
acid side chains (2.1 and 2;3\ppm regions; Figures V.7a and
V;fb)} a result that suggests a reduction inimbbility of

some of these side chains of CBY9. In the case of trifluo-

per g ’051t1ve charge of the drug is situated 6 to )

,TOf 15 aromatic reglon dependxng on whlch of the
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piperazine nitrogens is carrying the positive charge. 'The
presence of this flexible "piperazine arm”™ of TFP may thus
be crucial in the blocking of negatively charged side chains
of troponin C and calmodulin thought to be involved in an
interaétion with Tnl (Grabarek et al., 1981) (residues sucﬁ
as Glu-92, -93, -94 and -97). It may wéll explain the
differential ability ,of trifluoperazine to "inactivate the

CaM-regulated phosphodiesterase activity over the less

éotent phenothiaiine chlorpromazine (Levin and Weiss, 19799.

ey

A stereoprojectidn of the proposed TFP binding site  is
presented 1n Fig. V.9. This projection was constructed using
thé peptide backbone coordinates of carp parvalbumin segment
38 to‘52 (Kretsinger and Nockolds, 1973). The‘representation
points out the proximity of the two phenylaianine rings.
Rotation along the phenylalanines Ca-CB bond can bring the
aromati; side chains even closer. These rings may thus lie
along the same plane and permit the stacking of the TFP
rings br( the drug aromatic'systemlmay,intercalate.between
the phenylalanine side chains..As_for the piperazine .
positive charge, it remains close to most of tﬁ;)glutamic
acid sidé chains if one considers the flexibility of both

-

“the negatively charged side chains and the "piperazihe arm",

The interaction of trifluoperazine and other pheno-

thiazines with calmodulin and TnC can be correlated with-the
. : 3
AR '

N 4
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Fig. V.9 Stereoprojection of rabbit skeletal troponin C, region
90-104. This representation was constructed using the
Grystal coordinates of carp parvalbumin for the N-ter-
minal region of the CD hand (residues 38 to 52) [Kret-

singer and Nockolds, 1973]. The original set of coordi- "

nates for the peptide backbone was retained but the
rabbit skeletal troponin C side chains of residues 90
to 104 were substituted to the parvalbumin ones. The
orientation of the side chains along their respective
Ca-CB bond was maintained. This drawing can more easi-
1y be viewed in stereo with a stereoscope obtained -
from Hubbard Scien¥ific Co., Northbrook, IL.

[
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fact that these drugs offer structural features present in
peptides and proteins shown to interact with CaM and TnC.
The primary sequence alignment of several opioih peptides
and of CaM-binding proteins, has indicated the piesence of
8-residue long sequences containing both a hydrophobic and a
poéitively charged‘domain (Malencik and ASderson, 1982;

Sellinger-Barnette and Weiss, 1982).

e. Possible location of other TFP binding sites on

£

troponin C and calmodulin

Levin and Weiss (1977) mentioned the fact that two TFP
high-affinity sites exist on CaM in the presence of Ca®".
Phosphorylase kinase activation assa%s on calmodulin
fragments (Kuznicki et al., 1981) pinpointed ﬁhat

o

TFP-binding sites exist on a fragment containing the calcium
binding sites I & I& and on another fragment containing
sites III & IV, the first fragment however having a stronger
affinity for TFP. A search through the primary sequence of
CaM and TnC was performed in order to find possible helical
sites having two phenyialanines separated by 1 turn of
helix. Figure V.10 shows 4 possible regions. The N-terminal
regions of site I and III of both proteins are homologous
for this short helical seguence while the begiﬁniné of the

C-terminal of site Il and IV are also quite similar and

offer 2 other possibilities. Some evidence suggests that the



CaM site | -N terminal

STnC site | -N terminal

CaM site 3 -N terminal

STnC site 3 -N terminal
!

CaM site 2 -C terminal
STnC site 2 -C terminal

CaM site 4 -C terminal

STnC site 4 -C terminal

6 Hhelixe‘h' 21
EEQIAEFKEAFSLFPDK

EEMIAEFKAAFDMEDA
13 28

)

80 <« helix-' 94
DSEEEIREAFRVF&(

KSEEELAECIFRIFIDR
SR

%0 104
61 '—helix —_— 16
GTIDIFPEFLTMMARKM
GTIQFEEFLVMMVRQM
68 A 83

134 '———helix—————) 148
GEVNYEEFVQMMTAK

GRIDFDEFLKMMEGYV
144 ~ 158

Fig. V.10 Homologous sequence regions of rabbit skeletal tropo-
.nin C and bovine brain calmodulin containing short
helical regions involving two aromatic side chains
separated by one turn of helix. Framed sequences re-
present possible sites of hydrophobic interaction
with the aromatic moiety of trifluoperazine. Arrows

indicate the beginning and direction of helical regions.
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N-terminal region cf site I might be the other TFP
high-affinity site. Rabbit skeletal troponin C has ten

1} -
methicnines, but upon addition of ¢ mcles of calcium,

methionine 25 1s preferentiaily labelled by the hydrophotic

~

{luorescent tag, dansylezirid:ne (Johnson et al., 1978).
This methionine 1s part cf the hydrophobic segmen: of site I’
(Fic. V.10). This result suggests that this segment is
selectively exposed 1n.the presence of calcium. The
C-terminal cf site IV 1s a less probable chcice since, the
CaM tyreosine 138 ring proton resonances are not affected by

the drug pfesence (Klevit et al., 19871; Krebs and Carafoli,

1982). It 1s thus doubtful that the drug reaches this part

.

of the molecule (Fig. V.10). The oxidation of CaM
methionines by chlorosuccinimide, 1n the presence of calcium
suggested that methionines 71, 72, 76 and possibly 109 were
exposed in the Ca’ -saturated state (Walsh et al., 1978).
This modified calmodulin showed a reduced ability to |
activate a CaM-dependent bhosphodiesterase. Klevit et al.
(1981) and Krebs & Carafoli (1982) have also observed by 'H
NMR the shifting of methionines resonances of CaM in the

presence of TFP to suggest that one of the drug binding

sites was located near these methionines and thus our
proposed site 11 region. However caution should be observed
|

in making such an assignment since Walsh et al. (1978)

i .

mentioned that the modified CaM secondary structure had been
|

!
|
\ '
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altered significantly by the chemical treatment and the loss
of regulatory activity may not be solely due td the oxi-
dation of these particular amino acids. Krebs and Carafoli
(1982) 'have also pointed out the possibility that the phenc-

thiazine might bind to cur proposed site 111 region. -

C. INTERACTION OF NEUROLEPTIC DRUGS WITH A SYNTHETIC

CALCIUM BINDING ANALOG OF RABBIT SKELETAL TROPONIN C

1. Controversy surrounding the interaction of antipsycho-

tic drugs with calmodulin

Following the discovery of a calcium binding protein
(calmodulin) which could be shown to act%yate both
cAMP-dependent phosphodiesterase (Cheung,/1970: Kakiuchi and
Yamazaki, 1970) and adenylate cyclase (Cheung et al., 1975;
Brostrom et al., 1975,1977,1978; Lynch, 1976) in a calcium-
dependent manner, Levin and Weiss (1976) demonstrated that
antipsychotic drugs inhibited the activation of CAMP phos-
phodiesterase. Later, these same authors demonstrated that
the phenothiazine antipsychotic trifluoperazine binds to
calmodulin and troponin C in the presence of calcium (Levin
and Weiss, 1977, 1978), and that several types of antipsy-
chotic drugs such as the butyrophenones, diphenylbutylpipe-

ridines, phenothiazines and thioxanthenes interact with

calmodulin to a greater extent than did other psychoactive
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drugs like the benzodiazepines, the tricyclic antidepres-
sants, barbiturates, and adrenergic‘agonists and antagonists
(Levin and Welss, 5979). sthce neurolepticaliy inacti?e phe-
nothiazine derivatives such as promethaz:ine and inactive
phenothiazine metabolites such as the phenothiazine

( :
Sulfogides did not bind to calmodulin 1in a significant
amount., Levin and Weiss concluded that the binding cf anti-
psychotics tc calmodulin may be the mechanism by which these.
drucs exert their Pharmacological activity. However, three
pieces of evidence suggest that the calmodulin bindiﬁd
hypothesis of antipsychotic drug action is guestionable.
Firstly, haloperidol, a butyrophenone, 1is a very active
antipsychotic drug but only demonstrates a weak binding t
;g@mbdulin{(Levin and Weiss, 1979). Secondly, the (+)
sterecisomer of butaclamol is the only effective trangui-
lizer when compared to the (-) isomer (Seeman, 1977) whereas
the (+) isomer was only 5-fold more active in binding to
calmodulin (Levin and Weiss, 1979). Thirdly, the geometric
1somers of the thidxanthenes have similar binding to
calmodulin (Norman et al., 1979) but differ vastly in their

éhtipsjchoticbactivity (Moller-Nielsen et al., 1973).

’

The nature of the drug interaction with calmogulin at
the molecular level remains a major question. Some authors
(Norman et al., 1979; Raess and Vincenzi, 1980; Vincenzi and

Ashelman, 1980; Roufogalis, 1980) feel that the
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antipsychotic‘ihteraction with calmodulin 1s more in
parallel with the hydrophobicity of the drugs and that t he
binding is a nonspecific hydigphobic interaction (Norman et
al., 1979; Laborte et al., 1980; Landry et al., j981;
Roufogalis, 1981). However other groups have demonstrated
that the hydrophobicity of drugs 1s not the only factor
involved in making them potent calmodulin inhibitors (Weiss

et al., 1982; Prozialeck and Weiss, 1982).

We wanted to analyse using our model phenothiazine
é}ﬂdinﬁ site if‘different classesrof neuroieptic drugs
inte écted similarly with the site. We have synthesized
‘ analggs of site IIl of rabbit skeletal troponin C and
;partiéﬁlarly a 34-residue peptide (AcA’*STnC(90-123)amide;
chapters 11 a:é II1T1) containing both the proposed trifluo-
perazine binding site and a high-affinity calcium binding
region (Reid et al., 1980,1981). The calcium binding ability.
of this 34;}esidue fragment equalled that of CBY9 and has .
proven to be a simpler model to examine tbe effect of a
variety of neuroleptic drugs on the CD-detectable

conformatior and the Ca?°-binding properties of this calcium

binding unit. N

2. Circular dichroism results

A 34-amino acid residue peptide analog of calcium

binding site I1I of tropOnin C and, by sequence homology,
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site II1 of calmodulin (Fig. V.11) has been tested for its
interaction with representatives of four different élaSSes
of neuroleptic drugs. The butyrophenones, represented by
benperidol and haloperidol cculd not induce any
CD-detectable structural change in the peptide up to a
concentration ratio of 2.3/1, drug/peptide (Fig. V.12).
Earlier investigations (Levin and Weiss, 1979; Prozialeck
and Weisg, 1962) has indicated that haloperidol did not bind
to calmodulin as strongly as the phenothiazines. Thus the
hydrophobic character of these drugs does nof.represent the

sole criteria for a drug:peptide interaction in our case.

Both of the thioxanthenes, cis- and trans-thiothixene,
inducéd a small amount of structure in the peptide and this
class was the only class tested that prevented the peptide
from responding normally to the addition of calcium, i.e.
with an increase in CD-detectable structural change (Fig.
V.12). The possibility exists that the inflexibility of the
'side chains linked to the tricyclic ring structure by a
double bond may héve some effect on the ability of the

drug- peptide complex to bind calcium.

A third class tested, the dihydroinolones, a
nonclassical group of neuroleptics represented by molindone
(Kebabian and Calne, 1979), also failed to induce structural

change in the'péptide and did not affect the subsequent
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" Fig. V.12 Effect of various classes of drugs on the circular di-

_ chroism spectrum of a synthetic peptide. Drug- and cal-

cium-induced CD spectra of the 34-residue peptide; na-
tive peptide (—), peptide + drug (""'), peptide + drug
+ calcium (---). The peptide concentration was 0.43 mM,
The chemical structures of the drugs are indicated be-
neath the corresponding spectrum. The Ko, values of the
peptide (in 1 mM drug) are indicated at the top of the
corresponding spectrum. The Kgp value of the Yeptide in
the absence of drug is equal to 2.6 x 105 M-1 [chapter
111]. The CD spectrum for peptide + calcium is identical
to the one observed for peptide + calcium + TFP. ND, not
determined.

/
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structural change 1nduced by addition of calcium (Fig.
V.12). Finally, the phenothliazines represented by
promethazine, chlorpromazine, triflueperazine and
fluphenazine induced structural change in the peptide 1n a
manner correponding to their in vitro ability te inhibit
phosphodiesterase activation by calmodulin (Leyin”and Weiss,
1979; Prozialeck and Weiss, 1982) but had n5 effect on the
Ca’ ~induced structurai change (Fig. V.12). Note that the
calcium binding constant of thié ﬁodel peptide is equal tc
‘2.6 x 10°M"' in the absence of drug (Reid et al., 1981;
chapter I111). Except for the case of the thioxanthene
lsomers, the binding or presence of these drugs did not
alter the calcium binding property of the synthetic anglog.
This observation is in agreement with proton magnetic
resonance and circular dichroism‘fesults obtained for the
binding of\trifluopéraziné to a cyanogen bromide fraément
representing site 111 of rabbit skeletal troponin C (chapter

O

V, section B).

.In light of the interaction of calmodulin with a
var;ety of peptides, proteins (Grand and Perry, 1980; Itano
et alf, 1980; Malencik and Anderson, 1982;
Sellinger-Barnette and Wei@s, 1882) and structurally related
antipsychotics bLevin and'Weiss, 1979; Prozialeck and Weiss,

1982), it was concluded that alLIthg§e strﬂ?iqus share in

common a hydroapébic and a positively charged domain (Weiss
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et al., 1982; Prozialeck and Welss, 1982). The analysis of
the trifluoperazine binding site of site 111 of rabbit
skeletal troponin C reveals that complementary hydrophobic
and negatively charged centers exist and are optimally
positioned when calcium induces the formation of an
a-helical arrangement in the N-terminal region of the

peptide.

Differences in ellipticity induced by phenothiazines on
the model peptide can be ratibnalized in terms of the
distance separating the positively charged domain and the
aromatic moiety of the drug, as postulated recently
(Prozialeck and Weiss, 1982; chapter V, fi1g. V.9). For
instance, the positive charge on.trifluoperazine can be
associated with either of the nitrogens of the piperazine
ring thus placing the charge at a distance of 4 té 7
bondlengths from the“aromatic center. The same holds true
for fluphenazine, but in the case of_chlorpromaiine and

promethazine, 4 and 3 bondlengths respectively separate the

two centers.

In conclusion(*this section has pointed out the
selectivity'of a 34-residue synthetic peptide representing
site III of rabbit skeletal troponin C for a particular
class of neuroléptics and indicated its potential use as a

phenothiazine selective binding region.
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D. SUMMARY
|

Triflu%perazine (TFP) was shown to interact with the
cyanogen brom:ide fragment CBS% (residues 84-135) cf rabbit
skeletal troponin C and with a synthetic peptide repre-
senting the N-terminal region of CB9. The phenothiazine did
not affect the calcium ﬁindinq pfoperty of CBY9 as observed
by proton magnetic resonance and circular dichrogsm spectro-
scopy. The calculated calcium binding con?tants for €B9 1n
the presence and absence of trifluoperazine, were identical
(Kca =1.3 x 10°M""). Localization of the trifluoperazine
binding site was achieved by analysing thé '"H NMR spectrum
of CBY9 and of a synthetic fragment corresponding to residues
90-104 of CB9. Qrug-induced shifting and broadening of the
ring protons‘of phenylalanine residues and the methyl

. \
resonaﬁceé of alanine, leucine and isoleucine residues,
| NN I .

suggest that the segment 95 to 102 is in cloSe proximity to
the ‘phenothiazine aromatic region. The neighboring negative
side chains in the peptide sequence also suyggest that the
single pdg%tive charge presené on the pilperazine nitrogens
of trifluoperazine may interact with them and sterically

s

block a region of interaction of calmodulin (CaM) and
troponin C (TnC) with modulated proteins such as phospho-
diesterase. Primary sequence analysis of CaM and ﬁroponin C

reveals that a homologous hydrophobic region to site 111 is

-
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also found in the N-terminal region of site I of both
calcirum bindiné‘proteins. Bind;ng of TFP to CBY occurs 1n
both the presence and absence of calcium since the hydro-
phobic region in these small fragments is completely

accessible to TFP whether calcium-1s present or not. The

P

dissociation constant of the drug to apo-CB9 (8 uM ) was
obtained by elliptiéity measurements at 222 nm and was

3
comparable to the 5 UM value obtained by Levin-and Weiss

(1978) for calcium-saturated rabbit skeletal troponin C.

A synthegic peptide representing site 111 of rabbit
skeletal troponin C (90-123) and by homology, site III1 of
calmodulin (80-113), was te%}ed for its ability to interact
with representatives of four different classes of
neuroleptic drugs. The effects of nine drugs examined on the
CD spectra of the model peptide, couldngenerally be divided
into three groups. The first group consisting of

¢
representatives of the butyrophenone neuroleptic,

1

haloperidol and benperidol, as well as the dihydréinolone,

molindone and the phenothiazine antihistamine, promethazine,

*~ &.hHad no effect on the CD spectrum or calcium sensitivity of

[9

-

+7
“bg‘

T~

LN

W

-
vae

2 |

+he apopeptide. The second group, composed of the
.s;ructurally rigid thioxanthenes represented by cis- and
trans-thiothixene, induced\CD-detectable structural change
in the apopeptidelbut péevented Cé"-induced structural

change. The third group, consisting of the phenothiazines,

\
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chlorpromazine, trifluoperazine and fluphenazine, induced
structural change in the peptide in a manner Eorresponding
to their in vitro abiiity to 1nhibit phosphodiesterase
activation by caldeulin but had no effect on the

Ca? -induced structural change. It thus appears that the
trifluoperazine binding site lpcated in the N;terminal
region of site 111 of rabbit skeletal troponin C
demonstrates some structural selectivity;%or a particular
class of neuroleptic drugs. Finally, this peptide may prove

useful as a phenothiazine selective binding region.

ix
‘3



CHAPTER VI

COMMENTS ON THE STRUCTURE AND FUNCTION OF EF HANDS AND

EXPERIMENTAL APPROACHES TO ACHIEVE A BETTER UNDERSTANDING OF

THEIR DESIGN.

A. PRIMARY SEQUENCE ANALYSIS AND FOLDING BEHAVIOR OF EF
HANDS IN RELATION TO THE MECHANISM OF ACTION OF TROPONIN (

AND CALMODULIN.

1The EF hand represents the major building block of key
modulator proteins such as troponiﬁ C and calmodulin. When
calcium binds to the EF hands of these proteins, 1t induces
changes in the secondary and tertiary structurelgf TnC and
CaM. These changes 1n turn, result in the formation and
" exposure of hydrophobic surfaces that are in close proximity

or represent binding regions to targét proteins such as

troponin I &nd phoiphodiesterase.
s

The functional role of an EF hand is dependent on its
primary sequence whicﬁ encodes for elements of Sécondary
structure. Fof example, the secondary stgucture analysis of
various EF hand containing proteins has indicéted that
helimal regions are present on both sides of the calcium

biod&ng loop, that the C-terminal a-helical ‘region is

.initiated in the loop region and that a B-turn region

249
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separates both helical segments (Argos, 1977). The B-turn
probability 1s particularly high for the first four residues
(*X,*Y region) of the loop (Vogt et al., 1972). These
results agree with the folding pattern of EF hands as
observed 1n the crystal structures of carp parvelbumin
(Kretsinger and Nockolds, 1973; Fig. 1.14) and bovine iCBP
(Szebeny1 et al., 1981; Fig. 1.15). One should thus examine
the possible features of EF hands that could describe the

mechanism of action of these calcium binding proteins.

1. Generatlon of an average EF hand sequence

The primary sequence of 30 different EF sites,
exemplifying the six families of EF hand containing
proteins, werevaligned in order to trace common features to
all EF sites (Fig. VI.1). Note that all sequences listed
represent? EF hand sites that bind calcium including 4
sequences containing double amino acid insértion sites
(Isobe and Okuyamé, 1978, 1981; Hofmann et al., 1979;
Fullmer and Wasserman, 1981; Shelling et al/., 1983; Mani ét
al., 1983). A general seguence pattern’emerges from our
a&alysis when one tabulates the type and frequency of amino
acid at each position‘of the EF hand (Table VI-1). Note that
the amino acids.werg grouped by order of polarity (Grantham,

1974; Go and Miyazawa, 1980). We did not include in our

tabulation, the inserted residues present in the S-100 &nd



++N-Helix++++

IAEFKAAFDMF #
KEELDAI IEEV*
EEELAECFRIF#*
DEEIESLMKDG*
PEELQEMIDEV#
EEELSDLFRMF #
EDDIEELMKDG#
IAEFKEAFSLF*
EAELQDMINEV#
EEEIREAFRVF#
DEEVDEMIREA#*
IAEFKEAFSLF*
EAELQDMINEV#
EEEL1EAFKVF %
DEEVDEMIREA#
ADAVDKVMKEL*
QEVVDKVMETL#*
ADDVKKAFAII%
DGETKTFLKAG*
TEDVKKVFHIL#*
VKETKTLMAAG#*
PRTLDDLFQEL#*
PSTLDELFEEL#*
IQEFKEAFTVI *
1QEFKEAFNMI *
IQEMKEAFSMI %
é

+§++Loop+++++

+4+4C-

XY Z-¥Y -X -Z
DADGGGD» I SVKE
DEDGSGT = 1DFEE
DRNADGY » [ DAEE
DKNNDGR » 1 DF DE
DEDGSGT »VDF DE
DKNADGY » IDLEE
DKNNDGR» 1DYDE
DKDGOGT » I T TKE
DADGNGT » [ DF PE
DKDGNGY » [ SAAE
NIDGDGQ*VNYEE
DKDGDGT » I TTKE
DADGOGT » ] DF PE
DRDGOGL » I T AAE
DIDGDGH* INYEE
DEDGDGE »VDF QF
DSDGDGE » CDF QE
DQDKSGF » [ EEDE
DSDGDGK * 1 GVDE
DKDKSGF » IEFEE
DKDGDGK » IGADE
DKNGDGE »VSFEE
DKNGDGE +VSFEE
DQNRNGI * IDKED
DQNRDGF * 1DKED
DVDRDGF *VSKDD

Double insertion sites

METLINVFHAHS
VVALIDVFHQYS
PAELKSIFEKYA

GKEGDKYKL SKKE
GREGDKHKLKKSE
AKEGDPNQLSKEE

PRELKGIFEKYA AKEGDPNQLSKEE

Helix+++

LGTVMRML
FLVMMVRQ
LXEJFRAS
FLKMMEGV
FLVMMVRC
LK IMLQAT
FLEFMKGV
LGTVMRSL
FLTMMARK
LRHVMTNL
FVQOMMTAK
LGTVMRSL
FLSLMARK
LRHVMTNL
FVRMMAK

YVVLVAAL
FMAFVAMI
LKLFLQNF
FTALVKA

LGFILKGF
FSTLVSES
FQVLVKKI
FQVLVKKI
LRDTFAAM
LHDMLASM
IKAISEQL

LKELLQTE
LKEL INNE
LKQLIQAE
LKLLLQTE

»

1
Il
111
1v
11
111
1V
1
11
IT1
Iv
1
11
111
Iv
11
11
11
111
Il
111
Il
11
1

1

I

Lo B B I

RSTnC
RSTnC
RSTnC
RSTnC
BCTnC
BCTnC
BCTnC
BBCalm
BBCalm
BBCalm
BBCalm
TCalm
TCalm
TCalm
TCalm
S$-100a
S-100b
Cparv
Cparv
Rparv
Rparv
PICBP
BICBP
DTNB
CGRLC

SRLC

S-100a
S-100b
PICBP
BICBP

51
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1

.1 Primary sequence of thirty EF hands that bind cal-

cium. Abbreviations: RSTnC, rabbit skeletal tropo-
nin C [Collins - ¢ 7. 19777; BCTnC, bovine cardiac
troponin C [van terd and Takahashi, 1975]); BBCalm,
bovine brain calmodulin [Watterson .: =.. 19807,
TCalm, tetrahymena calmodulin (Yazawa - ¢ 2 . , 1981];
$-100a and S-100b, -« and & subunits of bovine brain
$-100 proteins [lsobe and Okuyama, 1978, 1981];
Cparv, carp parvalbumin [Coffee and Bradshaw, 1973];
Rparv, rabbit parvalbumin [Enfield . 2., 1975];
PICBP, porcine intestifdl calcium binding protein
(Hofmann . : ai. , 1979); BICBP, bovine intestinal
calcium binding protein [Fullmer and Wasserman,
19817; DTNB, rabbit skeletal DTNB 1ight chain
[Collins, 1976]; CGRLC, chicken gizzard regulatory
light chain [Jakes et al. , 1976]; SRLC, scallop
requlatory light chain [Jakes et al. , 197615 F,
insertion site. The italicized portion of the se-
quence denotes the calcium binding loop region

where X,Y,Z,-Y,-X, and -Z represent the calcium
coordinating positions of the loop. The roman
numerals indicate which of the native protein

EF -hand sites are listed.
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ICBP sequences. The average amino acid seguence deduced from

]

this sequence analysis is listed in Fig. VI.2a. L7

2. Composition of the calcium binding loop

The primary seguence of a calcium binding loop (twelve
residues) reflects more than just a series of ligands and
side chains designed to maximize the binding of calcium

ions. The segment Asp,P,Asx,Gly,Asx,Gly where P is a
A :

positive side chain, represents the most conserved sequence

%

of the EF hand site.and 1s predic;ed to be a stroﬁg Bfturn
-forming region (Chou and Fasman, 1978;:Cid ét al., 1983).
The side,chains of aspartic acid and/or asparagine residues
represenﬁ calcium coordinating ligands at positions +X, +Y,

and +Z (Figq. Vi.2a). In view of the facf’that glutamic acid

o

residues rarely occur in B—turn—structuré&;ﬁ%gou<and Fasman,
: . . Ao

1974b, 1978).and are only present in this r&Jion of the EF
‘ A

hand in the case of distorted&F sites (site I of $-100a,b
and ICBP's), one can conclude that . other structural
: . ,

.requirements besides the type of calcium ligand must be met
- . v

In order to generate a*functional EF hand. This B-turn

region is shown in Fig. VI.2b as part of a model EF hand.
: . | B -
The average sequence pattern in this part of the :
hand also points out the presence of conserved glyéine‘
residues which probably play an important role in the

9

L
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Fig. VI.2 Primary sequence and folding pattern of LF hands.
(A) Average sequence of an EF hand..The dotted
lines denote regions.of pseudo sequence homolo-
gy. The coordinating residues in the sequence
occupy positions X,Y,Z,-Y,-X, and -Z. ,

(B) Representation of a model EF hand along its
a-carbon backbone [Adapted from Kretsinger, 1977].
(C) Location of hydrophobic and charged domains
in the helical regions of EF hands. Abbreviations:
BH, bulky hydrophobic residue; N, negatively char-
ged residue; P, positively charged residue; Ni, non

_ionic residue; ?, weakly conserved residue; Asp,
aspartic acid; Asx, aspartic acid or asparagine;
Gly, glycine; o represents a calcium binding Toop
residue while e is a residue located in the heli-

cal regions. :

I
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construction of the B-turn segment (position 4) and
‘represent an essential residue (position 6) that allows the
pept{de backbone to undergo a large change in direction in
this part of the EF loop (Kretsﬁngef, 1980) and permits the
proper folding of ligands arou;d the metal (chapter 1V). |
Noticeable exceptions again include the distorted site 1 of
S$-100a,b and ICBP'§, and the defunct sites 11 and 111 of

rabbit skeletal muscle alkali light chains (Frank and Weeds,

1974; Barker et al., 1978).

Position 8 and to a lesser extent, position 10 of the
EF loop region are conserved hydrophobic sites that offer a
.hatural extension tof§fhe hydrophobic region of the |
C-terminal a-helical region (Fig. VI.2c). Their presence in
association with the C- and N-terﬁinal hydrophobic surfaces
may aid toward the dehydration of the calcium-ion
inﬁer-sphere complex and suggest a global involvement of the
EF site in a metal dehydration process. This explanation
abpears more pléusible than ghe'dehydration mechanism
proposed by Reid and Hodges (1980) which only 1nvolves the
: reS1dues at p051t10ns 7 (least conserved site of the loop)

and 10 of the EF loop.
¥

The omnipresence of a glutamic acid at position -2
(Table VI-1) may well be linked tq its frequent occurrence

in a-heliceé (Pa, 1.53;istrong“a—former;.Cﬁou and Fasman,

/.
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1978) as compared to aspartic acid (Pa, 0.98; a-helix
indifferent). In addition, the side chain length at this
position (-Z) may represent a critical factor in the ability

of calcium to induce part of the C-terminal helix.

3. Composition of the C- and N-terminal regions

Anotﬁer striking feéture from this analysis 1is the
o e

internal»sequence homolbgy between the N- and C-terminal
a-helical fegions (Fig. VI1.2a; dotted line regions).
Kretsinger (1977, 1979) pointed out the presence of"m
regularly spaced hydrophobes in the helical reg{gns of EF
‘hands. The internal sequence homology is best emphasized 1n
the case of site III of rabbit skeletal troponin C where the
homologo;s segments EELAECFR and EELAE}FR are present on
opposfte sides of the d%lcium binding loop (Fig. VI.1). .From
the average éequence, we notice that these pseudo-homologous
regions are composed of an ordered array pf charged and
hydréphobﬁc residues. ‘Considering the a-helical nature of
these two regibns, one realizes that the spécing of the
hydréphobes will place these side ?Faa

ins on the same side of

the helix, creating'hydrophobic surfaces on both sides of

v

the calcium binding loop. A similar observation can be made

o

C

kﬁor charged residues in the N-terminal regh&P of the EF
hand. Figure 2C depicts the position of hydrophobic and

charged surfaces on a model EF'hand domain. Kanehisa and
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s

Tsong (1980)‘pointed out the frequent oécurrence of this
feature in globular proteins. They condu;ted a study on the
secondary structure of 47 globular proteins which indicated
that helices are generally found nearer to the surface of
proteins and tend to have hydrophobic and hydrophilic:
surfaces on opposite sides of their helices és a result of

.an alternating sequence of hydrophobic and charged residues.

Our group hd's demonstrated using synthetic peptide
~analogs of site IIl of fabbif skeletaJ troponin C that the
formation of a calciuh:peptide complex 1s concomitant with
the induction of -helices in parts of these regions and that
thé presence of a—hélices prior to calcium binding‘(presehce
of trifluoroethanol) enhances the affinity of the Si&e for
calcium (chapter II11). The removal of theseﬁhelica;!regions
however leads to a large decrease in the aﬁ?lity of‘ghe-

resulting EF hand site to interact with calcium.

In summary, the primary gequence of a protein

represents a degenggat q@de,ﬁg relation to its ability to
~ T oy & ’
il . Y e ) . ¢

code for elements of setbﬁdary'gtructure. This'statement

N

implies’ that a moderately substituted sequence as in the

case of EF hands, can still-retain its basic structural

-~
~—

properties and folding pattern. In‘adait@on,uaithough all EF
‘ } ‘ [

hands possess potential hydrophobic and charged;domains,

their formation and exposure remains a.function of calcium



concentration and of the tertiary structure of the protein.

&

q. importance of the EF hand structure lﬂ the function f

-

calcium binding proteins

4
2

It has recently‘becomé clear, that the mechanism of.
action of calmodulin correlates with the:calcium-i1nduced
exposure of hydrophobic patches on 1ts surface (Lf?orte et
al ., 19804;}4 Tanaka §hd Hidaka, 1980, 1981; Johnson, 1983).
The.presence in solution of various aromatic ligands such as
antips?giotic dfugs (Levin and Weiss, 1977, 1978,,1979;
Procialeck- and Weiss, 1982) and W compounds (Hidaka et al.,
1978) effectively 1nhibits the i1nteraction of this 6odblator
protein with ta}get enzymes. The localization of a

‘phenothiazine binding site 1in the N-terminal region of site

~—

111 of rabbit skeletal troponin C (chapter V) and probably

AR

bovine brain calmodulin (Head et al., 1982) Tindicates that
target proteins may retognize a helical arrangement of
hydrophobic abd negatively charged side chains (chapter V).
It was demonstrated using a W-7-toupled Sepharose column or

a phehothiazine—Sepharqse conjugate, that hydrophobit :

regions on rabbit skeletal troponin C and bovine brain S$-100
proteins are also exposed in the presence of calcium (Endo
et al., 1981; Marshak et al., 1981). It?§h0u1d'be noted .that

tarp parvalbumin and chicken ICBP failed to ingeract with

the phenothiazine-bound matrix, in the presence of calcium
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(ﬁ%rshak et al., 1981).

‘Q?e sequence of these two calmodulins
£ s ' N .

Finally, spectroscopic studies on rabbit skeletal

troponin C and 1ts fragments (Leavis et al., 1978; Nagy et
al., 1978; Nagy and Gergely, 1979; Levine et al., 1977;
Evans et él., 1978; Johnson et él.,A1978; Cérew et al.,

1880) Have’indicated that the binding of calcium to the
calcium Speci}ic sites of troponin C (rggulatory sites)
results in changes in the tertiary structure of the protein
and the exposure of hydrophobic site(s) but, has little
effect on the secondary structure of the prqtein. These
régulatory sites é}obably possess some partly. formed helices
(Leavis et al., 1978; Nagy and Gergely, 1979; Reid et al.,.
1981) having their hydrophobic surfaces buried and it is the
binding of calcium to these Ca?"-binding sites that locally
exposes the hydrophobic and charged domains. Similar
conclusions can be drawn for calmodulin (Klee} 1977; LaPorte
et al., 1980;.Tanaka and Hidaka, 1980, 1981; Drabikowski et

al., 1982; Johnson, 19835L The extent of exposure of these “
hydréphobic qi;es varies, as exémpiified by the rgduced
exposure qﬁgtheihydrophobic’domaiﬁ(s) of'TétPahymenq.‘
calmodulin‘in 6ompérison_to bovine.bréin calmodulin (Inagaki

et al., 1983). -One should note that foné of the 11
. . ]

~$1,Jbstitutions observed (Yazawa et al., 1981) whep comparing

results in the loss of

4
. .

‘hydrophobic residues. However, these two calmodulins are

»
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equally able to activate enzymes such as adenylate cyclase,
NAD and myosin light chain kinases, but differ in their
‘ability to modulate phosphodiesterase and guanylate cyclase

(Kudo et al., 1982). A similar conclusion can be made when

one compares the ability of troponin C to substitute for
calmodulin in.activating phosphodiesterase (Potter et al.,

1977). Thus, the action of.éqléium on these EF hand’

s

containing proteins 1s not limited to the induction of
a~helical regions and the formation of hydrophobic and

: %
charged surfaces but lies also in its abilitp to properly

-

expose these sites.’
L

5. Conclusions on the mode of action of EF hand containing

proteins -

3

3

/

In conclusion, we propose that

¢ ‘
a) The primary seguence of EF hands codes for elements of
| .

secondary stfucture such as.C- aéd N-terminal helical
regions flanking‘a B-turn segment. The calcium bindihg.loop
épans over the B-turn and the beginning of the C-terminal
helix and is composed of an arrangement of.properly”
positioned calcium bindiga ligands. The célcium biﬁdihg
‘affinity of an EF hand however remains largely a function of

the teftiary structure it adopts as part of a protein.

0
\

b) 'EF hands pdSsess homologous hydrophobic doﬁains flahking
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both sioes of their calcium binding loop. In the presence of
calcfuﬁ, parts of the C- and N—tefminal regions of an
isolated EF hand adopt an avhelical arrangement thus
optimizing the geometry of'fﬁeir hydtophobic and charged

domains.

c¢) In the case of EF hand contalning proteins, these N- ang’

-«

C-terminal a-helical regions may be preformed in the absence

of calcium. These regions are differene&ally exposed in the

. presence o} calcium so that proteins such-as: parvalbumin and
1CBP do not expoee these sites upon calcium binding while

X
troponin C and S-100 protein only partly expose these
domains in comparison to calmodulin. 3 b

;"Y-'ﬁ |-
‘ : : ‘ fie :
e) The degree of exposure of these hydrophobit and charged
’
domalns may explaln ‘the seiectxve afflnlty of Tetrahymena\
calmodulin for guanylate cyclase, bov1ne braxn calmodulln/

for braln phosphodiesterase, and troponin C for troponln/l.

6. Origins gﬁlthe ancestral EF hend gene ?

The”examinetioq of double insertionfib ﬂégees (F'g;
VIf13‘reveals.that these insertions are poeitioned af/the
‘beginning and at the'end of the B-turn regionu»Thieféuggests
that a bNA segment'coding for this regioh ‘would have been 20 .

to 30 nucleotxdes. In addltlon the sequence homology

between the C- and N- terminal reg1ons 1nd1cates that both |

3 . !
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regions could have been coded for by the same DNA fragment/
(- 30 nucleotides). Based on these two prémiseS‘ one cén

r
speculatewthat the*ancestrad EF hand gene probably arose
from the dupllcat1on of a 730- nucleot1de fragment codxng for

»
an a-helical domain (Fig. VI.3a). The insertion of a

A=

-30-base segment coding for the B-turn region of the EF
hand, may then have followed this iéitial dublication step.
Alternatlvely, the 1n1t1al fragment may have coded for a
~60-base fgng Ioop~helix doma1n (Flg VI.3b). Following_an
1n1t1a1 duplication step, the resulglng nucledtlde sequen
evolved through a parfial seqﬁgnce deletion thFhe'ancestraﬂ
| EF hand gene sequence. Although one ipfuitive%y‘imagines the
ancestral EF hand gene has“coding for an helix-loob-helfx
domain, the ~120-base long intermediate (Fig. VI.3b) of
schéme B, may represent the real ancestral gene. TheiS' 'end
of this intermediate sequence would providé a rationale for
the coding of spacer regions between EF hand domains. Argos
(1977) noticed the strong B-turn character of these Spacer
sequences. The crystal st)uctures of carp parvalbumin

" (Kretsinger and Nockolds, 1973) and bovine ICBP (Szebenyi et

al., 1981) clearly indicate the presence of a turn region >

between their respective EF. hands. -

@

B. FUTURE DIRECTION OF THE PROJECT . <~>9a

1. Technical problems
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The major Obstaclesbin‘studying‘the Structure and
‘function of EF hands have been'technical ones. Por example,
the uncerta1nt1es surrounding b1nd1ng constant values
measured hy CD, fluorescence and NMR technlques are often,
large in the case of low affinity-calcium_bindinq ;ites (153
to 10‘M"f. Thus..any conclusions ?elative to the effect of
amino acid substitutions on the observedﬂmetal—binding :
constant of a site, uill remain speculative unless the
anaiogsAinveetigated vary.signfficantly‘in their ability to

/

bind calcium (10 fold difference for example). Attenpts to

lenghten the peptide to 30-35 amino acids, will improye

dramatically the calcium binding affinity of a site (chapter.

I11) but represent a difficult synthetic,task, eSpeciallyxif

several peptidetanalogs are to’ be synthesized.

In view of the strong b1nd1ng of Ianthanides to a°
13+residue9long analog of a calcxum binding loop (chapter
IV), the use 5; lanthanides as calc1umﬂanalogs may prove to
be an'excellent approach for the study ofiliganq
requirements at the 1eve1‘of the EF loop. However, we have
observed variations in the folding pattern>of our moael*
. péptide around dlfferen% lanthan1des such as lutetlum and
lanthanum (chapter IV) One should thus. pursue the

eluc1dat1on of the structure of the lanthanlde peptzde

complex in sotut1on before_pursulngathevsynthe51s of other

analogs. The study of individual loop regions could Yead to -

“ A
s

- @
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artifactual ?esults due to the absence_of;a*nelical regions.
Finally(/the titration of our‘peptides'with‘lanthanides'such ,
as terbium and ytterbium, leads to.an excessive brcadening‘
of the prcton'resonances (unpublished results) Thls factor

. limits the usefulne of several lanthanxdes, when used in

- conjunction with nuclear\magnetlc.resonance teghnigues.
" . ‘ ‘ . . . o\" -

°

2.  Key guestions to answer { ' e

-
.
\

Atteﬁpts to solve the solutipn structure of our short
lanthanlde pept1de complex should be pursu;d however, the -
analy51s presented in the {1rst part of this chapter
1nd1cates that one should try to answer questxons relating

to the overall secondary structure of the EF 51te. Thxs

. 3

1mpl1es the synthe51s of longer analogs (30 to 35 re51dues)
~Although there exits an_endless. array of sequence
permutations, our strategy should be to' make anangs hav1ng

altered helical doma;ns or an altered B-turn regxon.
’ QUES"I‘IONS'

a. Dee: tne‘binding of calclum induce the‘feruatien of

an helical segment in the Ceterminal region of the EF hand ;~

b. What i the 1nportance of the C-ternxnal regxon, in
relatxon to the calcxum bxndxng atfznxty of the sxte ?

.o ]
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S1nce the staztxng p01nt of the C- termlnal a-hel1cal

_ reglon xs at- p051t10n 10 of the ca1c1um b1nd1ng loop, one

»

-needs to synthesxze EF ‘hand analogs ’lackmg part’ of the

¢

Cc- termxngl helix (beyond the -Z coord1nate) to verify: these

r T ‘
gssues. Another approach would be to synthi:1ze a peptldev

~ @

conta1n1ng hel1x break1ng reSxdues such as glycxne, prol1ne,

,ftyros1ne or asparagxne. Note that. a s1ngle res1due o nQT
1 \ é ’ N

substztutlon may not beysuffzcsent to break a fold1ng
'patte;n as observed 1n .the case of a prol1ne substxtvt1on in.
s1te 11 of calmodul1n (Fxg VI 1) F;Qolly, such ; ‘ |

subst1tut10n(s) should be. méde beyond the .-2 coord1nate to
_ avo1& art1facts from perturbxng the calc1um b1nd1ng loop

i B ) 5 R . ot
- .o . . .

region. (
' ®

c. Does the presence of. hydrophob:c and charged

surfaces on the helzcel regions represent perts of

recognxtxon sltes for target proteihs or £or other parts of

the protexn or,,are these regxons 1nvolred in the calcxum

pb1ndxng process or both ?

Analogs where hydrophobes end charged res;dues are
?substxtuted by a small strong a~he11x form1ng am;no aczd

,such as: alen1ne, should be 1n£ormet1ve sxnce the helxcal

b avwea

nature of these reg1ons would be me1nte1ned but not the l;f=f‘f*

«hydrophoblc or. cherged domaxns..'i“';lur‘f,}j??~~*

K
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d. What'is.thebipportanee‘oé‘ehe p-turn region ?

K
) . o : -~

. M Fxgure VI 1 lzsts EF hand sequences where two

: g -
”_addit1onal resxdues have been 1nse5§ed in the highly

conserved B turn reglon of the1r calc1um ‘binding loop.
\

Although these sxtes retaxn the1r ab111ty to b1nd ca1c1um,
}5the geometry of the p turn generated 1; dlfferent from the
~one observed 1n the carp parvalbumzn modell(gzebenyl et al.,
1981' Fig. I. 15) An‘ analog of szte 1 of bovine 1ntest1nal
brcalc1um bxnd1ng protein may red@%sent an 1nterest1ng model
L peptzde to study thxs aspect of the EF .hand 51nce th1s site
.71s known to bind calcxum strongly (10 M- ‘) Alternat1ve1y, .
'one may work w1th analogs of s1te 111 of rabbit skeletal kN
',tropohrn C and attempt to subst1tute one or more weak 18- turn
»-formers in this reglon wlthout remov1ng~or addxng any 1on1c
‘,11gands.41nd1v1dua1 and s1multaneous substxtut1ons at
p051txon 2 (Arg dé @pu) and +Y (Asn to Gln) of the loop
:_reg1on,'shou1d prove suff1c1ent to dxsrupt the turn'regxonrb
) ‘The conserved glycxne resxdue at posztlon 6 appears tosbe
lfocr1t1ca1 for the turn ‘to hel;x tran51txon, althoughfitss'
;tpresence may also be a functxon of its’ proxxm:ty todthe P
?niN termznal hel;x. Its substztutxon by alan1ne (good he11x}_
former) or leuczne (bulky s1de cha1n-'good hel1x former) may

Vﬁ:»~Provide some 1nformatton about 1ts 1mp0rtl"¢e 1“ the f°1dlng

behavxor of the EE hand.v
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e. How.to'study‘protein:peptide interaotions invqi:ing -
‘the helical domains of EF hands ?

‘Attempfs to answer questions relating to the
.1nteréﬁtlon of the hellcal reglons of EF hand 51tes w1th
"target prote1ns have faced several techn1cal problems often
11nhqd to the relative weakness of the 1nteract1on 1nvolved.1
One should brxefly revise the strategy used 1n the study of

- : - . .

such 1nteract10ns.

o Firstly, the}seguence of site iIIﬁot;rabbit'skeletalﬂ
'troooninbc uas.our initial choicegas ainodel s{te._Howeuer,
;Siteshl andllll of,bovine brain calnghulin~otter_a:s{milar;
' sequence and.nrobahly'possess a binding"domain'to a vider
varlety of- peptzdes $nd protelns (1nc1ud1ng Tnl) as |
H1ndxcated recently by Malenc1k and Anderson (1982)
Synthes1s of calmodulxn analogs may prove necessary 1f one

<

: wzshes to pursue such 1nteractlon studles.

o

Secondly, the weakness of these 1nteract10ns makes
zltechnxques such as. gel £11tratxon and urea PAGE, .inadequate.
One should use rad1oact1ve1y fabelled peptxdes . f f_;;'"
“Wﬂ(I"'—1od1nat1on of a tyroszne reszdue for example) and
.Hntechniques such as PAGE in non-denaturing condxtxons or
“ aff1n1ty chromatography usxng a target prote1n 11pkea to a

i fsepharose matrxx. Alternatxvely, the iabelled peptlde may be :

. . VL .
\_: v ‘
T E ' v R
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left to interact in the presence of calgium, with the matrix
~

of a fluphenaz1ne bound Sepharose column (Head et al.

«
~ f

1982). Followlng thlS stepp a target prote1n wOuld be loaded

on‘the column and’would then compete with the phenoth1azxne
}‘ [ i . .

‘matrix for the.drubobinding site on the labelled peptide.
Note that natural fragments of calﬁodulin could be used for

this work.

L

o

: Attempts'should also be made to prepare a calmodulin

.aff1n1ty column. Then chem1cal hnd enzymat;c fragments of
tropon1n I, myelln bas1c proteln, hlstone HZB or the 8 \\
‘subunit of phosphorylase k;nase should be tested for t
ability to 1nteract with calmodul1n\in the presence of}
Hcalciu@, since all theée proteins share a partial sequence
homology (Malencik and Anderson, 1982}, s
\

The essehtial goa _”L/fhls vwork would be to locate the ’
81te of 1nteract1on of these target protexns on calmodu11n |
and tropon1n C and to prove ‘that the term1nal hel;cal |

regxons of these EF hands are dxrectly 1nvolved 1n\the ?

'5 mechan1sm of act1on of EF hand containing protezns. Analogs

of calmodfx1n EF hands lackzng hydrophobic and negatxvely
° J;,
charged domaxns should confirm this hypothes1s// -
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‘ APPE'ND?J’(

\
When a diamagnetic lanthanide sqch as lanthanum or
lutetium is bound to a peptide, it maf alter the relaxation

times T.*and T, of nuci®i in fthe peptide. 1f the
paramagnetlc lanthanide gadolinium is used in the place ofﬂ
‘La®* or Lu’", ther& will be an add1t1onal large contr1butlon'
to the relaxation rates from the unpaired 4f electrons on
.the metal jon.. It is this difference in relaxation rates

between La’* and Gd*' for nuclei ‘in the metal peptide

complex that we wish to extract and analyse in terms of the

/ . i J

geometry, of the complex.

-

The Solomon-Bloembergen equations (Solomon,‘1955ﬁ
Bloembergen, 1957) relate the'observed{increase in
relaxation rates of a nucleus in the metal: pept1de complex ,
caused by the unpalred electrons on gadol1n1um to the

‘ glstance between the nucleus and the metal.

1= 2y'=p=§L=J(J+1)'F 3T+ 1% [+
T.m 15 P (1w, %) (1 2 )
- ..l S ¢ .
+ 23(3+1) (A/m)*) T, . )
‘ 3 " (1 wa,_Téb)"'
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1_‘=' y2B2q2J(J+1) 4TC + 31, O+ 13T,‘.'“ , - (2)
Taum 15 re (1) (1 vugitg)
' S+ Jea+1) (A/h)E ) T 4 Te
/ o 3 o (1 $wgT?) -

L

where the symbols in these equatlons are defined'as follows:
wy - and u@ are the nuclear and electronlc Larmor prece551on
frequencies; g, the Lande g- factor- A/h, the scalar |
electron-nuclear hyperfine 1ntera¢tion constant; J , the
total angular momentum for the Gd** ion (7/2): B, the Bohr
magneton; y , the'nuclear magnetogyric ratio;‘n,'the metal
‘to nucleus distance;1b andT'e , the“eorrelation timesofor‘
the dipolar interaction and the eOntact interaction,»

respectively.
.k -
‘Two s1mp11f1cat1ons reduce the apparent complex1ty of

-

these two expre551on5°' |
1) The term mS is greater than wy s1nce the electronlc

magnetlc moment is 6 54 t1mes larger than that of the proton.
.2) The scalar terma in both expre551ons are assumed

ﬁ1n51gn1f1cant as demonstrated by temperature varzatlon

.stud1es (Bernhe1m et al.,.1959 Dwek et a7., 1971- Reuben et
a’." 1971) | | .‘ » ‘ 44 ’ .» i | " “-_, V{



"

The quantity [y?Bg?J(J+1)]/15 has a value of 2.583 x
-, ' $

10'7s" 2R (M7rinetti et al., 1976), so that the two

expressions can ngw be rewritten in terms of only two

unknowns, Te and r

1 = 5.166 x 10'° | 3 . | (3)
M C
T.m : re 1+ 3 ?)
. : o I,
. . ' - : . , ‘ : ) . )
1 g 2583 X' 10 drt_35 . - (4)
T.m ’f‘ | ' | (1 *wlzrc')

vand«thghratio of the relaxation times is given by the

ekpression
Tmo= 7+ 4y ©(5)
T.m 6 6 .

.Given that thé‘quantities T.m énd»Tgm‘can be obtained
for a;selehted number of proton resonances from gadolinium
rélaxhtiOn experiments, ohe’can detefmine ﬁhe correlation
time Tc of the dfbolar 1nteract10n from equat1on (5). This
]ilater value can then be used to solve equatlbns (3) or (4Y

'for ‘the metal to proton dlstance 1nvolved for each nucleus

studled.

The quant1t1es 1/T.m and 1/T;m are obtaxned in th1s
‘ .case under the assumpt1on that ‘the metal blndlng to: the

- peptlde is 1n the NMR fast-exchange 11m1t. In th1s l1m1t

1 e
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the relaxation rate 1/T,, for example, for peptide nuclei in

R

the La’*:péptide solution is given by

1 (La®c) = [P} + [PM] N - (6)

) T: Porzp Poszm

where T,p and T.pp” are the spin-spin relaxation times for
’ the free peptlde and the d1amagnet1c metal ion peptlde
complex, respectzvely ‘ ; _

~

In the presence.of a very small ‘amount of gadolinium -
'such that the fractlonal saturatlon of the peptlde is
unchanged, ‘and with’ the add1t10nal assumptlons that the 4
b1nd1ng constantﬁ for ﬁa" and Gd" are equal, that the
complexes are 1sostructural, and that exchange is fast

enough that the NMR spectrum is still in- the fast- exchange

Timit for Gd",‘the relaxatlon rate<1/T,-becomes,'ﬁ.

1 (LaveGd**) = (P]°+ [pM) + [PM] feal, (7))
,\ T N . Posz P szm T, m([Gd].+[La].)

-

1/T.m 1s then obtalned from the slope of a plot of

I3

1/T, (La"+Gd") vs % pept1de bound to Gd°* and 51m1larly
for I/T;m.. | | '

Propagat ion of error .,

The uncertaznty §urround1ng the T,m estxmates ‘is the

result of the 1ndeterm1nate error assoclated wlth the slope

-

/
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measurements‘from 1/T: vs %Gd’* bound plots. A 90- percent
confldence interval was thus calculated for each 7T.,m value
determlned, taklng in account the standard deviation
associated with each linear regress1on and the number of
data points used to construct each plot. (Hoel 1971); A
51m11ar approach for the measurement -of the uyncertainty
associated with'T'm values was difficult because of the
small number of data points ‘ihvolved in these plots (reduced
degree of fteedom in the Student's t dlstrlbutzon) and the
large standard dev1ataon associated with the regression
analysis of 1/T, vs %Gd’* bound‘as compared to the plots

involving T, values.

s

The standard deviation obtained from averaging the‘
observed T,m/T,m values was used to estimate the error
surround1ng the averaged correlatlon time value. The
uncertalnty assoc1ated with distance measurements was then
calculated from the errors surround1ng the T,m and
estimates, The distances calculated from T.m values

represent gross estlmates hav1ng an uncertaznty of more than

18,



