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Abstract

1

The relationship between peptide backbone topology arid ion-binding was

lnvuhgated through proton and carbon-13 NMR, CD and IR spectroscopy. A
- Jeitiribiindi

review on

g pmtems and peptides indicated that a k
p-turns may be involved. To test this
hypothesls two peptides which could putentlally form_ the above strucl.un were

syntheslzed & - . Ty,
# 7

ized by two v

The pepudes N‘lBocProDA]aA]aNHCH and its glycine bamlngue
N"lBocPrnGlyMnNHCH were characterized in the uncomplexed state by all of
the above mentioned techmques in" a vanety of solvents. - Proton NMR
temperature-dependence studies in DMSO- dg and NH canplmg constants, along
with CD and IR spectroscopy indicated that bolh peptides i m solution were made

up of a-Type I g-turnfollowed by an ov ing-Typ ‘g S-turn—ECarb:
NMR, IR and CD spectroscopy indicated that the DAla-peptide was, as expected, -
more stable than the Gly-peptide. = '

The binding of metal ions ;o the peptides was monitored using CD spectroscopy.
Both peptides wei_e Jfound to be ion:s‘pgciﬁm While both were capable of binding
calcium ion and incapable of binding sodium and lithium to any significant extent,
they = differed in their nbll\ty to  bind magnesium. .« While the
N"lBotProDAlnAluNHCHs pephde bound magnesium we:\kly at a level
comparable to its binding to the’ monovnlent ions, the glycine analogue bound
mngnesil.lm, to a signiﬁcml extent. . The Gly peptlde nlso required ‘o lower
concentration of calcium ion"to reach binding saturation. " This was ;nnhuled to
the’ greater ﬂexlbllty of glycine and hence, its enhanced ability to 'l’ t* the metal

io‘n... ) ) v | ( | \
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The conformational cln;nge of the peptides upon calcium ioh -titfation . was *
rollowed by proton nnd carbonds NMR: The changes in chemical shifts of the
carbonyl resonancés und the amide proton resonances indicated that. all four
peptide carbonyls coon.imated to the calcium ion res Iting in a breaking of. the.
intramolec;llnr hydrogen bonds of the uncomplexeq species.” Analyses of the CD
leium fo peptide a 2:1

binding-curves. indicated that at low concentrations of
igher concentrations a 1:1 csmplex was

peptidetion complex was formed, while af
', predominant. The, 2:1, peptide:ion
e earbouyls wh\\g the 11 complex reqmres enherv

mplex; is‘able‘ to fill all- eight calcium

‘coordmamon sites with the pe]
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. Chapter 1

Introductlon

As an increasing number of protein three-dimensional structures are solved by

[}
B ‘(my crystallography, a '@g correlu!mn between function and the overall

Iopology of the protein molecule is becoming obvious. The topulogy is depe‘udent'
N

e
on d:e foldmg patterns of the molecule and can be classll'led in terms of different

lgypes of sub-structure. 3The slmplest structural urrnngements beyond the covalen}

interaction of the primary structure (or amino acid sequence) are the so-called

secondary structures such as the ahelix, f-structure and the p-turn. The specific

arrangement of these structures within a_ functional domain of a protein

(supersecondary structure) correlates very well With the functional role of that

‘domain- For example, the heme binding domain is characterized by four o-helices

folded back on themselves. * The relationship between structure and function
continues to manifest litsell’ at the level of the completely folded (tzrtiary)
structure 8nd lhe association of mdlvldunl prolem subumts in the quaternary
slruclure(Crelghton 1983).

. \ e i N
Thé pturn is a secondary -strucural feature pervasive throughout globular
proteins. On-an average, abéﬁt 30 percent.ofﬂthe secondary structure of all

globular proteins is made up of the turn. The p-turn is characterized by a
o

S .
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.

reversal of nearly 180" in the direction of a peptide chain and is stabilized by an
intramolecular hydrogen bord between the cgﬂ!’qnyl (C=0) of residue (i) and the
amide (N-H) of resniue (i+3) (Zimmerman and @cheraga, 1977; Crawford el al,
1973; Smith u:d Pease, 1080). By reversing the dlreeuon of the pol)pephde
chain, the g-turn provides a useful device wh'ich enables the more periodic nnd.
repetitive secondary structures to fold into their final supersecondary and tertiary
structures (Sibanda and Thornton, 1985). A'Mthough this effect c:\.n bd achieved by
.a *random coil®, tile ability of the b—turn to form a hydrogen bond ncls as o
*driving force®. ‘l‘he F-turn has been mpllcnted asa slte of nucleation in protein
folding (Ptitsyn, 1981). Since its I'ormal definition by Venknlnbhnlm in 1068, a
cons|dernble amount of effort has been expended 0\7 determine. the structurul
chnractensucs of the vmous p-turn types in both prdlems and peptides. -In recent
year:,uveu! functiofal roles have been investigated. I will-summarize below the
relevant data on g-turns and related areas which would form a useful basis for \I‘\\c

v
slu%s described in this thests.

1.1. Structural Characteristics of the Beta-Turn

1.1.1. Definitions and Nomenclature " ©Y
: N 1

The gturn, like other secondary structures, can be'defined by a set of dihedral
angles that deseribe the conformation of the peptide backbone. A /dihedral angle

\is defined as follow;: if a system of four atoms A-B-C-D is projected onto a plane

normal to borii B-C, the.angle between the projection of A-B ayld the p
of C-D is described as the dihedral Qng\e. The dihedral angle is considered”

positive or negative according to whether, wheg the system 3 viewed along the




&

central bond B — C (or C — B), the bond to the front atom A (or D) is rotated to -

the righl‘ or to the left, respectively,in order that it may eclipse the bond to the

rear atom D (or A) (CRC Handbook of Biochemistry and Molecular Biology,

iﬂ78)’. Figure 1-1 defines the dihedral angle and d’zmonslrates the 0° and 180°

positions of both the ¢ and the ¥ angles.which cﬁrrespond, respectively, to the

rotations about the N-C" and onds. “The dihedral angle w refers to the

rotation about the peptide (N-C') bond which is given a value of 180° (trans

conformation) in defining the various p-turn types ult]lo;xgh slight deviations from

classifi

) Type I and Type II forms) is shown in Figure 1-2 along with the notations_ nsed‘

" data And' produced a'range notation (see Table 1-2).  The experimental data_

planarity do occur (Ramachandran et al., 1973).

The p-4urn was originally classified into three main types’(l', 1l and 1) and thejr

mirror images (I, I and [I') based on the ¢,¢ é‘ngles of the corner residues (i+1)

and (i+2) (see Table 1:1) (Venkatachalam, 1968).Vénkatachalam's, (1968)

tion system was derived from theoretical calculatiqns based on a linked

thre&pepude unit (C§ to C{ and the ability to rorm 24— 1 hydrogen bond. The

pepude bond between residues (l+l) and (|+2) of Types I and I dll’fer by

approximately 180°. The Type Il is similar to the conformation ol‘ the Type I,
the former being the beginning of a 3, ,-helix. “The mirror images refered to by
the prime (') differ Trom their roots by a sign change. Hence the ¢(‘.H) of a Type

I p-turn is -60° while that ul‘ Type I'is +60°. A dingmm of the g-turn (in the

for &V nngles of the respectwe amino acid residues.

In 1973, Chandrasek el al. ¢ lated th ical studies with experimental




Figure 1-1: Dibedral Angles
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Table 1-1: #Turn Types as Defined by Venkatachalam

(1968) and Lewis et al. (1973) i
Type . Piv1) Yi+1) ¥i+2) Yir2)
I -60° -30° -00° . 0°
T 60° 30° 90° 0’
‘ I -60° 120° 80° 0
g 60° -120° -80° (A
m -60° -30° -60° -30°
r 80° 30° T e 30°
v exists when two or more of the angles of Types I through III'
differ by at least 40 from any of the values listed above.
v -80° - 80° 80° 8 -80°
v 80° -80° -80° T80 .
Vi contains a cis proline at position (i+2)
v a kink in the protein chain created by \lrb 1)~ 180° and
19142/ <60° or ]W(lﬂ)|<60 and &;, o 180°
Types IV through VII are from the expanded definition of Lewis et al., 1973.
" 5 E
) . ,
=
S
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Figure 1-2: Geometry of the 4Turn
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Table 1-2:  #,# Ranges of g-Turns as Defined .
by Chandrasgkaran et al. (1973) # b

A B %i+1) Yin 9ira) Yir2)
. & T [801(-20)° (90)-(10)° (150)-(70)°  1080°
2 I O (s0}(30)° 80-140°.  20-80° _ 1070°
I r 2080°  10-00°  70-150°  (-80)}(-10)°
b i 3080°  (-160)-(70)° - (80)-(-20)" (:70}(-10)°
m- , O ° (90-30)° 70-180°  30-170°  (-70}80°
v g 3090°  (160)-(70)° (-170)}-(-30)° (-80)}70° ! /»—-

A = Type as notaygd by Chandrasekaran et al.
B = Corresponding#Type as defined by Venkatachalam

. \
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were based on the crystallographic structures of lysozyme, chymotrypsin and a
— peptides, and on the NMR profiles of several cyclic peptides. The
following month, in the same journal, Lewis et al. (1973) produced a more
extenswe “Tist of ﬁ-uxms occ\lrrmg in proteins.  They examined the crystal
structure of eight pims and identified *#bends' s structures where the
distance between the a=carbons of the ith and (i-+3)th, residues was < 74
- Since the definitions are based upon djstance rather than on the existence of.a
hydrogen bond, the term *bend* was used by these authors rather than *tura®.
“They dil‘l‘gremi’ated the g-bends from o-helicés reqﬁiring u;e a-helices to have
four or more consecutive R;iva) a-carbon disk of < 64&. Using the above
criteria, they identified 135 p-bends. From the above daln‘ and the encrgy
minimization calculations on a dumber ‘of peptides, they expanded the A-turn
notation of Venkatachalam .(1968) frqm six to eleven (see Table 1-1). The
dihedral angles of Types‘l through II' as originally proposed by Venkatachalam
(1968) were retained. These "bends* were allowed to have one dihedral angle
d:l‘{ermg fruri\he *ideal™ value by up to 50" and still maintain its deslgnnhon
even if there was no inframolecular hydrogen-bonding. A Type [V bend occurred
if zw_o or more of the dihedral angles msed to define g-turn types I through III
differed by more than 40 ° from the ideal.  Type ‘; was reprcsur:tnlivc of aC,
co‘n%er or y-turn (with an i4+2 — i lor 3 l‘hydljogen bond) as opposed to the
C,q #-turn which hn§ an i+3 — i or 4 — ] hvdrogen bond. The C_ m;tntion
refers to the number of atoms involved in the ring formed by the hydrogen-
“bonded ‘reverse turn. Type V' was not observed by Lewis et al. (1073) however,

they stated that it could .thenreticslly exist. Type VI is produced by a cis proline
. 1Y 8 . /
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in position (i+2) and Type VII is elfectively a *kink* in the protein chain. Iu

additiop to the C,, and C,, conformers mentioned above, Lewis et al. (1973) r§r
? ~

to the existence of a C«5 conformer (2 — 1 hydrogen bond). The existence
based on the ®results of energy minimization calculations of
. N-m’t);_l.N'-methyl,AlnAlaAlaAJaAmide. The major consideration of the work of
i.,ewis et al. (1973) And Cpnndrnsekmmn et al. (19;3) isthat there is arange of ﬁ.-w
values for each ol"the various f-turn types.
In !Hi; tiwsis, -the original o,;p angles and hydrogen-bonding reéuirement of
Venkatachalam (1968) will be used. The nbtat_icns of Lewis et al. (‘1973) ami.

~
occasion.

1.2. Positional Preference of Amino Acids in Beta-Turns
Thé p-turn, nnlike’more uniform structures such as o-helices and p-sheets,
demonstrates a marked positional preference: of amino acids adding another

menyion to the maker/bresker approach used in the prediction of protein and

peptide  secondary structures, ~ This preference was fist recognized by

Venkatachalam (1968) who pointed out tl{at because of steric requirements the

.Type [ g-turn tends to pl:efer the "LL* sequence and the Type II prefers the
'),D' sequence. The notation refers to the particular amino acid enantiomers in
positions (i+1) and (i+2) of the g-turn, respectively. This chiral preference would

4
later be used to advantage in the synthesis of g-turn models (see section 1.3).

Crawford el al. (1973), after a ‘stndy of "the crystal stFucture of 11 proteins,

observed that aspartic acid seemed to ke preferred in the first position, proline in

\" L

Chandrasekaran et al. (1973) along with the C, notation will be referred ‘to on

\

\

“
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™ : the second, asparaginé in the third, and tryptophan in the fourth. They stated -
" that the limited data pool (125 tyrns) was not enough for a definitive study.
They also pointed out what appeared to be n‘vnmnce of positional preference ¢

based on Aturn type.

In 1977, Chou and Fassz)mp[eled a much more extensive stuly using the

atomic di , as d ined by x-ray e 1 hy, of 29 proteins. T (y
discovered 459 g-turns as described by Lewis et al. 1l97'3). ‘The pereent fre/]/ncy
of occurrence of each particular type is: Type |, 41.8; Type II, 15.2; T)'p/l}/"[", 18.3,
with thé other types (I' through VII) occurring with much smnll;r .frequcncig

Type I is thus seen in be by far the most common followed by Type il and then

Y

Type II. The remaining f-turn types are relatiyely rare. As did Crawford et al.

(1973), Chou and Fasman (1977 knoticed a variation in the pusi;ioml preferencogl |

amino aclds ba.sed on ;Hurn type, but because of a lnmucd d.m pool, they
<

grouped lhe turns together. ‘The most common amino acids were; position i,

Asn (17%) ys (17%); ASp 115"7), posmon (i+1), Pro (33%), Ser (145%), Lys ~ ~

(13%); posit n (i+2), Asn (2193), Asp (20%), Gly (20%); and at position (i+3),

Trp (19%), Gly (17%), Tyr (15%). Sterié‘wnsidﬁ;lions are an important factor 5"

0 (TP Sl linktadte

but it appears that there is also 4n inverse between i ' K

., and turn-forming potential. Chou and Fasman (1977) also examined the regions ' . Al
" % 4 residues to each side Q,{ the ﬂ-turn forming tefrapeptide and still noted
e pcsllmnal preferences It must be remembered that the above values mrc wclghlcd
lownrds what occurs for the most common gturn type. By looking at N\e dnln on

an individual p-turn basis certain statements can be made. The most common
. A .

¥
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(i+1),(i+2) sequence of the p-turn is ProGly. This sequence occurs most often for
Type Il\fnllowed by Type | and then I but never for any of the mirror images.
This is most llkely,.due to the stencnlly restnctwe proline. Gl};cine with no side
chnm could act as either a D or L amino acid and therefore fit the LD
configuration requrrement of the Type l] e-turn _(\«enka@nchnhm, 1968;

Chandrasek 1973). Ao i ing point is that several L-amifo acids can

ulso be found at ?ﬁ{r»f-” h posruon of the Type I g-turn. “Although these Type

Il p-tuns are probably nat 15!enl the LD requlrement is dbviously an

. ovcrsrmyhfmnllon. The LD requrremenzl was bnsed on the ‘so-called

an‘chandru_n plot o alanine ~peptides- (Ramnchnndrun arrd

Snsisekharan, 1968).

. The posmonnl preference of an ‘amino acid depends upon the nerghbounng

residues. Thrs as. d d \7). Ananth anan el gl. (1984) who
senrclred the sequences of 34 globular proteins df known crystal structure for the
tetrapeptide sequence Z~Pro-Y-X, which fixes proline as the (i+1)th residufl

They compared their results with those of Chou and Fasman (1977) and noted

* that there were sume major differences.” For exnmple, arorrmtlc hydrophobic

residues such as tryptophan and phenylaianine were found to have a relatively
high occurrence at position i when proline was in_position (i+1), while such
hydraphohrc residues are genernlly not- preferred in this position in the Chou-

Fasman (1977) analysis. Glycme, although one of the top three in overall

. oceurreii‘ce at vpmition (i+2) in the analysis of Chou and Fasman ( 1977), becomes

by inr‘ the most predominant residueat this position when proline is at position

.
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(i+1). The cause of many of these effects can be explained..through the results oI’
Schimmel and Plory (1968) who observed that the proline ring restricts the
conformational space available to its immediate N-terminal ncigh’bour‘/Furthor
examination of g-turns with more thin one residue fixed becomes difficult because

of the limited pool of protein structural data.

1.3. Peptide Models for the.Beta-Turn ‘
“Thee examination of B-turns in proteins has its limitations (see section 1.2). The
. |;se (‘)f peptide models can provide much more [undameninl information since nol:
only. c&n'one loek ata sim;ali:r isolnted system but the potential ti;\t:;' pm;l can be
increased over that available Yin protems A synthetic approach nlso has thc
added advantage 0( the posslble addition ol' groups which 'do nol normnlly oceur
in proteins. Amino - acids such as p-alanine, N-methylglycine (Sar),
/_: n-nmip‘obut}%ry‘l (Aib)‘nnd the 'I-:)-ennnliomeric amino acids p'mvide\uniquc steric
restrictions which can be very useful ln the study of peptide cunformn;ion.
. LS p
1.3.1. Cyclic Peptides
Cyclic peptldes have been wndely used in the study of ﬂ-turns These include
oxytacin (Urry and Walter, nm), its analogue [Pro® Gly*}-oxytocin (Ballardin et
al,, 1978) and wholly synthetic peptides (Torchln el al, 1972; Blaha and
Budesmsky, 1973; Kopple et al., 1978; Pense and Wntson, 1978; Nemethy et nl
_1981 Maxfield et af,, 1981). The ma;or ndvnntnge of using eyclic peptides is alsc
their major dxsndvnntnge Cyclization restricts th&confarmnuanal moblllly of the
peptide. ~ Hence & p-turn would tend to remain in a particular definable
‘ conl"gurutmn Because of thxs', the cyelic pepude is not the best system _for the

hl
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study of the relative stabilities of -turns and the effect of neighbouripg residues
. . 4
on that stability. Linear peptides are much more conducive to this type of study.

2. Linear Peptides

The proline-containing linear peptides have' aroused ‘the most ‘interest in the
study of g-turns for two reasons. Proline was found to be the]_,most_ abundant
residue nt position (i+1) of the g-turn in proteins (Chou and Fasxx;an, 1977, 1978)

[see secuan 1.2) and through cou!ormnuonal energy calculanons (Zimmgrman and

. Schomga, 1977 Zlmmermun et nl lfTI) was shown to be hmlted to a?ﬂall

number o! conformations because of the restricted rotation around the N-C* bond

investigated a series

in the’ pyrrohdme nng (¢~ -60° ) In 1979, Boussurd e! i
of proline-containing tnpeptldesA The Murns were slnblllzed by hydrogen-
bonding between the carbonyl of the N-terminal protecting group RCO and the
C-terminal protecting gro;; NHR where R in both cases was either a methyl,
isopropyl or a teri-butyl éroup.. The use of protecting groups to provide the b
carbonyl and NH required for ‘hydrogen bond formation and hence g-turn
stabilization is a theme which occurs again and again with synthetic linear peptide
models. -Boussard el al. (1979) investigated Pro-X and X-Pro containing sequences
using proton NMR and infmre.d methods. They found that the Type I .p-turn

was the most favoured conformation with ProDAla and ProGly co;ltnining

while ProAla ined i-opened G"‘C6 and CSC7 conformers in
addition to the expected Type I g-turn. Aubry et al., (1077) also found the
RroAla sequence forms a Type I g-turn in solutiod, however, in crystal théy found

that N®tBuProAlaNHipr prefers't"h'e. Type 1. p-turn conformation, This is a
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strqnx‘remil\;;ie'r tixal the crystal structure does not always reflect the
conformation in solution. In’this ‘instance, they blamed the formation ‘of
inlermole’cuiar hydrt;gen»bcnds in crystal for the difference. The X-Pro sequcnc@s
seemed to prefer the mi‘rror image p-turns as defined by Venkatachalam (1968)

and were generally less stable

The effect of the X residue on the g-turn forming ability of the sequence N-
.

ncetyl}"roGly-X-OH was investigated by Brahmachari et al. (1982). —Thef found,

2 \
using proton NMR, CD.and' IR spectroscopy that the X residue affected the

‘relative’ stability of the g-turn in the order: Leu>Ala>lle>Gly>Phe. The

tripeptide N-acetylProGlyLeuOH had been previously shown to be nearly 100%

Type 11 ptura in TFE at -40° C, using vacuum ultraviolet CD measurements

(Brahmachari et al., 1979). The peptide N-acetylProGlyPheOH was shown by X-
ray crystallography to form a Type I g-turn (Brahmachari et al., 1981). The
formation of the.4 =1 hydrogen bond is very important in defining the

o -
conformation of the p-turn. The crystal structure of the * dipeptide

N%tBocProGlyOH, which: cannot form a C,; hydrogen-bonded structure was '

shown to tontain ¢, angles for the Pro and Gly residues sinMar Lo those found in
a Type I p-turn (Benedetti, 1977). This is in ;h:np‘contrnsl to the Type II p-turn

formed by ProGly sequences in the Lripeptidcs‘“ at are capable of vl‘crm‘mg a,

hydrogen-bonded g-turn (see preceeding It may be foned heres *

that-although the ProGly sequencé is the most commonly found for g-turns in
B & 5
proteins, the conformational flexibility of the glycine residue mightsbé expected to

lead to other "random* st}uctnres, particularily in solution.
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The effect of the (i+2)th residue on the stability of the f-turn was demonstrated

) by Tamburro et al. (mgq). * They inyestigated, through CD and IR spectroscopy,
the effect of the X residue in the sequence N*/BocPro-X-GlyOEt on the stability - -

of the g-turn. They found that in TFE gt .Loom temperature, the molar fraction

of ﬂ-t‘urn conformation (hence stability) wn’s G;l;lle>Nle>Prc,Leu. In a similar

o ] study, Boussard and Marraud (1985) found that When proline was in position

(i+1) of the p-turn there was an increase ih the percentage g-turn in CH2012 \

going from L-alanine to glycine to D-alanine as the (i*2)th résidue. These data,

together with the th ical calculation of ‘-"‘ halam (1968) combine to

give an interesting insight into the relative stabilities of Type I.and Ty’pe o

O p-turns. .'A::cording to Venkatachalam (lﬂ&S)‘the T;'pe 1I g-turn prefers the "LL* T
séquence whereas the ‘Type O pturn prel‘ers/the *LD* sequence. Hence, the
oDAla sequence containing peptides would be expected to take on a Tvpe o

.
p-turn conformation while tlhe ProAla sequence containing peptides would be

expected to take on a Type I p-turn conl‘ormation. The steric restrictions placed
R upén both the L~ and the D-alanines are the same, yet a significantly greater i
percentage of the peptide containing the ProDAla sequence forms a Fturnk This

indicates a lower stability of the Type I g~turn as compared to the Type II g-turn

‘when proline is in the (i+1)th position. This statemient is further supported‘by

the observation that ProGly containing -turns are almost invariably Type I even s
though glycine can be considered either a D or a L amino acid (Boussard, 1979;

Brahmachari.et al., 1981, 1982; see chapter 3). Both crystal and solution studies

[
L
have shown that g-turn forming peptides with the ProDAla sequence take on a ‘
Type Il conformation (Aubry et al, 1977; A h and Sh dar,

e ¥ < ‘
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\\lﬂ_sl; Rao et al., 1983; Crisma el al., 1984). This {Aken in conjunction with the
data of Boussard and Marraud (1985) md:cute that the subsmut\on of the gl(ime
with D-alanine would stabilize the Type I D-turn conformauon Therefore, the
inclusion of sterically restrictive a'i-i\ino acids at position (i+2) of the g-turn to
"lock® the conformation into a limited potential range becomes attractive.

)
El

-Other amino acid residues, besides D-alanine, which do not normally occur in

peptides, have been used to produce conformatinnnl!y restricted g-turn-forming

|

linear peptides. These include’other D amino acids such as D-serine and D-proline
v, Sy 2

(Nair et al., 1979; Boussard and Marraud, 1985) and e-aminoisobutyric acid (Aib)

79, 1081; Rao et al., 1980; Smith et al., 1081; Prasad et

(Nagaraj and Balaram, 19
al., 982, Jung et al., 1983; Van Roey et al., 1983; Bonom el al., 1934; Crisma et

al., 1984). The peptides .containing D—serlne and D-proline at_position (i+2) of a

. B-turn with proline at posmon (i+1) were found to be 100% g-turn as oppdsed to

the 90% p-turn achieved with D-alanine in that position (Boussard ef al., 1085). -

This would be expected since the D-proline and D-serine ;ide chain. groups n‘re
much bulkier than the methyl group of D-nlm‘xine. Hence they are much more
conformahon:\lly restrictive. The Aib group ;s characterized by two mothyls" on’
the a-carbon as opposed to the one found with, alanine.  The prefur?d

conformnllon, whether proline is its neighbour or not, appears to be a alo-hcl'xx or

a Type T(I) g-turn variation even though Prasad et al. (1982) reported a Type I . )

g-turn wnh PivProAibNHCHj in crystal and solunon Theoretical conrommlmmxl
nnalysls performed by Prasad et al. (1982) indicated that the Type II p-luw

conformer was 2 keal moF! more stible than the Type Il They nuributed the
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,
3,g-helix observed by others to long range factors. The Aib-containing sequences
e
previously studied were oligopeptides. 3
The three points that reveal themselves after an examination of the lherature

are that:

® Cyclic peptides are not required to obtain a stable f-turn structure. A
linear peptide with an appropriately chosen sequence could form this
structure.

o Thg stability and type of g-turn formed depends on resndues i thmugh
(i+3).

® The Type I p-turn is intrinsically less stable than the Type II g-turn.
The above considerations will become i'n;portant during the design of a double

Aturn fbrming tetrapeptide. A study anal to those formed by Chou and

Fasman (10::, 1018) and A.nnnthanarnyanan et al. 11984) on the occurrence of

g-turns in proteins was’ performed by Isogai et al. (1980). They exgmined the
crystal strucures of 23 protems l'or multiple bends. A double bend was defined as
a sequence 41, which two successwe distances between C{f nndnC(,ﬂ) (Ra) and

C(i+l) and C('-_H) (Ry) meet the requirements of Lewis et al. (1973) for a 5—ben'd.

" In other words, they are ‘sequences with two overlapping 4 — 1 hydrogen bonds

- which are not part al‘ a helix. They found th:ll. 5.4% of all resldnes oceur in

multiple bends. Of these, thu-ty eight percent hnve a distance bemeen C“ and
%,y (R,) of less than 6.6 A. These structures aré folded more tightly thaa
o-helices and those double g-bends which are merely distorted helices. The
formation of these tightly wound structures is aided by the frequent occurrence of

glycine,
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There are several peptides which have been proposed to take on a double g-turn

structure. Apart from the Aib containing peptides which, as expected, take-on a

Sm~hell;( conformation (Nagaraj et al., 1979; Van Roey et al., 1083), there nre.

several peptides which produce double g-turns but do not contain Type II
ﬁ.-éurns. As pointed out in section 1.1, the Type lllf—!urn can be considered the
beginning of a 3‘0-hejix. An Ex\nmple ofa d'O\Ilf 3-turn which does not contain :\
Type l]] g-turn is PivProProAlaNHCH, which in the crystalline state exists as a
" Type H' p-turn followed by an overlnppmg Type | p- turn (Nair et al., 1979). The

nbove structure has also been proposed for the grnmlcldm S analogue, di-N-.

methyl-leucme gmmlcp‘im S.[l\umar_zl al., 1975). Through solution spectrogcopic
studies, Venkalachn]apntlhivand Balarart (1979) described PivProProAlaN CHy
as'an incipient 3, -helix nlthou;h it is likely that that the‘strucl_urc may '.\'cumliy
prove to be made up of a polyproline-Il-like extended stgucture followed by x;

Type II p-turn (A b yanan, personal ication).

With two overlapping A-turns, the (i+2)th residue of the first g-turn is also the
(i+1)th residue df the second. To be sterically *compatible®, their allowed X2
angles must be very close. Figure 1-3 plots the ¢,¥ angles of the (i*1)th and

(i+2)th' residues of g-turn types I, I, II; I 'as defined by Venkatachalam (1968) on

a R hand plot (R handran and Sasisekharan, 1968). As seen in
Figure 1-3, a Type II p-turn can only be followed by a Type I' or lIl'. Although
not shown Jin the figure, the ¢, nng‘es of the (i+1)thAeSdue of a Type 1l g-turn
are |denucal to that of the Type I' p!‘urn (Venkatachalam, 1968). The 0y nngles

corresponding to the (i+1)th residue of all the other -turn types are noz.clqse
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.e}:ough to the #,v angles of the (i+2)th residue pl'the Type I g-turn. Also, the
(i+2)th residue ¢,¥ angles of types I and I' are q\:ile different from those of the
(i+i)th residue of any of the g-turn types. Hence it would be d;lr:ult for a Type
Tor Fype I s-turn h be followed by any type of 5-turn. The non-3,;-helix double
.'}-Jn would lherefore be either a Type ﬂ _g-turn followed by elllur a Type I'or
I or a Type l]‘ followed by a Type I or Il p-turn. The above considerations

become very important in

can potentially bind calcium ion. (see section 1.5).

1.4. Functional Role of Beta-Turns

The high occurrence of ﬂ-l.ums, especially at the surface of proteins (l\lmu,
1975), led to the postulation of a number of functional roles in addition to its
slr.!lclural use‘l‘ulngsA These include the g-turn serving as recognitfon sites for

enzymatic phosphorylation (Small et al., 1077), glycosylation (Aubert et al., 1076)

and proline bydroxylation (Brahmachari and A \th n, 1078, 1979).

In 1979, Vogt et al. examined the loop regin'n of a series of homologous c;ilcim{\-
binding proteins for A-turn forming potential based on the secondary structure
prediction methods of Chou and Fasman (1975). They found a strong cofrelation
between the ability to bind calcium ion and the p&lion and I.inem density of

“p-turn foriing residues. A brief description of the structural data on the caleium-

binding regions of these proteins is presented below. R ad

a double g-turn-forming ide which

\

The solution of the X-ray crystallographic structure of the carp muscle calcium-

binding pnr'vaibumin (MCBP) indicated the invol of an a-helix-loop-a-heli
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structyre in calcium-binding and d ‘that lhe" ) idue long loop
ségment was rg;ponsible for the actual complexing to the calcium ion (Kretsinger
2N Nockolds, 1973). This segment contains regularly spced carbonyl, carboxyl
and hydroxyl ligands which could coordinnte to the positively charged calcium
ion. There were three such sl.nlclures found in parvalbumin but only two,
referred to ns/'(,D band and EF hand respechvely, were capable. of bmdmg
calcium ion. The third, referred to as AB hand, was characterized by. a te"'\
residue loop segmen!_instem_i of the twelve residues found in thpse\!afp's'&aﬁahla ofl
binding. OF greater interest was the discovery.of a Type I f-turn at the very
beginning of the loop segments capable of binding clcium fon 2nd the absence of
this struture In the'loop segment which could not, bind (Moews-snd Kretsinger,
1975). The two deletions in the latter ioop segment correspond to positions 6 and
.8 of the twelve-residue loop segments. It was genemlls' acceptéd that ;be lack of
binding was due to the deletions (Kret;ing‘er, 1980). These deletions would not be
expected to affect the g-turn structure. A numl;er of other calcium-binding
proteins showed a good homology in the ohelix-loop-£thelix region even though
the relationship between ihe entire sequ;nces was often fairly weak., The

homologous regions of proteins such as heart troponin C, T4 lysozyme, modulator

protein, vitamin-D induced calcium-binding protein, the alkali bl (ALC)
and c;ithioni!mbenzont&extrnctiéle (DLC) light chain of m‘usc]e myosin,‘the
EDTA-extractable light ohain (ELC) from mollusc myosin, and smooth muscle
"light chain myosin (SLC) were deemed to' have the same structure as that of
parvalbumin (Kretsinger, 1078, 1080). "The solution of the X-ray structures of

other calcium-binding proteins such as bovine intestinal calcium-binding protein
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"(Szebenyi et al., 1981) I.lld, more recently, troponin C (Herzberg and James, 1985;

Sundaralingam et al., 1985) and calmodulin (Babu ef al., 1085), showed that the

previous structural lations based on h ! were- nti correct. The
lack of calcium-binding activity exhibited by some of the homologous sequences
could fiot be explained by the number and position of the ligands and the number
of residues in the loop segment (Weeds and McLachlin, 1074; Tufty and

Kretsinger, 1975). ¢ . ‘

Vogt et al. (1979) ined the loop se of the 9 calcium-binding proteins

listed above,'Because of a multitude of homologous regions in.some proteins, they

"w’ele lefe with 26 data sets with some sequences capable of binding <alelum ia;n
while others were noj. They examined all possible tetrapeptides within the loop
segments and calculated their g-turn Iormin’g‘potential in terms.of the p;obabiliiy
parameter P, as defined by Lewis'et al. (1071):

P=lf i isaf(i+9)
i 2 .

Where [, etc. are the frequencies of residues in the four successive positions of the
B-turn as observed in known protein structures. The values used by Vogt et al.
(1979) were obtained by, Chou et al. (1975) from a survey of the X-ray erystal
structures of 17 proteins (208 g-turns). Local stretches of high P, values indicate
a series of overlapping tetrapeptides each with a high g-turn potential (Lewis et
al., 107"1). In the 26 homologous sequences examined by Vogt et al. (1979) two
consecutive peaks with P, values greater than or s;lmﬂ to the value of 3.0x10"*

were found to occur precisely at the first residue of each loop region that binds

~ »
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calcium ion. These *doublets® would be expected for two overlapping s-turns
(Vogt et al., 1979). The start of the doublet obtained from the loop sequence of
the calcium-binding region of MCBP aligned precisely with the start of the MCBP
Type I p-turns. Very‘interestingly. there were no sucl‘l doublets found in the

homologous loop sequences which did not bind calcium ion, and neither were

comparable doublets found in any other part of the sequences of calcium-binding

proteins. In rabbit skeletal Troponin C no tetrapey
involved in the doublets, had P, values greater than or equal to the value of

3.0x107,

Vogt ‘et al. (1979) also ined the of several non-homol

calcium-binding proteins. Thesé included Staphyl nuclease, thermol

concm;avn]in A and trypsin. Although doublets do occur at calcium-binding sits

they are not t!le rule as with the homologous i)roteins‘. However, in the' majority
of cases one finds at Yeasi. one tetrapeptide with a high P, value neard calcﬁm—
binding‘ site. TThere is therefore a strong suggjstign that a p-turn is involved in
calcium-binding.- It should be noted that ﬂ; above data relied on prediciiou

methods based on non-cn]ciﬁm-binding regions. Hence the's-turn predictions refer

to uncomplexed sequences and do not pertain to the conformation after calcium

. . ~
. comiplexed to .the loop segment. U_n'm now, the above .observations
remained one of mere interest. The laboratory in which the results presented in
this thesis were obtained has been interested in delineating the conformational

““features of thé p-turn by spectral methods and ele€idating its involverhent in

\ functions such as  proline-hydrdxylati (Ananth ,  1983;
- : .

,'apn'rl from those
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A y et dl, 1984; Brabmachari and Agjath : 1978;

Brahmachari et al., 1979, 1981, lOéi'; Chopra and Ananthanarayanan, 108?). I
was therefore logical to examine the role of g-turns in metal ion-binding. The

final catalyst for the proje'cl came from an examination of cyclic peptides.
.

‘Many cyclic\pep'lid%. both synthetic and natural, are capable of snlucli\'cl)" :
.complexing with calcium ion or ;ther alkali or alkali earth metal ions.> Two
features that these ionophores ‘have in common are tife presence Lof p-turns in the
unca;nplexed spjcies and the ;ordinntion of the np‘eptid: carbonyl groups to the
" metal fon in the complexed species. ‘Both' valinomycin (Degelaen et al., 1084) and
‘its analogue ::.yn:lcyp\.lnGlyD\’hePro)3 (Vishw‘ann'th and E:\s‘w;\r:\n. l;)s‘l) were ¢
shown to eont;in six4—1 hy;lrogen M%ds. The carbonyls were c&dinnlcd to ‘
calcium ion upon binding and this involv:d‘ the breaking of 'inlramo!ecular
hydrogen bonds. Anq_thpr example is found in a paper by Pease nn&' \ansonb'

" . T (1978). The’y desigu;d the pentapeptide cyclo-(GlyProDAlaPro) wil,ht/hc intent of
having both a g-turn and a y-turn (3_—- 1 hyﬁmgen bond)-éresenl. Again, as with : &
A\_. the valinomycins, the hydrogen bonds were broken as the carbonyls coordinated -

to the metal ion. This particular peptide was subjected to a mol hanical

e study by Lyon and Kushick (1984) provides a set’ of ‘excellent

stereodiagiyms of the peptide in both i ed and lithi !
- form. A' similar set of din;'mms can be found in a paper-by Duax and Smith i .
L (1081) who were int?nsted in detailing a sequence of ste‘ps invnl\(ed 'in the
ccmplexfmg of the metal ion to valinomycin. The diagrams relate a progrefSive

coordination of carbonyls to metal ion ami b}enking of intramolecular hydrogen
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bonds. Hf addition to the uncomplexed and complexed forms there arp’,rse)ries 'oi
inlcrmc:dinles. Several other cyclic-peptides are also capahl; of eompleiing metal
idns “including ¢yclo-(DPheProGlyDAlaPro) (Karle, 1984), cyclo-(SarSarGly),,
cyclo-(Sar)g (Sughihara et al., 1976) and cyclo-(ProSar), (n=3,4) (Shimizu and

Fujishige, 1980). The paper by Karle (1984) compares the crystal structures of

-
the !’ nng i ! species. The carbonyls involved in
the formation of lecular- hydrog in the lexed species (5~
and y-turns) are jinated to the ion in the lexed species The

I.'mer two papers indicate the p{esence o[ mtmmolecular hydrogen bonds in the

uncompl-xed states n{d the required cnrbonyl codrdination to the metsl jon lor

_bmdmg but 89, o furlher except to say there was a posslbnlny of mlllhple‘ .

conformers; Otker: examples ‘of fayelié: imetsl fon‘bluding peptides include

- cyclo-(X-Pro),, where X= Phe, Leu o Lys(N'-protected) (Kimura and Tmanist

1083) dnd the blcthc SS'—Bls‘cyclo-(GlyhemlesGlyGlme) (Schwyzer et al.,
1910). The lauqr two pnperggo not talk about the confcfmahon-of the peptides

in the uncomplexed state but do point out tHat the complexed state is achieved

through the coordination of the peptides’ carbonyls to the metal ion. The above

" papers are very useful not only in presentmg *apossible relatmnshlp between i mn-

“binding afd the f-turn but also’ l’or theit technical merit The methods used in

+  the .above papers to determine and follow%ion-binding, especinlly those by

Vishwanath and Easwaran (198") and Pegse ynd Watsod (1978), were used as a .
bnsls ~for” the cnl:mm-bmdmg studies praented in this thesis. - These authors

characterized the uncomplexed species and followed ion-binding using  both

3 carbon-13 and proton NMR and €D spectroscopy. ‘The peptides studied ta’y'Pease:

o 5w 4 v
4
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and Watson (1978) and Vishwanath and Easwaran (1082) -were, like the peptides
-studied in this thesis, too small to be studied by many of the techriiques generally

- used for studying calcium-binding proteins.

The -turn-forming doublet pattern observed by Vogt ef al. (1979) in the loop

«
segment of hom Icium-binding protein along with the results

of the cyclic ion-binding peptides led to the belief that the p-turn is a favouragle

. conformational prerequisite for ion-binding. To. test this postulated role, linear

peptides, which could mimic the ove‘rlai)p'mg p-turns seen with the mologous
cnlemm-bmdmg protems, wm syn!lmlzerl and their mtemcuons wlth calcjum
and wother metal ions were sLudled und ccmpnred to single g-turn nnd non-ﬂ-turn
forming pepudes. =
15,/ Design of -Postulated Calcium-Binding Peptides

Two cansiderations inthe design of peptides capable of forming two overlapping
ﬁ-t-nrns .and potentially binding calcium ion have to be made especially if one
wishes to examine the relnlionshipr between Structure and function. First, th’n
peptide conformation must b stable in solution and secondly, since the bindihg of
caleium \ion probably involves a conformational éhan;e, the peptide must
mmaintain ;-ceruin degree of I'I'exibilil.y. Therd;re. the nmouni‘uf‘conlorn‘u‘:lionnl

restriction pm\nded by the nmmo acids incorporated into the peptide must reflect

‘a balance belwen\the two nceds The peptide N“lBochDAlnAlaN}ICH and'
! |ts potentially more flexible nnnlogue N"lBocPloGIyAlnNHCll were consld(-nd

' cnpnhle of striking the balance. The peptides are theoretlmlly c-pnbh:_ of formm;"

two overlapping A-turns. The® first p-turn is stabilized by a hydrogen bond
: i 4

7~
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between the carbonyl of the (Boc group and the. NH of the alanyl residue; the
second is stnbiliz»ed by a hydrogen bond .between the carbonyl of the prolyl
residue and the NH of ihe NHCH,, The {Boc and the NHCH; groups each act as
half a residue contributing a carbonyl and an amide ‘group, respectively. The
peptides are therefore three and two halves long and are referred to as
tetrapeptides. \

B3
. Proline-containing ' peptides were used since much of the work done on linear
pepéi}es models of g-turns uses proline in the (i+1)th positién. The ProDAla and
ProGly sequence-containing peptides. were shown {o favour Type I pturns, the

former being more stable than the latter, and each more stable than ProAla

=

sequence-containing g-turns. The D-alanine, because of the single methyl group as.

its side chain, was considered to provide enough steric bindrance to produce a

defined structure in soluo‘.ion yet maintain the flexibility of the peptide chain.
%Ithough the rgplncen_lent of D-alanine by D‘xseriné cr-D-phexzylalauine would
provide n‘ more stable g-turn, the larger §ide chains have _g’ greater chance of ‘
'il;terfzring in any ccnl’om‘mﬁonul chaﬂggs that might occur upon ion-binding.
The mere interfere’ix’ce from amino wcid side chains, the more difficult the
inf er‘]:l'eln\tivn of the effect of the peptide backbone <conformgation. The use ;7!
éninj at position (i+3) of the first g-turn (i+2°f the second) again reflects tl:‘e
I:eed, of’ balance betwee;x stability and flexibility. Leucine, although superior at
position (i+3) to nlnnine'in stabilizing the p-turn, Bis a bulkier side group. The
DAlaAla and the GlyAla sequences, althuﬁgh not gtrgng p-turn formers, ar‘c‘e’ not

"(pectcd to act as disrupters: Hence, the ability to form a second g-turn relies
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only on the ability to form the second hydrom; bond. The ﬁﬁn[ﬁxﬁlhlion.on‘he
amino acids used in the synthesis of calcium-binding peptides is that only the
peptide backbone would be allowed to provide potential ligands for calcium ion
coordination. Therefore, amino acids s_u_ch as serine with its hydroxyl group and

glutamic acid with its carboxylate mup\werg_ not used.




Chapter 2

o ““Experimental

- - -

2.1. Materials " \ 3
. . Amino acids and derivatives, N-hy succini isobutylchloroform: teK
. % i 2 !

1 tearbodiim wliiing bvdesekloiia

. methylmorpholine, N,N“dicyclohexy

calcium chloride, and déuterétgd solvents were purchased from Siggna Chemical
Company. Reagent and HPLC grade solvents were purchased \‘rom Fisher

Scientific Company as were the perchlorate salts of calcium, magnesium, sodium

and- potassium. Lithium perchl was p irchased from Fluka Ch licall
Water was p;uiﬁgd to HPLC grade on a Synbron/Barnstead NANOpure II' -~
ﬁltrau’gn system. Molecular sieves were purchased from Davison Chemical.

[ .
Peptides anll salts were vacuum dried for several hours before use.

. 2.2. Methods N »

2.2.1. Purlty'.of Peptides . %
All peptides used. in analysis Sxe crystgllized twice. ln!ermed‘ia.tes used :1
.. synthesis were crys!alliz;d,t;ﬁ'?’. The purity of peptides used in anal‘ysis was ° ¢
checked by HPLC with at least two fl\iﬂen‘mt eluti:n profilés. Further checks of
purity by way of proton NMR, elemental analysis n.nt.l amino acid analysis were
_performed on the two major peptides, N“lBocProDMnAinNHCH:; and its
anslogue N"lBochGlyAloNHCH:f & . ® \
g K s ‘
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2.2.2. Crystallization of Peptides

_Peptides were dissolved in a mini of chloroform in an Erl flask by

heating in a hot water bath. Petroleum ether (40/60) was added drop wise until
the solution became cloudy. The solution was reheated until clear®and again
petroleum ethet (40730) was added dml;wisz w the solul.idix until it became
cloudy. The solution was reheated until clear and set aside to cool. Aflter about
an hour the top of the flask wa{‘cnvzud with parafilm perforated Avith s:zmll
holes. After a minimum of six hul;rs the ﬂns.k was then cooled to 0-5° C fora
minimum of four hours and further cooled to -20°* C for two hours: The “crystnls
\“\‘W‘ere\ﬁlte&d on Whatman filter paper (#1) and washed with petroleum ether b
(40/80).. The Buchner funnel, filter papéf and pelrole‘ur‘n elh;i were cooléd to

-20° C before use. e ~

2.2.3. Melting Point e

.. The melting points were recorded on a Thomas Hoover melting point apparatus
made available to us by the MUN Chemistry Department and are uncorrected.

The reported values are the average of at least three runs. -« -

-

2.2.4. Elemental Analysis . =l

. . 5 . .
The peptides were analyzed for carbon, hydrogen and nitrogen by Canadian

Microanalytical Service Ltd., Vancouver, B.C. after ‘extensive drying. The . .

per;:ent oxygen was determined by subtraction. ' \
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2.2.6. Amino Acid Analysis
The amino” acid cohtent of the peptides was determined by D. Hall of the
Biochemi;try Department on a Beckman model 121 automated analyzer. The
samples were hydrolyzed with 6M HCl in sealed evacuated tubes at 110° C for 24

hours.

2.2.6. HPLC

The HPLC of pepndes was perl’armed on a Perkin-Elmer (Series 4L.C) I1qu|d
chromatograph with a. H:P 5 ODS C-18 reverse phase column usmg HPLC” grade B
acetonitrile, waterand methanol as the mobile phase. The samples were prepared
fo; injection by dissolving in methanol (l-‘.!vr_ng m_l“). Peaks were detected by UV

at 225 nm on & Perkin-Elmer model LC85B spectrophotométric absorbance

detector.

2.2.7. Infrared Spectroscopy : 5

In[rqred (IR) spectra were recqrded‘ at room temperature on a Perkin-Elmer
model 983G spectrophotometer with 1.0 mm BaF, cells (Buck Scientific):
Wavelength calibration was cliecked using a 0.05 mm polystyrene film. The
peptides were dissolved in_CHClJ which‘wus freshly  distilled ~over calcium

chloride. A spectrum was obtained by electronically subtracting a spectrum of

,~ CHCly in both the sample nnd reference cells from a spectrum with 'the Ppeptide
/

d:ssoIVfd in CHC] in the sample ell and CHCl in the reference cell. In this
way, the e"ecl of mmute dll'l'erences between‘eells ‘was removed.
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2.2.8. Circular Dichroism Spectroscopy
CD spectra from 260 to 185 nm were recorded at room_ temperature on a Jasco

J-500A spectropolarimeter equipped with a DP-500N data processor. Wavelength

was calibrated with d; glass and litude was calibrgted using 0.6

D-10-camphor sulphonic acid in H'ZO' Unless otherwise stated, peptide

concentrations of 0.5 mg y\l" were used in a 0.5 cm quartz cell (Jasco). HPLC

grade organic solvents were dried over molecular sieves for at least 24 hours and’

then filtered before use. The spectra were averaged after eight accumulations at

50 nm/min and a time constant of 0.5. Spectra were obtained by electronically

subtracting the spectrum of solvent from the s‘pectmm of peptide in solvent.
Values are reported as mean residue ellipticity ([),,)- For a detailed description

of the term [6]

see section 4.1.1.
2.2.9. Nuclear Magnetic Resonance

.
L]

Proton led Fourier tr d carbon-13 and proton NMR spectra

weré recorded on ‘s Nicolet NB 360 MHz spectrﬁmeter at the Atlantic Region

Magnetic Resonance Centre, Halifax, Nova Scotia. TetramethylSilane was used as

an int‘ernal reference.  Unless otherwise indicated, peplide’ concentrations of

io mg mI'! and 25 mg ml! in the appropriate solvent were .used for the proton

and carbon-13 NMR! respectively. * Deuterated solvents were stored over

molecular sieves ;md‘ﬁllered before use. Tube sizes of 5 mm w 10 mm’ were

used for proton and carhon-lSVNMR; respectively. All spectra, unless otherwise

speciﬁed,.were obtained at 24 & 1° C.
v .
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242.110. Binding Studies by Circular Dichroism
The binding of cation to peptide was followed by CD in both water and
acetonitrile. Calcium chloride was used i;thq‘ titration in water while. perchlorate
salts were used when acetonirile was used as the solvent. . Final/ peptide
vcurnentmtions were equimola}’ to 0.5 mg ml! N"lBochD:\IaA]aNHCHx
P)eplide stock solutions were prepared 9.75 times the concentration used in the
final measurement. An initial stock solut‘ion of salt, was diluted to a series b
_ secondary stock solutions in 10 ml volumetric ﬂ?{s. Using Lambda, pipets(H.E.
Pedersen), 1750 ul of secondnry stock solution was added to 200 'ul of the peptide
stock solution resulting in a series of ion/peptide rauos A parallel set of solvent
soluuons.wns prepared by rep]ucmg the 200 pl of peptlde stock with 200 ul of
solvent. Solutions were tho(réughly mixed using a rotor.mixer‘and allowed to
incubate for a minimnm\ of minntes before use. Only' glass and teflon were

allowed to come in contact with the solutions.

2.2.11. Blndlng Studies by NMR
N“iBochDAlnAlaN’HCH and N’lBocBroGlyAla.NHCH were mmted with

cnlcmm perchl in t 5 and) itrile:dy, pecti ' Peptide

concentrations of 20 mg -ml" I‘or proton NMR nnd 25 mg. ml" for carbon-13
NMR were used. Lamda pipets (H.E. Pedersen) were used to add 4l increments of.

(2 i a concentrated salt stock solution so that at a salt to peptide ratio of 1, ‘the

dilution of the peptide was o more than I:1. Solutions were mixed thorougly -

using a rotor mixer before measurement. L]




2.3. Peptide Synthesis =
2.3.1. Introduction !

The N*tBocProDAlaAlaNHCH, peptide was elongated from ¢BocPro by an

. activated ester method using NSU. The addition of the N-methylamide to the C-

* terminal was accolQ)lished by mixed anhydride coupling. The oftline of synthesis

is given in Figure 251 h the activated ester method and the mixed anhydride.
h
method are well establishefl solution techniques and are described in a monograph
on peptide synthesis by Bodangzky et-al. (1976).  Although coupling by the

mixed anhydride method requires fewer steps than coupling by the activated ester
=

.method, unless care is taken it can cause racemization of the-amino acid residue :

on the N-terminal side of the bond being formed. The activated ester method
P
requires the initial synthesis of a NSU derivative before coupling can occur, but

racemization is not a problem (Bodanszky et al., 1076). The activated ester

) method cannot be used to coiple N-methylamine to the C-terminal end of the

¥
.

]

sequence. Standard ions to minimi ization were taken during the
addition of the N-methylamide. It was therefore assumed that no racemization

had taken place during synthesis.

The N\"IBochGlyAlaNHCHs peptide was synthesized by Dr. S.K. Attah-
Poku. The peptide was recrystallized and checked for purity, as outlined in the "
methods section. The final peptide was synthesized by coupling
N"tBocProélyOH and AlaNHCH, by the mixed nnhyd;’ide met;ﬁd. , Because
glycine has two a-carbon hydrogens, there is no ;)roblem with racemization. Dr.
S.K. Attah-Poku was also responsible for vth; synthesis of N®(BocProDAlaNHCH,
and N*(BocProDAlaAOCH,. - . S

'
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2.3.2. N°tBocProDAlaAlaNHCH,
The synthesis of N*{BocProDAlaAlaNHCH, is given below. The description is
representative since more than one synthesis run was made. (The complete
X : k)
synthesis of this peptide including its intermediates was done by the writer.)
13 a 7

2.3.2.1. N*tBocProONSU

A solution fontaining equimolar amounts of N%BocProOH (9.63g,
44.8 1.60mmole) and NSU (5.i5g, 44.8 mmole) in dioxane:THF (4:1, viv) was
cooled to 0 C in an icebath, The mixture was stirred for 30 hours at 0-5°
dfter thevadditipn of 1.1 molar equivglents of DCC (lDt‘I_Sg, 49.2 mmole). The

r\renction mixture was filtered to remove the DCU byproduct and the solvent
,xemovsd on a ro(.ary‘ evdporator. The product ‘w:'\s crystallized I‘;oﬁl a
chlomrorm:petro[eum ethe'r mixture (12.09g, 38.8 mmt‘:‘le, 26.(3%].
2.3.2.2. N°BocProDAIaOH o s =

N%{BocProONSU (lID.Wg, 34.3 mmole) was dissolved in 200 ml dioxane and.
stirr.ed. A 1 molar equivalent of bAlaOH M;SSA mmole) wis dissolved in a
minimum amounf of water with 2 molar equivalents of NaHCO, (6.45g,
76.8 1:nmo|e) (= 20 ml). The second solution was added to the first and 1 ml of
dioun; was added for every ml of :Nuter r’equiréd for the second solution. The
reaction mixture was stirred for 20 hours at rosm temperalure,’moled 00" C_.
and filtered after 10-15 minutes. The solvent was removed to dryness and the
residue extracted, with e‘lhyl acetate. The aqueous lsyer was concentrated to
40 mls, adjusted to pH 2 and then'br;ugln bac.l; up to 100 mls with water. The

“solution was slowly saturated with NaCl and then extracted 3 times with

*

WV
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chloroform.” The chl(‘)rol'orm layers were dried with Na2504, filtered . and

| . “
concentrated ‘on a rotary evaporator. The product 'was crystallized from a

chloroform-petroleum ether mixture (6.67g, 23.3 mmole, 67.9%)
|

2.3.2.3. N°BocProDAlaONSU

«
A solution containing equimolar gmounts of N‘TABochDA.laOH (6.67g,

23,3 mmole) and NSU-(2,68g, 23 3 mmole) in di&xane'TPﬂ‘ (41, V'V) was cooled to

0° Cin an icebath. The mlxture Was stirred for 20 h\k:urs 8t 0-5° Cafter the
addition of 1.1 molar equxvnlents of DCC 15 29g, 256mmole) ‘The reaction
mixture was filtered to remove the DCU byproduct and zhe solven'. removed ona
rotary e‘vapomtor. The product ‘was crystallized from a chlorororm~petroleum

ether mixture (5.01g, 13.1 mmole, 56.2%). 7

2.3.24. N%BocProDAlaAlsOH

N%BocProDAlaONSU (5.00g, 13.1 mméle) was dissolved in 100 ml dioxane and

stirred. A 1 molar equivalent of AlaOH (L.16g, 13.1 mmole) was dissolved in

water with 2 molar equivalents of NsHCOj (219, 26.1 mmole). The second

solution was added to the first and I ml of diokane was added for every, ml of

water required for the second solution. The reaction mixture was stirred for 20

hours at room temperature, cooled to 0° C and filtered after 10-15 minutes. The

solvent was removed to dryness and the residue extracted with ethyl acetate. The -

nqueouanyer was concentrated to 40 mls. adjusted to pH Z‘End then brought
bna( up to 100 mis with water. The solution was slowly sntur:hed with NaCl and

then extracted 3 times with chloroform. The chloroform laygrs were dr‘fd with

* '

. Nag80,, filtered and copcentrated on ?r/otnﬂry\ivapomtor. The product "was

b / ]
~ o

VT
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— allowed to come to réom temperature in thé salt/ice bath while stirring.for a

-

,p

ether mixture (3.68g 103 mmole, ¢

78.6%)
2.3.2.5. N:tBocProDAlaAlaNHCHa

N®BpcProDAlaAlaOH (3.68g, 10.3 mmole) was dissolved in a minimum'nmount
< of ‘cﬂloro[or'm‘ and placed " in a saié—ice '_mixture whilc’ stirring. One molar .
equivalent of N—me\thyl)@prpl;oline'(l.la ml) was added and the solution:‘tirred for
30 minutes. A 1 molar equivalegt of N-methylamide hydrochloride (0.9, \
10.3 mpole) snd N-methylmorpholine (I.13 mis) was added and the solution was
, Minifum of 18 "hours. The solvent was removed to dryniss, the residue .

redissolved in chloroform and wa8hed successively with cold 1M HCI, saturated ’

Bicath

te solution and d NaCl sélutioh’l‘l_?e‘o?ganic yhn{c‘wj dried
with anhydrous NaQSO4, filtered and ct’mcentmted on a rotary evaporator. The

P etlier mixture, (1160,

product was cr d from a chlorofor

. . . ~

4.31 mmole, 41.8%). The overall yield of the synthesis from N%BocPro to final =~ =
s ¢

peptide was$9.6%. . S "

'
The melting, point was defermined to be 216-217* T. Amino acid analysis~

. )
yielded a 2:1 ratio of alanine to proline. - The D_and L enantiomers of alanine

Id not be

ifguished. The el 1 analysis indi .;’ a percent weight |
distribution o5 followsm garbon, 8.13% hydmgcn,'/2l.75‘.'5 oxygen and
15.01% nitrogen. The culéufntea_ values for Cl1"3pésN4 were 55.12% carbon,
;s 4 i

o ¢
8.15% hydrogen, 21.59% oxygen and Wu% nitrogen. The results of a former

bl

A .
elemental analysis arma from the cal lated values by an amount.

..
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‘ -
However, when one water molequle was introduced into the calculation the

y vanished. Subsequent samples were jed with-instructions to

P

thoroughly drggand there was no further problem. Each sample yielded a single ’

peak on HPLC. ( ¢

2.3.3. N“tBocProGlyAlaNHCH,

The melting point of 'N°tBocProGlyAlaNHCH, was determined to be’

" 167-168° C." Amino acid analysis revealed a 4:1:1 ratio of proline to glycine to

alanine. The elemental amalysis indicated a percent weight distribution as follows:

53.70% “carbon, #.97% hydrogen, 22.65%, oxygen and 15.59% nitrogen. ~The

cnlcuinted values for Cm“zsosN , were 53.91% carbon, 7.92% hydrogen, 22.44% ,

oxygen and 15.72% nitrogen. The sample gave a single peak on HPLC.
A g .
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. /\-‘\ Chapter 3
NMR Characterization
Ay S
3.1. Introduction to NMR -

'As des'cribed in l¥ introductory c‘l:ppler, nu‘clear magnetic resonance has been
an extremely, useful tool/m the study ol‘ the molecular structure of both linear and
cychc '.'llclumdnndm; pepude: in elther I.he complexed or uncomplexed states.

.Wlmt !ollows a detailed study on the conrormalmn of the uncomplexed
tetrapeptides N"lBof:l’mGlyAl:n\'l“K‘?l“l3 *and its D-alnnine' analogue
N®BocProDAlaAlaNHCH; along with the assignment of resonances which are
used to monitor the effect of calcium ion'on the conformation of the peptides:
The Ca?*-induced conformational changes will be dealt- with in Chapter 5. Both
<arbon-13 and proton NMR of"{he twb peptides were run in DMSO-d,,
acetonitrile-d (used for tl;e Gly-peptidb\only) and lcel.on&du:(used for the DAla-
peptide only). Proton NMR of both p’ptidn in.CDCIJ and the carbons13 NMR
spectrum of N*(BocProDAlaAlaNHCH, in CHCly were also run. The choice of
the solv‘ents used was bns;d upon the following considérations. Acelnnilrile-da
and ;v:etone-dﬂ were used primarily because they were useful in the studies on
_calcium-binding by the peptides (see Chapter 5). Acectone-dg was used for the
DAla-peptide since it was only sparingly soluble in lcehnitrilbas. These solvents,

as well as CHCI, and its deuterated form cbcna. were used since they are
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relatively non-polar and hence would not he expected to disrupt the
intramolecular hydrogen bonds within the peptide (Bnyrey,‘ws()). This is not the
case with DMSO-dg which, being relatively polar, could ?nter.-m't with the polar a
peptide bonds. In fact, n‘ne usually c;;en_les two isomers of peptides containing

the sequence X-Pro in this;oﬁent (Thomas and Williams, 1972; Wuthrich ef al.,

Smith et al., 1973; Young and Deber, 1975).

X
With the N®BocPro-containing ,?ép'{des' the rotation about the urethane bond

results in'a cis isomer (or rotamer) and a frans isomer. The cis isomer is
e 2

hand:

d 2Ky P %
normally rare except in the case '.,"" ing peptides (R

and Niitm, 1976). The cis ll.lt‘ \_ of proli < ainin 'pep_lides
have been extensiy;ly characterized by both carbon-13 and proton NMR (Stjmson - -
el al., 1977; Hignshij{mn et al., 1‘977). When proline is in the (i+1)th position of
the pturn, only the raps isomer is capable of formimg the required 4— 1
hydrogen bond (Brahmachari et al., 1982; 'Ramaprasad et al., 1981; Boussard, et
al., 1076). Data. t;n the cid and tygns populnlions,vusually obtained from
ca_rhon-la NMR data, would therefore give an estimate of the population of the
hydrogen-bonded form versus the non-bonded form of the peptides (see section

-~
3.2.2.1). 2 4



3.2 Carbon-13 NMR . .
3.2.1. Introduction to Carbon-13 NMR Studies

The: assignment of the carbon-13 resonances of small peptides can be
accomplished  relatively easily through off-resonance protqu-decoupling

experiments and thé ison of peptide anal ahd pi run under

t'he same conditions (Howarth and Lilley, 1978). AlthSugh sequence effects are

generally small (Grathwohl and Wuthrich, 1074 Christl and Roberts, 1972), they

"do occur. These Shifts, nibng with those due to secondary structural effects such

as hydrogen-bonding, make’ direct li of d ined from

s_tnndnrd randomi-coil peptides inappropriate (Bovey, 1960). The latter peptides
were obtaingd by Grathwohl and Wuthrich (1974) by substituting X in the
sequencé/ FAGlyGly-X-AlaOCH, with various® nmin; acids. Thc); used this
panicul;r sequence because, with the possible exception of the bulkiét amino
acids, it seemed to be representative of an extended random-coil. Theyrandom-
coil values were used for the assignment of the resonances of the initinl’&(ecnrsor
which, in the case of the two peptides studied here, was N°BocProOH. Excellent
discussions on the theory and application ef cnrbon-‘l.'l NMR are available

(Howarth and L)Mey, 1978; Wuthrich, 1076; Levy, 1976).

H - o
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3.2.2. Carbon-13 NMR of N°tBocProGlyAlaNHCH,

3.2.2.1. Studies Using DMSO-d, as Solvent r

Th;e -n:;sig'nmenlL of the carbon-13 resonances . of the peptide

N@tBocProGlyAlaNHCH, in DMSO-dg was made thtough a direct comparison

with the previously assigned anbon-l‘S spectrum of N®{BocProGlyAlaOH in ‘
. ¢

DMSO-dg (Attah-Poku and Ananthanarayanan, to be ished).  Their

assignments were built up from the carbon-13 spectra of N*tBocProOH and

+ N%BocProGlyOH in DMSO-dg. The spectrum of N”lBov:PtoGIyA.la'\ll-lCl-I3 is
shown in Figure 3-1, nnd the expanded spectrum is shown mﬁure 3-2. Tables

- . “3-1 and 3-2_list the peak assignments of N"lBocProGlyAlnNHCH and its
precursor N%tBocProGlyAlaOH, respectively. The two spectra correlaté very

well, there were no ambiguous peaks; the peak at 25.58 ppm, whicl; did not

correspond to any of the resonances assigned to the carbons of the peptlde

= N“lefroGlyAlaOH wns assigned to the NHCH,. L

The di!rerentiaiion of signals due to the cis and lr‘un.s isomers of the peptide 1
[ ] relied on other considerations besides posit'ion. Earlier studipsaby oth;rs have
shown thy the best method for determining the cis or trans isomer populations is
by the nnnlysif of the proline ring £ and :curbon rewnances‘([)‘orman and
Bovey, 1973; Somorjai and Deslauriers, 1078; Deslauriers et al., ‘1976; Deber et ul#\
1975). The &s and trans resonances of these atoms are well resolved and are

therefore useful in the detection and initial estimation of the relative populations

“of the two isorhers In the peptide containi the hylamids gmup

here, the prollne p-carbon resonances were found At 30.93 and 29. 91 ppm for the
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Figure 3-1: Carbon-13 NMR Spectrum of N%BocProGlyAlaNHCH,
; " in DMSO-d,
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‘2 Table 3-1: Carbon-13 NMR Peak Assignments of
. 5 N"le:l’roGlyAlAN'l’lCl'l3 in DMSO-dg
Resonance tBoc Pro Gly Al NHCH,
CH.).C.O 215t — . - . __\
(CH,)y - @802 - Y
t
(CH)yGO 758 = e = =
= g t - t aak
- SoTe=00 8% ma @R e .
‘ ; _— 16708 821t
L o Ll 16:46° 814°
c watt RTRT A
# - ot S 1835°
- v . » 1
: o S pge 4
N E t
. 4223
. &C - 4210° e = b
NHCH, - - - - 25,58
chemical shift values in ppm, t = trans isomer, ¢ = cigNisomer
< /
. 3
L]
s 5=
-~
v
. 5
. .
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Table 3-2: Carbon-13 NMR Peak Asignqenu of
N@(BocProGlyAlaOH in DMSO-d,

Resonance(ppm) tBoc Pro Gly| Ala
t I/
. 28.05,
» (CHy)-C-0 2821° = = —a.
Tl
(CH)eCO e - B . =
o 154.38 172.30¢ 168.54% 17397
C=0 153.34° 172.72° 168.35° 173.83°
t by t g
) .eC - Soe0 iy 52
i t t
— % 29,96, ! 177"
% #C 3 = 30.08° = 17.45°
. . . t .
. *c - , =% = s T
. G ;
41.62!
&C s 4177 L= & =
t = trans isomer, ¢ = cis isomer i
v
R
B
S
- -
< * .
, .
’ &
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cis and {rans isomers, respectively. The cis and trohs resonances of the proline

ring y-carbon were found at 23.14 and 23.93 ppm respectively (see Table 3-1).

" These values correspond closfly to thosé ’u}:d in other proline-containing
peptides (Young and Deber, 1075; Richarz and \Vulhnch 10’8 l.om‘ﬂm et al.,
1978). With both the proline ring ﬂ- and rcarbons of . the

_N"lBocProGlyAlaNHCH peptide, the cis re‘m‘:ca -were Yound. to be

significantly more dominant. “Based on thns. the cis isomer resonances of olher

ished from their resp:

- carbons (besides the proline ring 4 and 7) were.
vlrana isomer’ resonances through the measurement of peak ‘heights. Most o( the
resonances were resolved into cis nnd Jtrana isomers, the exceptions belng the
prolyl a-cnrhon, the prolyl carbonyl and the NHCHG In the case of thw precursor
peptide N"lBocProGlyAhOH. all carbons except: the alanyl n—cnrbon. were
resolved in terms of the cis and trans resonances. The cis isomer was the major
conformer  for- both _ N%BocProGlyAlaNHCH;  and  its  precursor
N°tBocProGlyAlaOH. The relative positions of the cis and trans resonances

were the same in both the peptides with the exception of the {Boc carbons, the

alanyl carbonyl and the proline ring é&carbon whose trans isomer resob:mu-s with

N"lBochGl):AlnNHCH‘., were upfield from their respective cis isomer resonances

in contrast to their downfie|d positions with N"lB‘ocProGlyAanll?

Although it has been commn’n practice to quantitat® the m/lnnu r‘o through

the [ the relnuve ities (heights) of the respective signals of

single carbon atoms such as the proline ring # or 7 (Young and Deber, 1975;

" London et al., 107§), this involves the mnmplioa that the nuclear Overhauser
-~ -

/
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h and the spin-latti jon times are equal in all the carbon

atoms for cis and trans isomers. This is not ily true. Min]r diffe

have been observed in several peptides (Deslauriers et al., 1974; Fgrmandijan et

al., 1975). To correct for these potential di , all cig/t; ignable line
intensities of the title pept)({e were ta’kel/l info account and the mean value for the

relative intensities of the two rotamer signals was calculated. By this method, the

peptide N*BocProGlyAlaNHCH, was found to be 53.0 4,32% cis’and"

470 £ 3.2 % trans- Table 3-3 lists the individual cis/trans ratm}.Note that the
cis/trans ratios range from 1.08 to 1.20 with a mean of 1.13 + 0.07. -

The lﬁajority of tixe chemical shifts in the carbon-13 si:ectrum of the title
peptide was very close.to those obtained with the random coil’peﬁtidesj_s&a Figure
3-1). The exceptions are a) the glycine a-carbon which gave a value of 42.10 ppm
for the random-coil peptide (Grathwohl and Wauthrich, 1074) as compared to the
- observed ones for the Gly—Peptide at 46.79 ppm (trans) and 46.46 ppm (cis) and
b) the p.roline‘ En§ scarbon resonances which gave values of 42.23 ppm (trans)
and 42.1’0 ppm (cis) as compared to fhe literature values of 45.8 ppm (trans) and
48.8 ppm (cia). The peal seen in Figure 3-1 between 38.54 and 40.25 ppm were
due to the solvent DMSO-dg. -
3.2.2.2. Studies Using Acetonitrile-d, as Solvent

The carbon-13 spectrum of N"lBocI"mG‘l_yAl:ANHCH3 in acetonitrile-d; is shown
'h? Figure 3-3. The peak assignments are listed in' Table 3-4. Unlike the
carbon-13 NMR spectrum of the title peptide in DMSO-dg, there were no spectra

of precursors run* under,\the same conditions from which to build up the
s -—
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Tabjé 3-3: ~Cis/Trans Ratios of N®tBocProGlyAlsNHCH, in

DMSO0-dg as Determined by Carbon-13 NMR
Resonance tBoc

Pro Gly Ala
(CH#-C-0 1.06 = pon
N (CH,)-C-0 1.20 - = =
) c=0 117 UR.
' «C - UR.
#C - . Ll
+C - N/
&C - 112 -

1
' UR. = unresolved
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Chemical §hift

Figure 3-3: Carbon-13 NMR. Spectrum of I&ﬁocl’roGlyAI:al'\l'lNICl-I3
- ! in Acetonitrile-dy



g . 52 ) N\
r N . .
Table 3-4: Carbon-13 NMR Peak Assignments of
N"lBocProGlyr\hNHCHa in Acetonilrileﬂs\
Resonance tBoc Pro Gly Ala NHCII3
| §
(gHaia-C-O 28,60 —_— - " N
B °
(CHy)y-C-0 104 ) - = .
C=0 15634 169.97 17354 175.25 *
) . et 1801t s0.00! 2
v . G 61.62° 47.56° 149.88° " :
& t t
30,82 1801 ~
#C 3102° s 18.16° . .
. . . :
- P ' *
E 43.645
Va NHCH, - - 2629
2 .
W chemjcal shift values in ppin, t = trans isomer, ¢ = cig isomery’ k
ey « .
.
% . ¢
-
: R
% e \\L i
. . P .
P » t .
. ¢
) L - % < -
~ N 5
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assignment of resonances. However, the spectrum was similar enowgh to that of
the peptide-in DMSO-dg to “allow general asslgnmenu lo be made evenr though

due to solvent effects, specific assignments were not always ldenhcnl
.

The carbonyl resonances were found n the region 155 ppm to 175 ppm. The
chgmical shift of the (Boc carbony‘l was expec!ed as with the pepude in
\ DMSO- d o be highly upr}eld from the other carbonvls Thereforﬁhe pe:\k at
15631 ppm was assngned to the #Boc carbonyl. Of‘lhe remaining three carbonyl
. resonances, {wo were Iound grouped Jclosr, to‘ether The gronped resonances at '
173.74 ppm and 175.25 ppm; were assigned. to t glycyl and alanyl residues, *° v
N respectively. This disiin’ction was made on the 'h;':s's of the carbén:13 spectrum of
the peptide in DMSO-dg. In that cu;, the glycyl carbons'l‘ ruemince was upﬁeld '
- 4 (om Ihe-nlnnvl carhonyl resonance The rewnance’al 169.97 ppm was annbuted‘

lo the pmlyl carbonyl the diffetence from the other amino acid carbonyl

*resanances was attributed to the effect of the proline ring. None of the cnrhonyl

resonances was resolved into cis nnd trans isomers. This wus probablv a function

of tln.- number of accnmulmons since their penks were not very intense. .

§ il &
ov .The rematning -sslgnments followed*closely the model provided by the peptide '
in DYSO—d Only the peptide’s a-carbon resonances and the resonances due to
. the carbops of the prolme nn‘ were resolved. into ‘cis ‘and trdns lsoﬂ‘n The )

disting ic balwee{lhe due to the cig isomer and those due to the

. -

. trans isomer relied, as with the peptide in DMS0-dg; on the p- nnd rcasions of
iy ,
* the proline ring. ’The proline ring g-carbon resonances were !ound at 3193 ppm - /

and 30.82 ppm lor the cis and trans mmersrupecuvely Thé cis and lrana




" height.

54

resbnances of the proline ring r-carbon were found at 25.28 ppm and 24.32 ppm,

. respectively (see Table 3-4 and Figure 3-3). Wllh both the & and ¥Sarhns. the-

_l_mf;\[orm was significantly more populated. This is in marked contrast to the*

situafion prevailing in DMSO-dg described in section 3221 The cis/trans

of* the ining resolved ded on the basis of peak

| .
The determination of the cis/trans 'ratiuq was destribed in section 3.2.2.k. The

N“tBo;ProGlyAlaNHClia peptide in acetonitrile-d; was found to be 106.2 & 4.5

percent cis and 83.8 4.5 percent trans. Table 3-5 lists the individual cis/trans
. .

ratios.The cis ratio ranges from 0.14-to 0.26 with a mean of 0.19 & 0.08. The

hydrogen-bonded form (frans isomer) predofninates in ncelnnitrile-da.

3.2.3. Carbon-13 NMR of N°tBocProDAlaAlaNHCH, !

3.2.3.1. Studles Using DMSO-d, as Solvent

The assignment of carbon-13 NMR resonances, the dirfeieltinlion of cis and
trans 1somer peaks, and the determination of cis/trans ‘ratios followed the

procedure .described in the previous sections on the carbon-13 NMR data on
v

N -~
N%BocProGlyAlaNHCH, in DMSO-d.
S

The' ‘assignment ofe carbon-13 NMR resonances - of the peptide

. N"lBocPrGDAlu\l;NHCHa in DMSO-d, proceeded Ihrough a durcct comparison

with the previously assigned carbon-13 NMR spectrum of N®BocProDalaOH in

(4
DMSO0-dq (Anlnthlnnnynnln and Attab- Poku, to be published). ~ Figure 3-4

-shows the carbon-13 NMR spectrum of 'N* t.BocPro{)AhAl-.NHCII in DMSO-do

.

. -
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“Table 3-5: Cis[Trans Ratios of N“lBocl’ruGlyA.lx:.NHCH3 in
Acetonitrile-d by Carbon-13 NMR

55

L

~

N

Resonance Proline Glycine Alanine
: "
aCarbon T 009 0.19 0.25
#-Carbon 0.14 — 0.17
rCarbon o8 — -
sCarbon 0.26 — -
L 5_/
= Al -
-
(e
-
. . .
\ L
& oy
; { )
- >
| i -
1
" »
-
- & .



Figure 3-4: Carbon-13 NMR Spectrum of
N'lBoél"‘mDAleIINHCHJ in DMSO-dg
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* Table 3-6 and Table 3-7 list the peak assignments for N®/BocPr#DAIaOH and
N%BocProDAlaAlaNHCH,, respectively.  Their assignments correlate well wv h
the carbon-13 NMR assignments of N°AcProanNHCH3 (Ramaprasad et al.,
11;81). The assignment of theg carbon-13 NMR resonances of
N"lBochD,_\laAlnNHCHS was not as straight forward as those of the ley-
peptide in DM30-dg.  The problem arose because of the p“resence' of two

enantiomers of alanine in this peptide. It is ble to expect their

to be close to each other.
.

. 4
The relative intensities of the cis and frans isomer resonances were determined

¥ lhrough the g~ and y-carbons of the proline ring. The proline ring ﬂ—/arbons
resonnncq\were lound at 31.01 ppm Afor the cis isomer and 29.84 ppm for the
trans |somer The resonances of the proline ring r-carbons were found at 23.18

ppm and 24.18 ppm for the cis ‘and trans isomers; respectively. There was little

/
, deviation of the above from the respecti of the precursor, .
N@BocProDAlaOH. In both cases, there is signifigantly more of the trans isomer
than the cis isomer. The differentiation of the r;main"mg peaks into cis and

fran€ isomers proceeded on the basis of peak intensity.

EE 3

‘The carbonyl of the tBoc groul;'exhibitt;d a resonance, a$ expected, far upfield
from the other cnrbonyls The peaks at 153.92 ppm and 153.64 ppm were
nsslgned to the {Boc carb,onyls of the lrmu and cis isomers, respecuvely The
proline and alanine cnrbony{ assignments were a prnblem due to the gimilarity
hetween tlxe two alanine enantiomers and a general erowdmg of the resonances.

\Vnh"e cnrbon-13 NMR spectrum of N"'lBocPraDAJuOH in DMSO d -the D-

A
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Table 3-8: Carbon-13 NMR Peak Assignmients of A
¥ N%BocProDAlaOH in DMSO-dg  «

Resonance(ppm) lB}t ‘ Proline D-Alanine
(CHy)y-C-0 87 e et 1
(CHg);-C-0 35 o .

- i st 173,50
C=0 . 7 83l R 1T
- ¢
47.43!
. eC = 040 N 4717e
- . 2081t~ 1741
#C e 30.93° e
¢
. it
4 * 4063t
- &C == L4633 ==
P . . j .
z 5
t = trans isomer, ¢ = cis isomer %
- : - '
' . ;
5
S B
. - . .
.
v
%
. :
v ¢
.
.
a4
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Table 3-7:  Carbon-13 NMR Peak Assignments of
N®BocProDAlaAlaNHCHj in DMSO-dg
Resonance - tBdc* Pro DAz Al NHCH,
# = %
i '~\
. 28,07" »
(CH,)-C-0 28.11° - - { - -
- 79.10*
(eﬂa’a‘g‘o 7850, o= - == =
! t t v
o g ms omE omg -
* . 50.43% 40.08% 18:33
aC - 59.73° 48.00° 47.88° -
» 2084¢ 17.42¢ 18.57
#C o 31015 1714 / 18.42° Ea
24:18%
xC - © 23,18% - - -
i - 697"
&C 16.55° - - =
5 25.70%
NHCH, e - - - 25.59°

chemical shift values in ppm, t = trans iso'mer, ¢ = cig isomer

&

1
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alanine carbonyls resonated™fairly far downfield at 174 ppm while the proline
carbonyls resonated relatively far upfield at 172 ppm. Hence, with the peptide

N"lBocProDAlnAIa.NHCH;, the single large resonance at 1%1.55 ‘ppm was

26

assigned to the proline carbonyl and the resonances at 173.26 ppm and 17:
PPmM were nssi'g'ned“o the D-alanine carbonyls of the trans and cis isomers

spectively. ‘The i diately placed at 172.00 and 171.89 ppm

were* assigned to the cis and trans isomers of the title peptide’s L-alanine

carbonyls respectively.

The peaks between- 47 ppm and 60 ppr’n were assigned to the a-carbon
’esonfmées. The resonances'at 59.43 ppm ‘and 59.73 ppm were assigned to the

proline';cncarbons of the trans and cis isomers, respectively. They compare well

with the proline a-carbon resonances of the precursor and the-Gly-peptide. _The F

assignment of the two alanine a-cnrbons was made more difficult by spurious side
peaks that can be associated wu,h the large solveht peaks found around 40 ppm.

The  use o[ the cla/trana ratio of the. proline a-carbon resonances (0.821) as a

reference \f:s useful in sepemtmg out the peaks. The aldnyl a-carbon resonances -

of the qu-pepude and the {l_):alamne a-carbon resonances of  the
N“lBoch’DAanH peptide indicate that the a-carbon resonances belonging to

J 2 |
the D-alanine are downfield from those of the L-alanine. By using expected peak

l‘hei;hts and cis/trans ratios, the resonances at 48.00 ppm and 49.06 ppm were

.
assigned to the cis and trans isomers of D-alanine respectively. The resonance at

48.33 ppm A{ld 47.88- ppm were then assigned to }Jre L-alanine a-carbon
resonances of the trans and cis isomers, respectively. Because of the still-possible

!
<




kK ‘lhz Dr\la‘»peptide is(very similar toits glycine analogue.

} 61
n N .
uncertainty in the assignment of the D- and L-alanine a-carbon resopances due to

-~
their overlap, they were not used in the final calculation of the cis/trans ratio.

X The D-alanine ﬂ-c:'srb::n of the precursor peptide N®¢BocProDAIaOH resonates
at 17.41 ppm (traps) alrlld 17.27 ppm (cis). The alanine g-carbon of the glycine
analogue resgnates at 18.12 (frans) ppm and 18.35 ppm (cis).’ Hence, the
resonances at 17.14 ppm and 17.42 ppm were assigned to the D-alanyl g-carbon
resonances of the N“tBacProl‘)AJnMaNHCHa .peptide, cis and trans . isomers
respectively, and the peallts at 18.57 ppm and 18.42 ppm were assigned to. the L

alanyl residue g-carbon resonances, cis and trans respectively.
s : i

The remaihing peak mignnlients correlated well with the precursor peptide and

the glycine analogue. The peak 4t 25.70 ppm was assigned to the NHCI-[a methyl

% 2 -
carbon of the ¢rans isomer and the resonance at 25.79 ppm was assigned to the

. corresponding cis isomer. Unlike the precursor, the cis/trans peaks of the tBoc

carbons and the proline a-carbon were resolved while the proline carbonyl -
. - . ®
resonances-were not. The series of peaks centred around 40 ppm, as stated

previously, are due to the DMSO-dg sqlvenf”l‘he carbon-13 NMR spectrum of

-

et

The cis/trans ratios of the individual carbons of N“lBochDAlaMnNHCH are
shown in Table 3-8. Although the miethyl cnrbons of the lBoc could be resolved

into eis and trans isomers, the peaks wefe broad and overlapped. I-Lence, the

cia/!rdua ratios could not be ly calculated. As meéngioned above, the

\
a-carbons of the slanines were not used in the calculation because of some doubt
. ) ’ o
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. [
8: _Cis/Trans Ratios of N®tBocProDAlaAlaNHCH, in
DMSO-dg by Carbon-13 NMR i

Respnance tBoc Pro DAla Ala NHCH,
(CH,);-C-0 0.63 - - -
Cc=0 0.75 UR. 0.74 0.82 -
«C - 0.82 0.74 0.55
8C - 0.68 0.90 0.89 -
+C - 0.64
50 - 0.66 - —
NHCH, - — v
UR. = unresolved
v
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with »eir assignment. In DMSO-dd, th? peptide‘N"lBocl-"mDAI:sA]aNHCI-l3 was
found to be 47.8 + 4.9 percent cis and 52.4 + 4.9 pé’cent trans. The cia/lran.a »
ratios ranged from 0.63 to 090.with 8 mean of 0.75 & 0.08. When compared to
the glycine analogue, two observations stand out. First, the range of error was
% greater with the D-nhn‘ne analogue (£ 49 m) than with the glycine analogue (+
3.2 %) and second, more importantly, the percent cis was s\gmhgmﬁly lower.
The nnj\ount of peptide in the cis conformation decreases by. 10.4 percentage
points upon the substitution of a glycine with a D-alanine. This would indicate
that the D-alanine in position (i+2) of a se‘quence hasa somewhnt\i‘k{rent effect
on the r‘otn\tion around the ure'tﬁane-prol'me bond between residues i and (i+1) of
the same sequence ;’com;)md to glycine in the (i+2)th position. The
conformationally restrained nature of-the ProDAla sequence co;xld force the
peptide into a position more famuragm’l hydroge,n-l;o;ding than js possible
with tE glycine. I am unable to explain the increased range of cis/trans ratios
~seen with the DAla-peptide in DMSQrdg as compared to the glycine analogue in

DMSO0-dg and can oply refer back to statements made earlier on the involvement _

of unequal nuclear OverQauser enh $3nd spin-lattice relaxation times (see
- i 3
section 3.2.2.1). The phenomenon is probably not just a function of sequence
" since with the Gly-peptide & ehn‘nge to a more non-polar solvent resulted in an

-
increased range of ciff/trans ratios along with an increased proportion of trans

isomer (see sections 3.2.2.1 and 3.2.2.2).

/



’

84
o \
3.2.3.2.'Studies Using CHCI, as Solvent
The carbon-13 NMR spectrum of N“lBocProDAlm\hNHCHJ in CHCly is sho‘wn
in Figurg 3-5. The assignments were carried out through a direct comparison
“with the carbon-13 NMR spectrum of N“lBocProl_)A]nOH in CHCl, (Attah-Poku

and Ananth , 1o be published) whose peak assi are listed in

Tuh]; 3-9. They built up the resonance assignment from %he carbon-13 NMR
spectrum ;I’ N%BocProOH in CHCly. Their assignments are very similar to those
by Ramaprasad et al. (1981) o!‘ N”AchDA]aNHCHs in CDCly. The carbon-13
NMR pesk assignments of N°BocProDAlaAlaNHCH, in CHCI, are listed in
Table 3-10.  Only one isome};ppears to exist. Since the majority of the DAla-
-peptide exists, as the trans “iSomer in the more polar solvent DMSO-de,v it is
extremely likely that the peptide in CHCly is all trans rather than all cis, *
- Chloroform,” unlike DMSO-ds, tends to stabilize intramolecular hydrogen bonds
and hence the trans form (Bayley, 1980). In contrast, the major isomer of the
peptide N®tBocProD1aOH in CHCI is the cis form. In that case, there are not
enough residues to form a hydrogen-bonded gturn. The addition of the
r\]aNl'\iSl;ls group to the C-terminal end of the sequence allows the formation of
such hydrogen bonds and henc’e stabilizes the frans isomer. The peak

* assignments were relatively straight forward with only one point of additional
interest. The g-carbons of both alanine enantiomers do not resolve. This becomes
more interesting’ once the peaks are assigned to the D-Ala peptide in n’t:ctonm—d°

(see section 3.2.3.3). Solvent peaks are expected and found around 77 ppm.‘

Ve
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Table 3-0:

Carbon-13 NMR Pesk Assignments of

68

v

4

; .
»  N%BocProDALOH in CHCl,y "
Resonance(ppm) - 4Boc Proline, D-Alanihe
(CHy)y-C-0 == 28.38 -y
: . <, ]
CHY-C-0 81.26
(Cligle=C- 8188,
— 155.47¢ - 15236"
(=0 15594 171.98°
Y -
#C - ’ i BEENTYTR
% O -
&C B \Q 41.08 -

chemnical shift values in ppm, t = trans isomer, ¢ = cis isomer

I.

(
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o Table 310: Carbon-13 NMR Peak Assignments of

NUBocProDAIAIsNHCH, in CHCly =

Resonance _ (Boc Pro “DAla Ala, NHCH,
O CHj;CO wu - — - - (=
. © '[CHYyCO 8083  — ° -, - -
] iy C=0 . | _135.04 17133\ -173.01 17240 fo— "
& «C, - 6053 -+ . 5034 |/ 5 e e
o - 2085 17.03* 17.03* — -
+C - 24.67 - - = ..
*C - 21 - e - . N
v * NHCH, - .= - . = "5 4
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3.2.3.3. Studies ‘Usln; A:etope-do as Solvent ' =
:l‘he nssighménb of ‘the " carbon-13  NMR - msonart&’e; of
N"l&c}"n}DA]aAlar‘ﬂ-lCl‘l3 in acetone;dg are shown in Table 3-11.The spectrum
is.shown in Figure 3-6., Acetone-dg was used since the P-Ala pepiide w:\{ only

sparmgly ‘soluble ‘in itrile-d, at the

required for cmbun-ls
NMR (25 mg ml") However. acetone-ds is not the (besl solvent for carbon-13

NMR, apeclally lf one is concerned with che cis :mdklrana isomer popllations.

Solveut ‘aks oceur at and around 30 ppm, an area useful for determmm; .

.whether the cis or trans isomer is the most populated. The spectrum was fairly

noisy and although ther)were sore indications of the presence of a minor species,
the level was too low to q!mnmate. « Since the D-ahmne peptlde is mos!ly lra_na
in"the more _polar solvent, DMS.O-dG, it was considered unlikely .that the major
species is the cis isomer. Also, the Tcurbon’gl the proline ring r‘esonvafcs at 25.31

ppm which i |'s in the area expected for a signal correspondmg to the trans isomer”

In some fespects, the spectrum was very similar to the ones vlﬂﬁ the peptide in

DMSO-dn and Cl-lCl3 and therefore ox!cnn feel fairly conﬁdent with general -
.3 ! L N

assignments. One would, because of solvent effects, feel less confident with the
o . - :

moyé specific assignments. ¥ ie” ”~

‘The (Boc carbonyl resonates hi@\upﬁeld in relatiom to other carbonyls with a
v(rie.ly of peptides in a variety of solvents (see above). Th\cre!o.r»n, the resonance
at 135.45 ppm was assigned to the (Boc carbonyl. Of the rethaining lhrne

fesonances, two were gtouped relatively close together. The two closet resonances

at 172,87 and 17233 ppm were assigned to the two alanine (D and L) cnrbonyh &

ot -

L

s
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= ' 4 “
- Table 3-11: Carbon-13 NMR Peak Assiggments of
N%BocProDAlaAlaNHCHj in Acetoné-dg *
Resonance \tBoc Pro ® DAla_J'v Ala ' Nl/’lCHs
(CHy);C-0 2853 - - = —
(CHy);CO 8028 > - - -
=0 - 15548 175.27 172.87, 172.33 -
aC - 60.92 51.18 49.57 -
£C - UR. 17.08 17.48 -
"-'rq : - 25.31 - - -
&C X - 48.05 — -
NHCH, - - - . 26.8
chemical shilt values in ppm.
UR. = unresolved. _
5
- e - o i # B
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— based upon their similarity. In both Cl'lCI3 and DMSO-d; the D-alanine carbonyl

is dov d from the cor

resonance at 172.87 ppm w{a assigned to the D-; alanine cnrbonyl and that at °

172.33 ppm”was assigned to the L-alanine carbonyl The peak at 175 27 p;un wns '

assigned to the proline curbonylkm this caSe downl’leld with respect to thg alanme
. . ;

carbonyls as j to the peptide-in CHCI, and DMéO-db. " .

.
The alanyl ﬁ-‘csrbon resonances are mugh closer to each otBer thap in DMSO-dr
The distance hetween the two seems t& be a function of solvent polarity (see

5 . 1 % N
3.2.3.2). The D-alanine -carbon was assigned to*the more upfield resonance at

17.08 ppm an;l the p-carbon of the L enantiomer to 17.48 ppm, o‘n the basis of the

Elnt_ive position of the two resonances in DMSO:ds. The exact effect of the

solvent was unknown and ‘therel’ore-_one cannot be sure of the validity of the

assignment. Y
[

The remaining ice peak as

lo“owed the patterns observed with both the Gly-pepude and the DA]mpephde in
a variety o/solvenu (see sbove) '

o !.2.‘4. Solvent-Dependence of Clrbonyl‘ Reuqnln:u P Q{,

3.2.4 1. lntrodllcﬂon

ﬂy chnngmg g the selvent oo\ may be able to alter the chemlcnl shifts of .the
clrbgn-l§ resonances (Howarth and Lilley, 1978). Tlle change in chemical shift
(d&i'lrhml through ‘lllemllonl in solute charge distribul]o& space shiel?ing lnfi

conformation (Lyerla et al., 1073; Moon and ‘Richards, 1972).."1‘]“ extent to
' »

5

&
N N

L-alanine Therefore the -

S
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wh’ich a particular carbonyl is affected by a change in solvent depends, in part, to
whether or not that carbonyl is hydrogen-bo _déq. "A series ol"pnpers by Urry an:l
co-workers have ;flxowﬁ’/that in the case of £etra-, penta- and hexapeptide models
of el#tin: the As~value of hydrogen—b;mded carbpl;yls .updn changing the solvex} )
from DMSO- d to exther water, methanol or tnﬂuoroaceuc acid is less than half
when compured those carbonyls whxch are not hydrogen-bonded (Urry and
Mitchell, 1976; l{;ry et al., 1974‘&,"; Khaled et ul., 1076; Okamoto and Urry,
1976; Urry et al, 1975“"’). The Hnol:lfl.a particular carbonyl resonance shifts

with a change in solvent depends on othier factors besides hydrogen—bm;ding and

N
“ therefore a direct, comparison between two solvents haf only a limited use. The

studjes cited above used a mlvent-titraz‘o{: which is the method of choice. What

follows is a comparison of carbonyl chemical shifts of the frans isomers of

N%tBocProGlyAlaNHCH; and N"lBocProDA.lnA]nCl‘l—a in various syolvenm\ The.

trang isomers ar¥expected to be the hydrogen-boided form (see” section 3.1)

~ % *
(B dét-al., 1979; Brahmachbiari et al., 1982).

3.2. 1.2. N”’lBocProGlyAluNHCH
The chemical shifts of the carbonyl resonances corrcspondnk to the lrana
isomer of N"IBocProGlyAlaN'HCH? in lhe reluuvely polar DMSO- d and the
relatively non-po!nr n'cetonitrile-d were compnred The differgnces in terms of Al
gﬂ ppn‘x and alanine

wc?e as Iollaws {Boc 2.42 ppm, prohne 2.34 ppm, zlycme

247 ppm. ‘The ecarbonyl of the glyc)‘ resldue, which was not - expected to

. hydro;en bond| is found to show the largest shift. The two cnrhcnyla which were

expected to hydrogergbon‘l (tBﬁyan Proline) showed a -change in shift of

lpproxlmntely half that seen with the ;lycme cnrbonyl The nbnvo resultsare. in

[
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- line with the observations of Urry and c'o-warkers (see Introduction). However,

the n—lnnyl carbonyl raises an lnomnly; Its 4 value was not signifi ga;ntly greater

" than that of the !Boc Does this mesn thnt it was hydrogen-bonded or was it less

ar!ected by thessolvent. change for somme reason other than hydmgen—%dmg’

The dlstmctlon between these two possibil 'tm cannot be made on the carbon-13

solvbnb-depenfience data alone. ¢ . '

3.2.4.3. N“IBPcPr(;DAlLAllNHCHs

. The “chemital shifts- due to the curbon);h of N"’[B(u:f:’mDAla.xI:ANHCH:l in
DMSO«dG{\nc_ezone-db and CHCly were comp;red. The resuimé found to be
con‘l’licting and could not be used to de‘lineate hydrogen-bonding patterns. They

do, however, hasize the different.i the peptide has with the various

. solvents, Although both* CHCI and’ ncetoned are consldered less polar than

DMSO—da,Vtheir effects on the carbonyl chemical shifts ‘were found. to be

dissimilar. ‘ A \\

3. 3. Proton NMR o . L
- . . B IRC
3 3.1, infroductlan to Proton NMR Studles

P el

Proton NMR is.a nsaful hnique in the d of peptide

and hydrogen-bonding patterns. Once the assignment of ‘the individual prﬂyton
Y

s "
_Tesonances is completed, ?v\hydmgen-bonding patterns ‘can be elucidated by

1 the dencies of the NH The ch istic

s&ltmg pAtterns obserud for individual Nl_"pmtons can yield coupling constants

‘mwhlch are related to the dlhedrnl angle ol the N-C" bond (¢ angle), and can be

used for an estimatich of the peptide's cqnlormnuon. The aseignment ‘of the
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res‘énances of a proton NMR spectrum rely on the intensity, location and splitting
pattgns of the proton peaks as well as on the resulls of decoupling ‘experiments:

The proton(s) on one atom affect(s) the resonance pnuern of the proton(s) on a

' nexghbounng atom. The splitting pattern expected can be determined by the

followini formula: ’ 4

k) £
# (20, 1+1)(2ngl+1)
where | is thﬁin number of the particular nucleus being examined and n, and
5 4 .
np refer to the number of magnetically equivalent nuclei. Since the s;*n number
of h}grogen is § thevnbove l‘org}xln can be simplified to (n’\+i)(nB+l) (Jnck’man‘

and Sternhell, 1069). Hence the NH proton-of an alanyl residue yields a doublet

“ since the neighbouring a-carbon has a single proton while with_a_glycyl residue,

whose o-carbon has two protons, the NH would be expected to give rise to a
. - g
triplet. * THe neighbouring carbonyl group has no protons so ng = 0 in this

instance. The ]‘mtterns described above relate to first order conditions. The two
ange A

a-carlmn protons of the glyeyl residue produce an ABX system which ton produge .
secondury splmmg pattefns. lnstnnces where' secondary splltung patterns effect
the interpretation of a proton NMR spectrum will be pointed out in,the course of\

the discusion. Decoupling of a proton resonance 'wguld tend to affect those

protons of the same molecule closest to it causing either a collapse of the peak or.

removr;l of the coupling. effect (i.e.a triplet becomes a-singlet). “The location of

peaks follows a general pattern with minor variations. These patterns along with -

an exce‘ilenl discussion on the theory sad practice 6{/);roton NMR are found ip s

monograph by, Wathrich (1978).

f oS
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‘a.s.z. l_’x:aon NMR of N“tB;:ProdlyAlnN,HCHs
3.3.2.1. Peak Assignments in DMéQ-dB

The proton NMR spectrum of 'N°}l;_ocProélyAlnNHCH3 in DMSO-dg at 24° C
is shown in Figure 3-7. The peak a;;ignmedts are listed in Table 3-12.Th|;ough
carbon-13 NMR it wes d_etermine:l that, iy DMSO-dg, there exist two isomer \
populntion‘s (cis and trans) of N“lBochGlyAlaNN'HCHs with the )cia isomer
‘being the more favoured (see section 3.2.2.1). On the basis of this observation in
mstnnces where the resonancés ol‘ of the two isomer popul:mons ol‘ a pamcnlar
proton were resolved, the resgnance with the greater relative area was ass:gnerl lo
the cis isomer. I

Peptide NH protons are e:gpected to resonate in the 7-10 ppm region. The
expanded ‘spectrum of this region is shown in Figure 3-8. Glycme with two
protons on |ts a-carbon is expected to yleld a triplet for its NH proton if the two

a-carbon protons are equivalent.” With N°lBochGlyAl:NHCH3. two well ,

. tesolved triplets‘were found with chemical shifts () of 8.07 and 834 ppm. . The

;Eienter relative area of the former leads t6 its assignment to the glycyl NH'
corresponding to the cia isol!lel’ and that at 8.24 as carresponding to the. trans
isomer. “The oceurrence of lhe tnpleu mdncutes that the two a-cnrbon protons are

equivalent.. The alanyl NH protpn resonance wus expected to yneld a doublet

: becnuse o‘the single pm’nn on lu u-enrbon. ’I‘he clear doublet centred at 8. (!l

ppm wna therefore mxgned to the shnyl h‘ﬁ The pmtons ol‘ the NHCH melhyl

gruup are e‘pected to couple to the N]i,CHa ,resonance whlch WD\I|d resonute asa

quartet. . Whpt nppured to bn a poorly relolvad quntet at 7, 7o-ppm was mngned -

".



. Figure 3-7: Proton NMR Spectrum of
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Table 3-12: Proton NMR Peak Assigaments of

ki

A ¥ N"lBov.‘ProGlyAlaNHCH3 in DMSO-dg
Resonance tBoc Pro Gly Ala NHC’-]3
= v
. t
@eco’ M - - - -
«CH - 4.21 4.10 350 -
“#CH. - 207 119
+CH - 181 -
&CH - \.as - = s
4t go1t 7.70%
NH - - 8.07° 7.82° 783
¢
NHCH, = = = e 256
Chemical shift values in ppm, t = frans isomer, ¢ —¥1s isomer
2 .
4 .
. %,
¥ \
N
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Figure 3-8: Expanded NH Region of the Proton NMR Spectrum
of N%tBacProGlyAlaNHCHy in DMSO-dg
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to the NH proton of the NHCH,. Unfortunately, the two remaining resonances in
0 the NH region-overlapped to some degree. However, it gppeared that the peak at

7.80 ppm was part of a doublet centred at 7.82 ppm and the peaks around 7.83

ppm were a composlte of a quartet. and the other half of thf/ doublet. A
. comparison of the mtegrated penk area of the doublet at 7.82 ppm with the
" doublet at 8.01 ppm allowed the assignment of the rormer resonance as being due
to the alanyl NH of the trans isomer and the latter as corresponding to the
resonance of the alanyl NH of the cis |somer By an |denucal process, the quartet
at 7.70 ppm ‘was ass:gned to the NHCH resmt-ce of \the lrnna resonance while o

the quartet at 7.83 ppm was assigned to the N__H_CH3 resonanie of the cis isomer.

~ . Pl ~
4 The n—cnrbon proton resonances are located in the reg:on l‘rom 3.6 to 4.4 ppm.
s
’l'he cu/lranhsomers were found to be Ived. The i "

rely heavily on the penk splitting pauems (see Figure 3-7). . The proline a-CH

. resonance was expec!ed to be a triptel because of the two proline g-carbon
protons. The well-resolved tnplel at 4.21 ppm was therefore assigned tdﬁ.he .

. ';roli/ng a-carbon protons. The alanyl a-carbon ffroton is coupled to three methyl b
protol‘\a- and to the NH proton and hence would be expected to resonate as an
octet. Therefore, the multiplet at 3.70 ppm was assigned to the ‘alanyl mbﬂ. = Ay
Glycyl o-CH resonances may m;? oceur as & doublet if the A'w./o a-carbon protons '
on the glycine are ‘noli-equivale:{t ; Non~equivnlm;t protons wolld I;e'expected to

) produce a quartet. However. there was-a well resolved dotiblet.at 4.10 ppm andit

was mlg’m] to.the glyeyl l—cnrbon protons, e W
v » o

Electron-withdrawing groups mich as oxygen snd qhmle_n have a du’k‘ﬂeldln( ’




effect on ‘neighbouring prétons as does the proline ring. Deshielded protdns tend

. to be shifted dowafield (ie. to a higher ppm) In addition to the st:mdard _J
. e
% s ¥ methods used alove; the following lsslsnmenls relied on thege mldlllolml factors,

—
. Both the prolme nns'Mnrbon and NHCH, methyl protons were cxpcelul to*

resonate at a position appropriate to the deshielding effect of the reighbouri ; /
Lo e .
. s
nitrogen. The multiplet at”3.35 ppm was therefore assigned to the two proline

—_— &CHs. | The multiplet arose from the coupling effect of the two neighbouring

4CHs A ded by the quivals of the two &cmrbon prulnni The next

-farthest upfield ;nak was a doublcl ccnred at 2.56 ppm which was assigned to

- the NHGH, methyl protons. (The pedk at 2.4ﬂ(ppm was due to nn(..qeum el
o DMSQ tontamination.) Thé doublet arose from the coupling ‘umc. of the pK: on -

' . .

the near equivalent methyl protons. Thé relative area of the doublet indicated %

that it was’ Pl the re ibutions of three protops. \: The, —
- - mu]l‘!plets at 2.07 and 1.81 ppm were assigned to the golim- ring tnnd‘r;r\{num ~
respectively. The p-carbon protons were e&ﬁemu ‘to resonate as a mi)iliplel '
‘i because’ of lhe effect of the two pm(on: on the pmhm.- nng\rculmn lhc smglu

proton on” lhe proline rmg a-Zarbon nnd the non-equivalency, n{ all mmhml
pmlme ring protons. The same effect “was seen with i ~,~c1rlmn pmmm uxu-pt 4

"7 that lhcse protons were an cmlplml 13 the two pmh)m of llu' &cmrlyun instead of |

- - . the single e-carbon rcsulllng m K more ™ tr’mplrx mulhplet “Thé +C| Ln wete

differentiated from’ the -,-Cﬂs on the bnsls “of Ibclr grulcr !unpllmy nnd Ihe . g

added elfuu of the carbonyl whmn oxy;c:nnh in a similar wny to, lhe mm;!r-n o iy
SH. Both cnrbam are the snme dhlnnce (rom lhe plclme m(roun 30 the prmnm

VT

. closest to lhe deslmldux oxyien !u txpecled to be lha hrlhrxl xlnwnﬁehl
e .




The remailing peak“assignments were relatively straight\forward. " The relative

" intensity and position “allow the miknment of the resonances at +.32 and 4.39

o e T .
ppm as belonging to the methyl protons of the cis and Ltrans isomers of the tBoc "

5 respecuvely The nine ¢Boc methyl protons produce atesonance whlch dﬂmmntes

the spectrym. The-alanine p-carbon proton reson:mccs are’ found M 1.10 ppm.-
Théy\ are usunl]y the most I;pheld resonances of all (Wuthnch 1071 B)

3.3 3.2 2 ‘Peuk Asslgnments in CDC] v -

>

= The proton NMR s N“tBocProGlyAIaNHCH in CDC, is showw

anure 3-9. The penk asslgnments are hsled in Table 3 13.  Only one isomer -

was folmd to exlsz As menuoned in the |ntroduchon to tlus chnpter, CDCI

because it is re]auvely non-pm, is not expected to dxsrupt mtramolccular )

hydrogen bonds and hence the lran.s Tsomer is expected to be predommnnt The
slnblhzmg effect of chlorol'arm on the Irnnu isomer:was demonstmlcd wnh Lhc’
cnrbon-la data of the DA.la-peptlde, which ;‘n 4CHCI3, existed nearly 100% as the
trans isomer.  Therefore, ™ it * was sssumed that in CDCI,

N“lBochGlyAlaNHCH exists only as the trans uomer The reasoning’behind

the assignments was much th;same as whé DMS0- dg was used as the solvent.
Expecled peak splitting pnnems are ldenucal to those descnbcd in the scchon on

the title peptide in DMSO-d8 (see section 3.3.2.1). . . 4

(The peptide NH protons of the pepude in CDCI resonate between 8 8 And 75
ppnt The expunded spectrum af the NH region is shown in Figure’ 3—10 Al:mme,
with a single a-carbon proton is expected to yield a doublet. ‘The well resolved
doublet at 7.45 ppm was therefore assigned {5 the alanyl NH. The remaining two
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Table 3-13: Proton NMR Peak As§ignments of

. ——_— - l}l“qui:ProG yAINHCH, in CDCly
- Resonance tBoc “iPo, " Gly Ala NHCH,
1 0« 4
(CHg)yC-0  *Tis - Sy o T e
q—Cij e 4.20 393 4.46 e,
=g N 5- " . - i
BCH =Y 2 142 -
. i - p 207. )

\\ % - +CH - 194 < . B =

" E //,//. . sCH = 350 e e -, s

- - - 230
b . N : 2
. .
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N
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" NH resonances ‘nt 7.26 ppm and.581 ppm were ‘not well resolved. The glycyl NH,

" because of its two a-carbon protons, ‘was expected to resenate as a triplet. The

- signal centered at 7.26 ppm could be considered a triplet and was assigned to the.
u, .

‘. NH of the glycine. The NH proton of the NHCHj is coupled to the three protons

of the NHCH, methyl group. The broad singlet at 6.81 ppm was: considered

representauve ‘of an ill-resolved multiple md was, therefore nsslgned to the
NHCHjz. ~The lack o[ resolution could be due to'a weak four bond conplmg to the
alanine a-carbon | proton. In l)MSO-d6 the Nl_'l__ resonance-correspnnding to the
NHCH, of the'title peptide was also not very well resolved (sce sebtion 3.3.2.1).”

The peak at 7.27 ppm is due to non-deuterated CHCl;.

_"The a-carbor.proton resonances are found between 3.9 and 45 ppm. "The B

proline a-carbon -proton is coupled to the two prnun;s of the préline g-carbon.
3 . et

Hence the triplet at 4.20 ppm was assigned. to the proton of the prolyl.a-carbon.
; R S

" An octet was expected for the alanyl e-carbon proton and therefore the multiplet
at 4.46 ppm was tentatively assigned as being due to the a-carbon protgn. K

Decoupling experiments showed that the alanine a-carbon proton was coupled to |

both the' alanine NH at 7.45 ppm nnd the alanine £-CH at 1.42 ppm. A,s’in
BMSO-dg, the alnnme p—CH ‘was the' most upfleld resonance, ~The decoupling
observations sdd l'urt.hur strength to the assignment of all the n]anme protons.’
There was.no I'urther mformuhon derived from the decouphng expenmcnts The
remaining multlplel at 393 ppm,_was easily assigned to glycime if one: considers

the lwo a-carbon protons to be slightly ivalent. The quivalency

would give rise to coﬁnplex second order splitting patterns which would :ﬁpepr as




,becz\use of the ‘effect ol’ the prolme mtr

e © 88

a ' Tplet. The slight non-equivalency might also explain the ill-resolved nature
of the glycine NH resonax{ge: .
: ! . 3 '

Qe

Thé remail 'ng resonances follow a pnttern very s)mnlnr to that seen wuh the

" peptide i in DMSO-dg. The 5-CHs of the proline are, as expected, shll‘ted downr\eld

en.and were [ound asa mult\plet at 3. 50
ppm. The doublet at 2.79 is representnhve of the NHCH, methyl m
protons. ‘The peak at 146 ppm belongs to the methyl group protons of the ¢Boc.

Thg reéor;hnce .;at 2.25 ppm was assigne‘d‘ to the proline ring g-carbon protons.

“Those ‘of the proline ring +-CHs were. found as a composite of two broad

multiplets at, 2.07 and 194 ppm: Both the latter peaks‘are broad, the edges of
one cqntfibuting to the size of the other. The effect results from the nonm-
equivalency of the proline -CHs, and cad also be scen in the spectrum of

N®BocProDAlaOH in DMSO—d‘ (Atl'nh‘Poku and Ananthanarayanan, to be
Ly

both h peptide

publish\e). The fact that this type of pattern was seen wi

\! in CDCly d that it <is. not a function of cis/trasis
isomeration (see sechon 3. 3 3.2). Prolme ring puckermg cannot be ‘wholly ruled

out but one #ould expect to see an enhanced effect ‘with the SJHs closer the the

main chaje of the peptide.
3&2 .3. Peak Assignments,in Acatonitrllad
The proton NMR upectr\ull of N“tBocProGlyA.lnN'HGHa is shown in anure

3-11.”" The peak mlgnments are listed in Tnble «3-1-1\ The resonnnc‘e

' ,mlgnmtuts were made Ihmugh the pn:luon And sphumg of penks as ouflmed in
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N%BocProGlyAlaNHCHj in Acetonitrile-dy
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Table 3-14: Proton NMR Peak Assignments of
N"me:PmGlyA.laNl‘[CH3 in Acetoniirile-dé

Pro

(CHy)yC-0

o-CH
~ pCH

+CH
&CH

NH

NHCH,

Chemical shift values in ppm
* dué to non-equivalency of the two glycyl a-CHs




« . e 8 . )
in acetonitrile-d, the peptide existed 16.2 & 4.5 percent in the cis'form and 838

+ 4.5 percent in the ‘trans form. . <
N E

. The NH |;rotons‘ resonated between 6.5 an| .7A5 ppm. Figure, 312 shcw-s. the
expanded spectnim of the NH region. ;\s’c’n{: be seen‘, the resonances were not
+ well resolved. However, thls sntunhon changrd dramatically upon the nddmon or
= + ~ . calcium perchlorate toa [Ca +]/[F‘eptlde]\ ratio of 6.5:1, the penks became
extremely well-resolved. \ The addition of E_alfunm ions would be expected to affect.
the chemical shift of a }esb\nance bnt,lgenerajllyp not its splitting pattern s‘ir’lce the
number of pmton‘s on \\a neighbouriné“ atom should remain the same. ~ :
g Conformational changes mn\‘y affect éoupling constants whicli, in extreme cases,
n;my affect splmmg pauems \It is, however highly unlikely for a '.n_plel to occur
“where there are nbt at leasl two prctons on the nelghbourmg atom. The
increased resolution may be a result of cn?nlormationnl changes of the peptide
and/or a decrease in the number of nvnilab‘le conformations. The flexible nature
.of‘thg glycine residue could allow séveral peptide conformations even within the - T
. e restrictions of a hydrdgcn-bond‘ed trans isomer. Th; titration of calcium ion was
originully an experiment .in calcium-binding whose resulg: will -be- described in, o
Ch“apter 5. Although the chemical shifts of the Nﬂ‘resonances do change upon

the addition of calcium ion, they do not cross over and hence the relativesorder

rémains the same. Figure 3-13-shows the-expanded NH region of the proton NMR
- spectrym of N*!BecProGlyAlaNHCH, in acetonitrile-d; with 2 [Cn“]/]l’eptide]

| %
/ratio of 8.5:1. ! ‘The doublet found at 7.56 Ppm on the spectrum of the calcium-

’f perturbed peptide corresponds to the noisy“doublet centred at 7.37 ppm on the
/

7 =
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, Figure 3-13: Expanded NH Région of the Proton NMR
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\ ‘speczrum of the calcium-free peptide solution. ’i‘herefore, since the alanyl NH v‘nas
o expected to resonat'e as a doublei, the spectrum at 7.37 ppm was assigned to the
alanyl N'H_ The resénnnb;z at 7.45 ppm on the spectrum of the peptide in
#etonitrile-dg alone became a triplet at 8.08 ppm upon the addition of calcium
g T s 9 ion. The glyeyl NH resonance was expect.ed to occur as a-triplet an‘d therefore
. the peaks at 8.09 ppm and 7.45 ppm were so assigned. 'l;he_‘remaiuing NH
resonance, cen‘treﬂ at 6.85 ppm on t}ae spectrum of the calcium-free peptide,
ap‘pem as a poorly resolved ‘quart;t centred 7.36 ppm with the addition of
;cnlcium ion, 'I?,l.lerefore, since the NHCH, was expected.tp resonate as a quartet,”
‘ithe resonance at 7.38 1;pm on the‘ spectrum‘ of the Blﬂwerturbgd_peptide was

‘assigned-to the NHCH,. The two smill peaks at 7.06 ppm and 6.74 ppm seen
: 3

5 S .
with the spectrum of the caléium-free peptide disappeared‘upon the addition of

_éilciﬁm ion. They“wne attributed to(lhe cis isomer but cduld not be specifically

* assigned.

h ’Q " The a-carbon protons resonated between 3.7 and 4.3 ppm. The multiplet at -
i : - :
— i
4.25 ppm Was assigned lo'_ the alanyl o-CH which' was ‘expected to resolve as an

, octet. Tre two doublets #hich occurred close together at 3.7 and 3.75 ppm were -
! 43 ) f

Al )
assigned t&' the two glycyl o-CHs. The complex multiplet was attributed to

Py seEondnry‘splming patterns arising thvroug_h the non-equivalency of the a-carbon *

" protons. The resonance at.4.08 ppm, througp the process of elimination, was %

k assigned t? the prolyl o-CH. N
1 3 ?

The remaining resonances followed closely: the 'pattern seen with the proton
g NMR spectrum of the Gly-peptide in both DMS'O-rle and CbCla. The resonance
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at 345 ppm ‘was sssxg-ned to the prolyl Mnrbon pmton and the doublel at 2,66
ppm was assigned to the NHCH The resonances at 2.47 ppm and 2.19 ppm
~were assigned to the prolyl £~ and r-carbon protons, respechvely The largc

resohance at 1. 35 ppm was asslgned to the methyl pmtons of the lBoc group and

the doublet at 1.33 ppm was mlgned to the alnny\p—carbon. A'Ph'rresoﬁnnce at

1.96 ppm was a!‘ributed to d. d acetonitrile co ination (Jackman/

7

and Stérnhell, 1969).

. /
3.3.2.4. Temperature-Dependence of NH Protons [
The fficients of both solvent-shielded and solvent-exposed NII
protons Bave bgen extensively characterized and d d (Stimson et al.,

lmUrry ahd Long, 1976; Kopple, 1071; Bra(l?macbari et al., 1982). @Pase on '
ﬂ; arguments of th.e above au’thors, tem;ernture coemcie;:s of .-2x10'3 ppm/." C
and -6x10% ppm/“' 'C are expected for hydrogen-bonded and nomdrogﬂn-‘
bonded NH protons, respectively. l:lun-hydrogén-bonded refer to NH prol‘oﬁs'
which are fot intramoleular hydrogen-bonded and w;:ic may in fact ‘I?e
mI:rmolﬁcu]nr hydrogen-bonded to ‘solvent mo)ecules The r;.-snlts ‘nf"

P depend i on N“lBacProGlyAlanClls in DMSO-dg

are plotted i}: Figure 3-14, the _slopes are presented in ’I’bhle &l&Untnrtunntely.
with this particular system th; resl*lts were not definitive: All the NI punl;s of "
" the glycine peptide have slopés above ad4x10' ppm/* C. Only the alanyl NH
slopes are close to the'-6x10 value of a non-bonded NH proton. The slapc of the
'NH proton from the alanyl residue of the frans isomer may be qucsnoned since it
was determmed lrum only three data points as opposed to a larger number (ﬂ!

used for the other ptotons.2.88 The peak collapsed into the trans isomer's Nﬂcl’r;s »

. e
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Tthlo a-ns: Temp:rpture-Dependence of NH Protons of
N"t.BocProGlyAllNHCH in DMSO= dg = R
S .
Residue @ N. - Slope (x10° ppm‘/ * Q)
Glycine-trans . = a * 8 -438 =
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peak nﬂ.e‘r only two tem‘perature changes. The followed peak was also only one
half of the doublet attributed to the l“mns isorner's alauerﬂ, tl;e other half
being imperfectly resolved from the NECHJ of ;‘Ie trans isomer, Hydrogen-
bonding does occur as was shown by carbonyl solvent shifts (see section 3.2) and

infrared data (see section 4.2). There are two possible explanations to why the

results are. ambiguous. First, the pe:Ak ﬂssig'nn;ents could be incorrect. If this

were so, there would have been one to tliree peaks whose temperature shifts 1

would have been subst:\ntmll{ lower thnn the others This was not the.case. "The

‘nlternatlve reason revolves around the flexible nature of the glycyl residue. The

ion of the hydrogen-bonded structure mny be more *loose* and hence

be more subject to the erfectslo[ tempernure. This ‘would_ then serve as a_

contrast to what-was‘observed with'the more conrorinntionally'restrained DAla-
peptide which gave much more definitive results with the temperature-
.

dependance studies (see section 3.3.3.4).
s B

3.3.3. Proton NMR of N"tBoePrbDAleliN_HCHg :

7 3.3.3.1. Peak Assignments In DMSO-d, qwe - wd g
" The ptotgn NMR spec;.rum of N"lBocProDA]aA]nNHCHa in DMSO-d5 is sﬁown
in Figure 3-15. TI}e peak assignments are listed in’ Table 3-16.  The reﬂsm;inlg
behind the peak assignments was similar n; that employed with the Gly-peptide.

i 4
Thus, the expected splitting patterns were analyzed as outlined in the section on

the proton NMR of the glycine analogue in DMSO-d;" However, the assignmem.‘

of peaks based upon splitting patterns was not as successful as with the glycine

analogue’ because of the presence of the two alanine enantiomers in the DAla-



Flgnr‘e 3-16: Proton NMR Spectrum of
. N%BocProDAlaAlaNHCH, in DMSO-dg
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/ Table 3-18:, Proton NMR Peak Assignments of
- N®BocProDAlaAlaNHCH, in DMSO-dg
Resonance . Boc Pro . DAl Al NHCH,
; 136%
--(CHy);-C-O 131° = & == = -
«CH . a4 w0 =
N p-CH - 207 1.25 L19 -
I - R
5CH - 335 \ = - —7
i | 7.958¢ 7864 7304
NH s o 7.88° 855 7.80%
NHCH, - - - - 255

Chemical shift values in ppm, t = trans isomer, ¢ = cis isomer
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peptide. The trans conformer was determined to be the more abundant species
thm_ugh carbon-13 NMR (see section 3.2.3.1). ‘Henee, in instances when the
resonances due to the cis and l;::s isomers ar;z resolved,, the peak with,th; .

greatest relative area will be stjgned to the trans conformer.
The NH protons resonate between 7.3 and 8.6 pprn. The expanded spectrum of

this region is show&l in Figure 3-16.  Although splitting patterns (in this set of

ive when pared with the proton NMR data on

the glycine a‘nalugue in DMSO-do, the, NH region was mnch better resolved and
the decouplmg experiments were much more success!ul and ml‘ormauve The
nsslg'nment of the NH resonances of the NHCH; was relatively strmghl forward.

The NﬂC‘H3 was expected to resonate as.a quartet and therefore the two non-

doublet resonances at 7.30 and 7.80 ppm were so assigned. The larger resonance

it 7.30 ppm was assigned to the NHCH, corresponding to the trans 3
thédmaller to the eis conformer. Both the alanine enantiomer NHs were expected
to resonate as ‘doublets. * Therefore, the remaining assignments had Lo rely- heavily

. ) |
on the results of the decoupling experiments. Unfortunately, "feither of the

NHCH, resonnnces‘v;as coupled to any of the doublets. To begin with, one of the

doublets had to'be nssigne/d. Hydrogen-bonded NHs ;,end to.be shielded to a
greater extent than non-hyﬂrogen-bonded NHs n;nd dre expected to be farther
upfield. An example is del;ived from the NﬂCHa remﬁgnces,o[t e title peptide in
DMSO-dg. T‘;is need not, ‘however, always be the case:” One oply has to look as
far as the glycine analogue in DMSO-‘do for a contradiction. / In' the Pm}ulnted» )

double. p-turn model (see section 1.5), the NHs belqnging both the L-alanine
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" Figure 3-18: Expanded NH Region of the Proton NMR Spectrum

of N"lBod?mDAlaMm\'HCHa in DMSO-dg -
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. the D-alanine residue neighbours ther proline residue, the resonance at 7.88 pp‘m

101
and the NHCH, of the trans pephde are expected to be hydrogen-bonded The
NH of the trans peptlde NHCHj is already the farthest upl'leld of all the NH
resonances. The next moft upfield duublet resonated at 7.55 ppm and was
tentatively assigned to the NH of the trans isomer's L-alanine. This fesonance ’ pe
was strongly coupled to the doublet at 7.05 ppm and therefore ‘the latter was
miﬁed as the NH of the Dralanine belonging to the trans isor;wn The two

rem&%ﬂg doublets at 8.55 ppm and 7.88 ppm are strongly coupied to each -other -

“ and are not coupled.to any of the resonances previously assigned to the trans

\ §
isomer. This, along with their, relative intensity, indicate that both belong to thee

alanine enantiomers of the cis isomer. Which NH belongs to D-alanine and, which

"to‘L-nlnnine requires ‘more p‘robing_(see below).

¥ N

|
The .a-carbon proton resonances were found between 4.1 and 4.4 ppm. They
were not resolved into ¢is and trans isorfiefs. The o-carbon proton of proline was

expected to resonate as a triplet. The tnplet at 4.33 ppm was therefore assigned .

to the proline &-cnrbon proton. The prolyl «-CH was strongly' coupled to the

 resonance at 7.88 ppm but not to the resonance at 8.55 ppm and therefore, sinee

was assigned to the D-alanine NH of the cis isomer and, through the process of*

elimination, the resonance at 8.55 ppm was assigned to the L-alanine:NH of the

cis isomer. The o-CH resonnnce.n". 4.10 ppm*was coupled to the resonanee at
855 ppm which had previously been assizned to the L-alanyl NH of the cis isomer
and was therefore uslgned to the L-alanine o«CH. Ellmmnuon and the fact that

decoupling o{ the resonance at 4.18 ppm affects the resonances of both nlﬁmnes (D
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and L) of the trans peptide allows the ;ssignmenc of that resonance to the D-  t%xr

alanine a-carbon proton. -
The ~above ‘t;ssignments rely heavily on the _assumption- that the initial
assignment of the resonance at 7.55 ppm to the L-alanyl NH of ghe trang isomer

was correct. The relative areas of the coupled sets indicate that the cis/trans

assignments were carrect but it is possible that a C; ring can form with the tBoc

carbonyl and the NH of the D-alanine.. The decoupling experiments could not —

rule this out, there being no contradiction if the resonance at 7.5(5 ppm is assigned
fo the NHS of the D-alanine. However since the C, (y-turn) has more
conformational strain than the C,; (5-turn), especially with the proline residue in

the middle, its ':xistence is improbable. For the C, ring to form the proline

¢
carbonyl would have to be cis to the proline ring. Temperature-dependence and. '

infrared studies add further support to the existence of the C,, ring as opposed to
<

the C, (see sections 3.3.3.4 and 4.2). i

The refainjng assignments correlate very well with the glycine ag\i“logue‘ The

reuoni;:g remains the same. The multiplet-nt 3.35 ppm belongs to the proline

&CH. In addition to the d d DMSO ination at 2.49 ppm which
. . = -

was also found in the proton NMR spectrum of the Gly-peptide in DMSO-dg,

there is some HZO contamination seen at 3.30 ppm (see Figure 3-15). The methyl

* ‘Protons of the NHCH; occur as s doublet at 2.55 ppm. The proline A-CHs are

s
found at 2.07 ppm and those of the v-CHs are found s a small peak at 1.90 ppm
and a larger peak at 1.81 ppm. Both éheﬂut‘t&r peaks are broad, the edges of the
formerv conttlbuting to" the size of the latter. As mentioned before, this *

—
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phenomenon is due. to the non-equivalency of the proline ring 7 protons;
integration results support this interpretation. ' The resonances at 1,31 and 1.38
Rz %
ppm correspond to the m&@youp protons of the (Boc group ‘of the cis and

trans isomers, réspectively. The most interesl}ng thing about the region below

the u-cnrﬁon pfotuns is the assignment of the two triplets at 1.17 and 1.25 ppm.

"They are both due to the alanine g-carbon pmtons but cannot be accurately

asslgned to eithet the D or the L enanhomers wyth the data on hnud The fact

. that lhey were “fairly well-refolved suggesl,s Lh‘a'. there is some dlﬂ'erence in
emuroments -The glycine annlogues L nlnﬁ' ine ﬂ-carbon prplon resonates at 1.19
ppm and therefore T would suggest that it is Ilke!y\to be the L-alanine 5-CH 'which
resonates at 1.17 ppm and the D-alanine &-CH at 1 25 ppm._Confirmation would,
however, requ:re selective deuteration experiments.

3.3.3.2. Peak A.gsiy(ments in CDCl, ’ 2

The proton NMR spectrum of N¢tBocProDAlaAlaNHCH in, é)cx is shown in

Figure 3-1‘7. The peak assignments are listed in Table 3-17/ The assignments of

the proton NMR resonances of N%tBocProDAlaAlaNHGH, in CDCly were made

through the position and splitting of | \eaks and throigh decoupling experiments,
as outlined in previous sections (see above).' As indicated in the section on

carbon-13 NMR only the trans isomier of*t (DMa—peptide exists in chloroform
.o

(see sectign 3.2.3.2). As with | - eptide/in DMSO-dg, one of the major problems
was the existence ‘of-two enaniipmérs githin the peptide. Because of this,

and

splitting patterns would be I probls with lution may
R B x
occur. Fortunately with thjs particular system the decoupling experiments were

particularly successful.
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Figure 3-17: Proton NMR Spectrum of
N®tBocProDAIsA1aNHCH, in'CDCly
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Chemical Shift
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Table 3-17: Proton NMR Peak Assignments of
Ne(BocProDAlaAl:NHCH, in CDCly

o

Resonai =~ (Boe Pro DAl Ala NHCH,
(CHy);:C-0 - 2 - ..
oCH 405 483 4.29 - =
#CH o 217 Copae p48% o
207
+CH aee 4 - ) p— s
sCH - 348 N\ - -
NH - - . 7.39‘ 6.66 610
NHC& —_ - - - ©oan .
- 5 . 1
Chemical shift values in ppm
* Unsure of assignment
—
‘.
(Ve
% B o
L]
/
-~ "~
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‘The NH protons resonate between 6.7 and 7.4 ppm. The expanded spectrum of

this region is shown in Figure 3-18. The two alanine enantiomers, D and L,

. :
were expected to yield douBlets in the NH region of the spectrum. Two such) Y

doublets are found at ‘39 ppm and at 6.66 ppm. The specific assignment of the
doubl}:u to either the D- or L- glanyl NH relied on the decoupling experiments.

An illl-resol'ved quartet was found at 678 ppm and was attributed to the NH of
the NHCH,,. The peak at 7.27 ppm was due to CHCl, contamination.

The a-carbon protons resonated between 40 and 48 ppm. A triplet was
expected for the proline o~CH and therefore the well-resolved triplet a'4.05 pPpm

was sssigned to the proline a-carbon proton. The alanine a-carbon protons was

P ' 5
expected to resonate as quintets. The two quintets at 4.29 and 4.53 ppm were

assigned to the D- and L- alanyl o-CH aithouglh, as with the corresponding NH

resonances, the differentiation relied o the decoupling experiments.

The decoupling of one proton affects mainly zhu;se protons closest. to it through
Mekbone of the pephde The quartet at 670 p ppm, aftributed to the NHCH:‘.
was coupled to the doublet at 6,86 ppm and the ,a—C_Ii resonahce at 420 ppm.
Both of those resonances were therefore assigned to the L-alanine. The resonance

-&t-6:36 ppmn was coupled £o that at 4.20 ppm leaving little doubt that they belong

to the same enantiomer. Th‘e other NH doublet at 7.30 ppm was coupled oni;t;) -

o <
the quintet at 453 ppm and therefore both were assigned to the D enantiomer of

alanine. The quintet at 4.53 ppm was also coupled to what had prekusly beei

mlgned to the L-alanine m-enrhon proton resonance. Thls mdlenled that they are

neighbours and the initial assignment of the o~carbon protons was correct.
~
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Figute 3-18: 'Expnnde‘d NH Region of Proton NMR Spectruin
bt N°{BocProDAlaAlaNHCHg in CDCly
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The remaining assignments were relatively straight forward and closely followed
the pattern seen:with both peptide analogues in the:various sol‘venu examined.
"P;e rest;nance‘nt 3.48 were attributed to the proline ring s-carbon protons. The_
doublet at 2.71 ppm belongs to the protons gf\the NHCH; methyl group. The
peak at 1.40 ppm was jué to the methyl protons of the “tBoc an:i“the cluster of “‘
penkg!;xt L.44, 146 and”1.48 ppm were due to the unresolv’ed ﬁ-carhd‘!l protons of
lhe‘lwo alanine en:mtiomers.‘ ‘The three byoad multiplets aﬁ é.lTi 2.07 and l.ig K
ppm’are’due t the proline ring # and 7 protons. The pattern is representative of
% noh-xz:quivnlént proto;xs. ;I'l:_ose peaks 5r " the group rmjt"her downfield are due to
the protons of the -carbon I;ecause they Bl:; close:’ to, and ’»hence more vnffecl.ed
l;)t, the deshielding carbpnyl than those of the y-carbon.” . - »
3.3.3.3. Peak Assignments in Acetone—du I 3

The proton NMR' spectrum of N°(BocProDAIaAIINHCH, in acetone-dg is”

shown in Figure 3-19.. The peak 'nssuénments are listed in Table 3-18. . The
resonance ass.ignmenrjs were mad; through the pt;siti'on and splitting of peaks as
outlined in the previous section on NMR (dee above). A with the peptide in
I?MSO-d'6 and CDCly, the:assignment of NMR resol;nnces wyas made diﬂ‘icu;t by
the presencevof ttyaalan‘ine enantiomers. Carbon-l{! NMR indicated -that only the

trans isomer existed to any significant extent.

. . . ¢
The, NH protons resonate between 6.9 and 8.2 ppm, The expanded spectrum of
i region is shows. in Figure 390, The NH protons of the two alany! residues
(D and L) were. expected to.resonate as doublets and therefore, a well-resolved

doublet found at 7.43 ppm was assigned to one of the alany! NHs. Neither of the




wn

H
!

<
3
ﬁ

Figure 3-19: Proton NMR Spectrum of
N?BocProDAlaAlaNHCH, in Acetone-dg
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.
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Table 3-18: Proton NMR Peak Assignments of
N?BocProDAlaAlaNHCH, i Acetone-dg

Resonance

tBoc Pro DAla Ala NHCH,
(CH,),-C-0 139° = =2 == s
o-CH - 47 434 ar e
#CH - £7-5 1.30° 130 =
‘+CH B - 2.00° o - -
sCH 344 - - =
. §
NH -— 8.12 743 6.98
@ ) 261
NHCH, = Cs = 268°
'

Chemical shift values in ppm, t = trans isomer, ¢ = cis isomer

* peaks with same chemical shift were unresolved from each other
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Figure 3-20:'/ Expanded NH Region of l«h; Proton NMR Spectrum
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two remaining NH resonances at 8.12 ppm and 6.98 ppm were resolved into a

doublet nor a quartet which was expected for the NH of the NHCH,. In both

DMSO-dg and CDCl, the relative order, downfield to upfield, of the NH'

resonances was D-alanine, alanine and NHCH.,,__r Th‘erefore. the resonance at 8.12
ppm was assigned to the D-alanyl NH, the doublet at 7.43 ppm was assigned to

the alanyl NH and the peak at 8.98 ppm was assigned to the NHCH,.

The a-carbon protons ruonn’l.ed between ‘4.1° md‘4.4 ppm. The rwonnnc‘e
centred at 4.34 ppm occurred as a quintet which was expected for an alanyl «-CH.
The peaks centred around 4.17 ppni appeared to cuesill of the quintet ex‘pected
for the otlfer ;Innyl 'a‘-Cﬂ and the triplet expe‘cted for the prolyl «-CH. Based on
the data in DMSO:do “and CDCIS, where the D-nlnnyl_a-Cg resonance \:Ju

\ownﬁeld from the mpecl.ivs L-alanyl resonance, the quintet at 4.34 ppm was
assigned to the -CH of the D-alanyl n.nd the peaks centred at 4.17 ppm were
nss:gned to the o-CH of bolh the L—nlmyl and prolyl raxdues

\
The remaining peaks followed closely the pattern seen with both p”tide

nnnlo;nes in various wlvenu (see above). There were, however, several unique
features. The fesonance ll. 3.44 ppm was assigned to the proline 5carbon prot8n.

The protons of the NHCHa meﬂyl group were expected to resonate as a large

- doublet between 2.5 ppm and 2.8 ppm and therefore, the large doublet at 2.61'

ppm was assigned to the NHCH, of the trans ﬁeptid'e. The very small doublet at
‘ T
2.68 ppm appeared, with the exception of size, to be very similar to the doublet at
. 2.81 ppm and was therefore assigned to the NHCH, of the cis isomer. The

amount of cis isomer was, as wi:h the carbon-13 data, too low to quantify. The




-

ué g
;;znks centred around 2.18 ppm were assigned to one of the proline g-carbon
protons. Th; mass oi peaks ml,llld 2.0 ppm were attributed®to- the other prﬂline
p-carbon proton, the +~CHs and the non-deuterated acetone which was expected
to resonate at 2.07 ppm (Jackman and Sternhell, 1960). The pattern is )

qui protons. The due to the {Boc methyl

P! ive of
protops and both the alanyl p-carbon protons were not resolved from each other.
They occurred as a lnrge noisy multiplet centred around 1.39 ppm. The two ~
peaks at 2.91 ppm and 2.88°ppm showed a mnrked solvent-dependency upon the
addmon of hydrnted calcium perchlurate Both peaks were shifted drnsucly
downfield to the point where, nt/a calcium to' peptide ratio. of five, they were

found as a large peak at 4. 33 bpm Since the prolon N\fR resonances due to H, 0

are very s the two penk; were attributed to IIQO

contamination. The sharpness of the two signals indicated that there was a slow

between two i Elemental analysis indicated that the DAla-
peptide crystallizes with one molecule of water (see section 2.2.4) and the peak at
2.91 ppm grows in intensity in relation to the peak at 2.88 ppm upon the addition

.
of the hydrated calcium perchlorate. Therefore, the resonance at 2.88 ppm was
' .

to water molecules hydrogen-bonded to the peplidé and the resonn?e ¢

at 2.91 ppm was attril ed to water molecules|hyd bonded to acetone.
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3.:;.3.4. Temperature-Dependence of NH Protons
Unlike the temperature-depéndence data obtained with the glycine peptide the
results v;rilh‘ the D-alanine peptide were unambiguous, The results of the
temperature dependence studies in DMSO-dg are plotted in Figure 3-21 and the
slopes are listed in Table 3-19." Both the NH proton resonances assigned to the

a'l':mine and NHCHj of the trans isomer showed a large difference in the extents

to whleh they were affected by as pared to the other r

Both had slnpes in the ~(2-; 3)x10'3 ppm/° C range expected for hydrogen-bonded
NH protons (Stimson et al., 1977) The remnining NH proton resonances all kad
tempe.mtur&depen‘dencs slopes greater tl.nin “5x10°3 ppm/° C which was
indicative of non-hydrogen-bonded NH protons (Stimson et al., 1077). The NHs
of the alanyl and NHCH, from the trans isomer were the two NHs expected to
h\ydrogex‘: b‘ond if the peptidi{ak‘es on a double f-turn character (see sectidn 1.5).
None of the. cis isomer NHs nor the D-alanyl NH of the ¢rans isomer were
expected, or wefe found from the present data, to be hydrogen-bonded. The t“act

that there were two hydrogen-bonded NHs added’ further strength to the

. statement made earlier that the C, ring formed between the N%Boc C=:0 and

the NH -of the D-alanine was mpmbable (see sectlon 3331] If such a

conformuuon did occur, the hydrogen bond bezween the NH of the NHCHy and,

-the carbonyl of the prqlme could not have formed since the C=0 wouid be

_pointing in the wrong direction (see sections 1.1 and 4.3) The peptide bond must

remain_in a planar lnma' configuration. This, however, was not prool‘sihce the
second hydrogen bond could possibly have formed between the NH of the NHCH,

and the carbonyl of the D-slanine thereby producing two hydrogen-bonded C, -
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Table 3-19: Temperature-Dependence of NH Protons of
N%tBocProDAlaAlaNHCH, in DMSO-dg-

Residue N Slope (x10° ppm/* C)+
D-Alanine-trans 11 -8.90 i
D-Alanine-cis | 11 -6.06

Alanine-trans 12 -2.83

Alanine-cis 12 -7.69

NHCH-trgns 12 220

NHCHcis ~ une .14

N = the number of values used in the determination of slope

N\ ' .
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Figure 3-21: Temperature-Dependence of NH Protons of
& . N°tBocProDAlaAlaNHCH, in DMSO-dg
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rings. Although possible, this is highly unlikely, especially when one takes into
account that the PmDAl‘n sequence has been shown by both crystal and solution
spalitroscopic methods to contain a Type II 4-turn configuration (Aubry et al.,
1977; Rao et al., 1983; Ananthanarayanan and Cameron, to be vuhlis!md]. The
l‘roline-D-nlnni:le configuration provides enough steric hindrance to support the
statement that the Type II p-turn configuration was maintained in' the
N“!BocProDA]aAinNHCHs peptide. The infrared data, to be discussed later (see :
section 4.2), will show that neiiher of the C, rings exist and.th&'(e[gg\'thm the

proton NMR pesk assignments of the DAla-peptide in DMSO-dg are correct.

3.‘4.‘Conform'ationél Information From Coupling Constants

3.4.1. Introduction ‘

As stated in ‘the introduction to proton NMR, the characteristic spm

patterns observed for individual NH protons can yield coupling constants which

are related to the dihed‘ral angle & the N-\Ca bo’y angle) and can be used to
estimate a peptide’s conformation. In an amfiG acid fresidue, the reso;mnce of the
NH proton is s;)lit due to spin-;pin coupling with the proton(s) attached to the

. adjacent carbon atom(s). The coupling constam.(al cn) do:zntes th separation

between the split resonance (measured in Hz) arjsifig from-the .NI_I'-C“ﬂ coupling. ) '

The coupling constant can be related.to thp“dihedral angle € by o Knrpl‘xs-tyf)ev

equation:

3 Mi.ctl:Acosz&f-Bcosei-Csin"'e i .

—where A, B and C are constants. The, coefficients depend upon the particular
Y i

= -

~



18 " B

model system used (Bystrov et al., 1969, 1073; Ramachandran et al., 1971). 'For

the purposes here, the values of Bystrov et al. (1073) were used (A= 0.5, B=-1.1,
0.4). The resulting *Karplus-Type Curve® is shown lP Figure 3-22. “The

conversion of & to the # angles used in the description of peptides (see section u')

s achieved through 6+60 for L-amino acids and 680 for D-amino acids. The

coupling constant cannot be derived directly from a triplet as observed with the

-N_l-_l. resonance of a glycyl residue (ABX system) (see section 3.3.2). In such a case

the separation between the two outside peaks of the triplet equalst\hisum of two

couplmg constants lrom whlch the ¢ dlhedral angle can be obtained dlrecﬂy’

) tl\rough a  modified ‘Karplus-type equation (A= 6.0, B-— ~15 C=125)

(Wuthrich, 1076). The range for ¢ and ¥ angles is -180° tp 180° (Handbook of
Bi’echemistry and Molecular Biclﬁgy, 1976), all other walues (i.e. - 190°) are not
.permi'.ud notations. The coelficients h;'{e been determined tlil‘ough experimental °
and theoretical studies and have to be expressed in térms of "permissible ranges®
due to various effects such as electronegative side ‘clnin ﬁroups, rotational Lff_gcis
of the C°C’ bond and deviations of the-peptide bond fsom planarity (Wuthrich,

1976). The above NH-CH " values were in Hz aad-were canverted from ppm by

the equation JH|=3wx'lplpm ;m:e 3 360 MHz instrument was used. Because of

quadrupolar relaxation of the N nucleus and, less frequently, to proton exchange

the NH signals tend to be broad and can overlap. The overlap causes contraction

of il spacing ions for which are based on the peak-to-trough

ratios of the doublet§ (Bystrov, 1976). The quoted coupljng constants have been
corrected with the exception of the glycme NH triplets. The derived ¢ angles are

accurate to & 10°.



[S1

i Figure 3-22: Relationship Between the NH-CH Coupling
. . Constant and, the # Dihedral Angle
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3.4.2. Conformation of NtBocProGlyAlaNHCH, -+
In DMSO-dg, the coupling constants from the NH resonances could only be
obtained for the glyeyl residu; of both the cis and trans isomers, and the alanyl
residue .9! the frans isomer. The other NH signals did not yield coupling
constants because of the overlap or the ill-resolved nature of the quartet due to

the NHCH‘.’ of the cis isomer‘(sée section 3.3.2.1 and Figure 3-8). They were

therefore not very helpful in str determination. The # arigles, comp

from the observed 3JN‘H—CH values, nlox‘]g with the actual coupling constants are )
shown in Table 3-20. . The value Of‘lﬁd-ﬂo?" for the ¢ angle of the alanyl
residue is not permitted. - ,

The tetrapeptide NtBocProGlyAlaNHCH; has been presumed to take on a .
doubie f-turn conformation in solution (see Chapter 4). The glycyl residue‘wonh‘i
act as the (i+2)t‘h résidue for the first f-turn and‘the (i+1)th residue for the
sccond‘. The\d& angle of the (i+1)th residue of a g-turn must be close 50 + GDr
(Venkatachalam, 1088). The value of 63° for !he‘f -nngle»ol' the glylcyl residue
(see Table 3:20) is seen to provide the best fit. The positive value means ‘the

second g-turn could be either Tygg_ I I or II' The proline rin.g restricts the

angle to -60°. Therefore, with a ¢ angle of 63° for the (i+2)th
wand a proline at p‘o‘silion (i+1), the only. possible conformation for the first
ﬂ-t\irli is a Type II. Both solution and crystal studies havé shown that ProGly
e ‘ Fontnining p-turns tend to be Ti'pe 1 (Brahmachari et al., 1979, 1981; Boussard et

’ ’ al., 1979). Although 63° for the Oﬂaj;glg‘(;f thegglycyl residue is ch‘ne “to the

2 ¥ \xpecled‘ 80° of Type I_' and Type 10, both these conformations require a D




< 3
Residue In.cyH2) 6, 6, ¢ ®,
Gly-trans 5.22 - - 63° Bt
Gly-cis 5.22 - - 63" 134°
Ala-trans 7.56 2 gos5° ¥34-142° 63-85° 104-202°
. . (L.00)
Ala-cis UR. - - P =
NHCH,-trans ~ UR. E—— = - -
NHCH-cis UR. . - - - -
o 5
UR. = unresolved (Correction Factor)
Coupling constant of glycine residue NH are unccrrected‘ R -
7z
—
] g =
'
) ) .
L
\ ‘ .
a w0
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Table 3-20: N°tBocProGlyAlaNHCH, # Angles Derived
from NH Resonance Coupling Constants in DMSO0-dg
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Lo ) resgdue at the position occupied by the L-proline (Venkqtac&alam, 1968;
Chandrasekaren ¢t al.,1973) and hence, only the Typé Il -turn for the first p-turn

is compatible with the experimental-data.

- -
An ination of a B handran map the~Type II' g-turn as a

~ potential vez.:c;jnd pturn. ( and Sasisekh an, 1968) (see section
“ 13:2). Only a Type or Il Murn can Tollow .i\i overlap a Type Il f-turn. The
. alanine ‘residne acts as the (i+2)th /resid‘ue of the‘ second g-turn. The‘con:p;ned
£ o e ‘ range or £8-85° (:ee (nble 320) is equaﬂy elose to the & angle of the (iF2)th
7 ru)due of a Type I'p-turn (90 ) as to that of Type m ﬂ-turn (30 1 Therel‘ore,
.- a dcﬁmlive statement cannot, be made.. . «
' ln. CDéIa, ('mly lhe'ﬁ for the alanyl residue of the! trans isomer could be derived

- * (see Figure 3-10). As was mentioned earlier; the alanyl residue corresponds to the -

(i+2)th residue of the second f-turn. The observed coupling constant was 7.45 Hz «

(corpection factor,1.15) which.corresponds to @, and 6, ranges of 9°-26" and

-
133°-14+”" These translate into ¢ angles of 69°-86" and 193°-201degr,

: ¢ LS 5 - 5 ¥
iy _~tespectively. The latter set can be discounted, while the formier set is in the range®

. ~X k. ascribed to either a Type I of. n‘T)_"pe I’ p-turn. i k -
. ;

’l’he Above data and discussion allow ont w state Imrly confi idently that the «

pepude N"lBocProGIyA.lnl\'HCH forms a Type I p-turn followed immediately by

an averlnppmg Type I' or Type II" ﬂ-tum. : : . /
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3.4.3. Conformation of N%BocProDAlaAlsNHCH, ~
In DMSO-dg, the well-resolved NH region of the D-Ala peptide allows : much
more complete use of the coupling constant data than was possible with the
" glycine analogue (see Figure 3-18). The computed # angles along with the actusl
‘coupling constants are shown in Table 3-2 lf As with the glycine nn.'ﬂ?gue, the
DAla-peptice was shown to take.on adouble p-turn conformation in solution (see
‘section 3.3.3.4 and ghgpter 4). The‘cnlcnlnted ¢ angles of the I.)-nl:miy regidue

fit the required & angles.for thie (i+2)th residue of p-turn types I, IIl and I

(Venkakachalam, 1968, Chandrasekaran ef al., 1973). However, the L-L and D-D'
nature of the lattet two g-turns, respm‘:t_ively, m:d the presence of the sterically

restrictive prolyl residue (¢ angle of -60°) make the Type I} p-turn (%” =80")

- the most likely conformation for the first f-turn. Solution and crystal studies
have shown that p-turns which contain proline and D-alanine at positions (i+1)"

‘
and (i+2), respectively, take on a Type ‘Il conformation (Aubry et al., 1077; '

Ananth and Shi dor, 1981; Rao et al., 1983; Crisma el al,
1984; Ananthanarayanan and Cameron, to be published). )

X, .
The 80'\‘-\89' D-alanine  angle fits comfortably into the allowed region for the

(f+1)th mi&\e\ of the Type II, II' and I' p-turns (Venknlnchainm,‘ IBBB;‘

‘Chandruekqmp\ t al., 1973). Therefore, the above threc g-turn types are

. pogsible for the second p-turn. The alanyl residue acts as the (i+‘2)t.h ‘residue of

the second gturn. Even with one set immediately discounted (105°-207 * ) the .
RN .
field of choice for the second ﬁtu;n is not ndrrowed. The 60°-81° range

encompasses the ¢ angles of all three p-turn types. The Ramachandran plots

=
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Table 3-21: N®BocProDAlaAlaNHCH, ¢ Angles Derived

- " from NH Resonance Coupling Constants in DMSO-dg — +
Residue  *J.cfHz) € 8, ? o,
DAla-trans 8.45 0-19° 140-149°  (-60)-(-41)° .80-89°
(1.03) - )
DAla-cis 5.75 29-35° 128-130° -31-(-25)° 88-70°
-~ (105) )
Ala-trans 8.20 0-21% 135-147 ° 60-81° 105-207° "
. (105) v
Ala-cis 5.97 20-35° 128-130° 89-95.° 188-190 %
I; (L10) -
% NHCHy-trans UR. - - P %
NHCHgcis  UR. - - - -~
UR. = unresolved (Correction Factor) \
.
& .
’
0 ~
L .
. s
& -
. ¥
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show that the Type II g-turn is most easily followed by a Type I' or a Type lll'
but not~a Type I pturn (Ramachandran and Sasisekharan, 1963) (see section

1.32). Therelore, of-the three possible s-turns, only Type II can be discounted.

. B
In CDCl,, the proton NMR spectra of N*(BocProDAlaAlaNHCH, yielded

coupling constants for the NH resonances of both the L~ and the -D-alanines (see

Figure 3-18). ©aly the frans form of the peptide was present. Tl;n coupling

along with the calculated # angles are shown in Table 3-22. The first *
p-turn had been shown previously to be a Type Il -turn. The & angle of the
'+2]t‘h’ residue of a Type II f-turn is expected to be 80° (Venkatachalam, lD‘uSi.

The D-alanine being the (i+2)th residue of the first p-turn makes the -60" to

-52° ¢ angle range impossible. The question which remained after the analysis of

the coupling constants derived from the proton NMR data of the DAla-peptide in
D\lSO—d was whether the second fturn, was a“rype I"or a Tybe III' p-turn.
Ugh of the D-alanine residue can fit enlher but the ¢ angle of the L-

alanine can not. Of lhe two alanyl residue ¢ angles which present themselves, the

183°-101° range can be di d -immediately. The ining range of
91°-98° is very much closer to the 90° expected for the (i+2ith residue’of a

Type I' B-turn than the expected Type III" value of 60°.

Based  on 'tllt - above? considernlions,] the  structure of  the
N%BocProDAlaA[ClaNHCHj, peptide was assigned as o Type Il p-turn followed ’

by an overlapping Type I' f-turn.

The 'similarity between the two pepiidu favours the assignment of the second
)

. . 5 RN

»

<~
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‘Table 3-22i" N*¢BocProDAlaAlaNHCH; ¢ Angles Derived
from NH Resonance Coupling Constants in CDCl,

Residie Uy cu(f) o, U N
D-Alanine 9.07 08" . 146-158"  (-60)-(-52)° 86-98°
©(L0s) :
Alanine 5.78 31-38° 124-131° 91-98° ' 183-101°
(1.07)
(Correction Factor) L
. i
.
vow
.
-
-
[ .9
k4
T -
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. Bturn of N"‘lBt)cl"’ro(}lyAl|N1-{(IH3 as a Type I p-turn. Since the i+1.¢ angle of

p-turn types I' and III" are identical (Venkatachalam, 1968), the coupling constants
may reflect a minor distortion from ideal dimensions or a reflection of the

presence of mulgiple ®nformations with the Gly-peptide.
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Chapter 4

Circular Dichroism, Infrared
‘and Model Building
roY .
4.1. Circular Dichroism Characterization -

4.1.1. Introductl‘on

Asrdesc‘i'ibed in the introductory chapt‘e‘r, cir;:ular dichroism (CD) spectroscopy
is a sensitive tool__for examining changes in peptide eonrormntiang:indnced by the
addition of pert;xrbants. The use of CD'in the study of the effect c¥the addition
of metal ions will be examined in f}mpler 5. What follows here is a study of the

different types of spectra produced by the two tetrapeptides in a variety of

" solvents. This type of study can provide useful information about the structures

and relative stabilities of the peptides in their uncomplexed states. -

The CD spectra of the peptide: N"’tBlocProGIyA]aNHCHG and its' D-alanine
analogue N*fBocProDAlaAlaNHCH, were obtained in water, methanol and
acetonitrile at ambient !em‘pemture. In general, tl;e CcD sperv:trum of a peptide
may be cm\isidered to be the sum of the Bectrn of individual conformations

(Chang et al., 1978). Hence, a particular spectrum would be represented by:

(0= fl6ly + Lol + Sy

"



where [6] __ is the mean residue ellipticity expressed in units of degrees em® dmol’!

res
and f refers to the fraction of a particular structure (i.e. Type I g-turn, Type I
f-turn, random coil). The mean molar elliptic'ity ‘was derived from the original

spectrum through the formula: J B %
,

~

6], =X X § x MRW x (c x 1 x 10}

' Wherg X equals the pen deflection in cm, S is the scale used in millidegrees per
em, ¢ is concentration in mg ml‘,‘| and | refers to path length in em. MRW or
mean residue weight denotes the molecular weight of the peptide divided b;' the

number of peptide bonds.

The pep:ide amide bond contains occupied non-bonding (n) and = orbitals.
When excited, an electron in a n or = orbital can be promoted inl'.o a vacant
. -
antibonding = (s*) orbital resulting in n-r* and n-x* transitionsr With an

asymmetnc peptide ‘molecule, the amount of energy absorbed~because of these

transmons d\ﬂers between left- and right-handed circularily polaﬂzed light. The -

CD spectrum is derived from this difference over a wavelength range (Brown,
1980; Bayley, 1980). Woody (1974); using theoretical calculations based on the n
to »* and = to r* transitions af the peptide group, nsnsined eight\c’l’asses of p-turn
spectra (A through D and their mirror images (A7 through “D’). A]lh.ough his
calculations were based in vacuo they offer a good initial reference .poinh._ B'y
altering the peptide’bnckbone dihedral angles py 10° ata time; he examined all

possible g-turn types as defined by Lewis et al. (1973). Table 4-1 lists the maxima
-

«
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and minima of the spectral classes A through D as defined by Woody v11974). The
spectral classes A’ through D’ are mirror images and differ from their roots by a
- sign change.Table 4-2 correlates the g-turn types as defined by Lewis et al (1(/)73)
with each of Woody’s spectral classes. A- Class B spectrum can be
representative of nearly all g~turn zyp‘es and co}versely the Lewis' Type I p-turn
can give rise to either Woody's Class A or B spectra. This becomes important .

when one considers how similar f-turn types could Rive rise to different CD\ )

g \ . »sp"?u/ ¢ ) s /

4.1.2. N°tBocProGlyAlaNHCH, ¢

. ’
| 4.1.2.1. Spectral Data 3

The spectra of the peptide in all three solvents are shown in Figure 4-1. The
maxima and minima are listed in Table 4-3.In all three solve:nts, the spectra were
characterized by a strong negative band. In water the band was found at 201.5
nm but with methanol and acetonitrile the peak was red shifted to 207.7 nm. The
inténsily of the band inereased as the polarity o( the solvent decreased with the

greatest difference between that of methan3l ([6],, ;= -1.01x10%) and acetonitrile

res’

(l6l,.g= -281x10°). .The [e],,, of the beak in water was -L63x10% The

res.
acetonitrile spectrum exhibited a pronounced shoulder at 235 nm. This shoulder
occurred at 220 nm but to a much lesser extent in methanol and was not observed
in water. The CD spectra of the title peptide in methanol and acetonitrile shared

_a co'mmo'n crossover point at 203 nm, while the CD spectrum of the peptide in_

water crossed over at 197.5 nm.
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‘Table 4-1: Maxima and Minima of 4-Turn CD Spectral .y
Classes as Defined by Woody (1974) . S
‘
Class Sign Wavelength Range (nm)
A - 210-220
+ 195-200
- <190
B - . /S22 e
o 200-210
e ) <100
Y
C = < 200-210
/ L2 ' 180-100
D.- 23 >22
& + 210-220
- 190-200
- + <190 : %
, — -
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‘Table 4-2: Predicted CD Spectral Classes (Woody (1974)) for &-Turn
Types as Defined by Lewis el al. (1973)

Na

Lewis

Types A B c D A B c D
T . - = v
r . . . ' ® .
I . .
m . . . .
o . . . . . . . .
v . 2, # { ®

* indicates'that the bewis' al structure can be found as that
particular spectral class. i
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' ~\Table 4-3: Circular Dichroism Spectra of ) ) -
\ N‘lBoerGlyAllNHCHs in Various Solvents
*  Solvent Maximaor [l Maxima or Ol ~
Minima (nm) x10° Minima (am) x10°
Water - - 2015 -1.63
- MeOH - 220 [/  C-03 2077 . -0l .
% A . 235 +0.83 2077 -2.381
[6],es = mean residue ellipticity in degrees em® dmol! K 3 i ;
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4.1.2.2. Analysis # s
The contributions of the varicus component parts of the spectra were clucidated
from the resulls of Brahmachari et al. (1982). N*AcProGlyAkOH, studied by
s iitlicn; prodsed a~Class B CD spectrum in TFE  Its snalogue
+ NZALGlyketOH also prodn:ed a-.Chs B spectrum (Waody, W‘-l) in TFE and
had been slwwn to_be nearly™100 pemnt ﬁpe Il p-turn g low temptmures in
TFE (Brahmachari eli al., 1’919). Proton NMR couplmg consfants of

‘N“’tBocProGlyAlnNHCHa, présented 'n -this thesis (see section 3.4.2) indicated \

nssume that lhe first p-turn of the tetrapeptide would pruduce a Cl'\sa B

speclrum The second g-turn was characterized by N\IR to be a Type I* (see

section 3.4.2). According to Woocty {1974) a Type Ppwgrn is capable of producing

a Class B_spectrum similar to that pmdllced by u"lfyUu-m The Class B

spech‘llm produced by & Type I 3—lurn -has a positive b:md which is slightly less

intense and blue shnhed in comparisor. to the positive band of the Cl:m B

spectrum produced by the Type Il fturn. The smaller negntive band at 220 am -
A - .

of 'the Class B spectfum produced by a Typé I f-turn is also blue 'shilud and is

twm as large in mtenslty as that of the Class B spectrum produced by & Type .

f (Woody, 1974). A Type I p-turn would produce a mirror |mz;e speclrum
4

hat of the Typo L Thm d:l‘lerences are xrently enhnncnd since the uhml

experimental values are ofte mu:h gren'.er or less than tbpsn predicted by tlm in
-

vacuo calculntions of Woo‘dy (1974) due to-effects of the solvent. The magnitude

of the positive band of N*AcProGlyAlaOH in TFE, even _n’ 20" C, was less then

the theoretical ,v&le (Bnhl!mh‘nii el al., 1982). In contrast, the magnitiide of :

) o8-

that the first Mux‘-u was a Type I Therefore, it appen!ed t8 be rensonable to

—

e
‘.
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\he values-of a Class B spectrum producing Type I g-turn wu‘much larger than -
\ those predicted by Woody (Kawai and Fasman, 1978). If the values of Woody
were- used, th( addition of a Class B producmg Type I g-turn and a Class B
producing Type I' pturn would effectively cancel each other.nut since their
differences are relatively minor. By allowing for experimentally obtaige'd
variations the resultanf spectrum would favpur the contribution of the -second

p-turn. Adding the effect of random foil, one obtains a spéctrum whici'n ‘would

look: like tﬁnt_o‘luined with N“LchPrdGlyMaNHCHs, in ‘acetonitrile. Theg Gly-

5

peptide was*shown by carbon’13 NMR. to be only 8338 percent (trans in

acetonitrile (see section'3.2.2.1).. The cia isomer (non-hydrogen-bonded) would be

expected to couu\gn random w vanatmns \None of Woodys other Type I

nllowed classes would produce the observed spectrum

e . H T .
In water, N"tBacPmcl'ymmﬂc;{3 wasfound to be’ predominantly in u:)Z/
. o o 29

random coil form. .The CD spectrum was similar to those seen with the ProGly-X~/
(3 i

>

" tripep in water (] ivet .al., 1982) which were ;onsiderad
: reprmer}\qti\:e of a random coil. Water is caﬁnble of forming ﬁlgrmolecular .
hydrogen bonds with the pepﬁde‘ and would be expected toedisrupt any structure
' " . which ‘is based primarily on intramblecular hydrogen bonds. Glycin;, being -
conlefmitibnally very rl{ﬁ(ible, wbuld not be expected to act as a g-turn stabilizer

‘- X " as would D-alanine. ¥
4 . -

. 3 The CD upv.-etmm of the Gly-pepﬁde in methanol appeared to have less of. a
. eonmbuhon from the Type l‘ p—turn than the spectrum in ncemmt:ge with no

pnrnllel loss of the Type O pgturn. In other' words, the second A-turn of the




-
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tetrapeptide seemed to be disrnpted more easily (i.e. was less stable) than the first

B-turn. Also, the double f-turn conformntlon of the Gly-peptide (as des'csl.md in

section 3.3) app’,a}ed to be more stable in itrile than in either methanol or
~
water. \,\

4.1.3. N°tBocProDAlaA1aNHCH,

. Spectral butu

The CD spectra of ‘NﬁlBocProDAlaA]nNHCH in all three solvenls are shown in
anu‘e 4-2 and the maxima ahd minima are listed in Table 4-4. The CD
specmlmmter was chnmctemed by a weak positive bnnd centred at 236 nm

([e]m— 0.63x10°%), 2 weak negntwe band agound 223 om ([9] = 2.13¢10%) and a

res’

strong positive band nbout 108 om ([e]m= 12.7x10%). There was a rchiivcly
.

. large change in the CD spectrum in going from water to methanol which was

greater than the change observed. with the transition from methaiiol to

acetonittile. Withethe change~from water to methanol, the weak positive band *
N . -~

disappeared,  the negative band\{t 223 om was significantly enhanced

6] .= 14.05x10%) and the strong positive band decreased in intensity
res "

. 4 \
([6),es= 5.70x10%) and exhibited a rather large red shift to 207.5 'nm. In

cor‘nparison, the change from methanol to acetonitrile was accompanied by a

- relatively smqll red shift of the negative band (from 223 to 225 nm) with no

change in its.intensity and a slight blue shift by about 1 nm of the positive band,

with anlincnnse in its intensity ([a_lm= 6.35x10°). ‘ T

\ -~
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‘Table 4-4: Circular Dichroism Spectra of -

* N“lBothDAhMANHCHa in Various Solvents

Solvent Maximaor [g],, Maximaor [6],, Maximaor [6],,
& Migima  x)0°  Minima  x10°  Minima x10°

Water 236 +0.83 223 -2.13 1080 X +12.70

MeOH 223 41405 ' 2075 +5.70

Acn 225 1495 206.5 +8.35
' Maxims aud Minima values o om
-~ [6],¢, = mean residue ellipticity in degrees cm? dmol™
[
N
) .
\
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4.1.8.2'. Analysis and Comparison

The CD spectral contribution of the individual p-turns was elucidated along the
same lines as with the glycine analogue (see section 4.1.2.2). The contribufion of
the first g-turn was derived from the work of Crisma ef al. (1084). Several
interesting features wer’e obsérved 1:: their CD studies of PivProDAIaNHCH;.

d by two maxima, a minor one at

T CD spectruin in MeOH was ch
230 nm nnd a large one at 202nm The spectrum does not become negative

between 195 and 260 nm. Adqun o( water up to a wﬂ!e;\elh:mol ratio of 9:1

- did not alter the spectrum to-any significant extent. The importance of this

observation is that the Type II g-turn structure was maintained in water. This
. 2 8

effect was also seen with the peptidé N®BocProDAlaAlaOH whose CD speétm in
water and in the g-turn stabilizing solvent TFE at 5° C showed no appreciable
diﬂer.ence (Ananthanarayanan and Attah-Poku, to be ;wblislxed)A In both these
gases, as with the peptide N"lBochDALtAhOCH: in water, the CD spectra

" showed the same type of positivity as was seen with PivProg‘AlaN'HCH:. The
spectrum of N“lBochDAhAth:lCH3 in water, (Figure 4-2) was very similar to

that of PivProDAIBNHCH,. It, too, showed a hump (238 nm), but crossed over

the base line to give rise to the weak minhg: at 224 nm. Proton NMR coupling

constanfs had shown that the p-turn due to the ProDAla sequence gk

N“lBocProDAlm\laNH\(;Ha was o Typle o (seé section 3.4.3). None of the above
mentioned ProDAln containing ﬂ-tu‘rns could be placed into any of the spectral
classes of Woody (1974)." The large dlﬂ‘erenca seen between the CD spectra of
N"lBocptoDAhAhhﬂ'lCH upon changmg the :olvant from methanol to water

was most likely due to the destabilization of the-second -turn while maintaining

1
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the structure of the first. Unlike the glycine peptide, the first g-turn does not rely
primarily on the formation of hydrogen bonds but is *forced* into the
conformation by the steric restrictions of the D-alanine and hence is likely-to be
maintained even-in water. The preferential destabilization of the second p-turn
ov‘ler the first was also seen with the glycine analogue. .

i "y N

The CD spectra of N"lBoEProDA]nAJnNHCHa in methanol and acetonitrile

'mil:;r (see Figure 4-2). It appeared that only a small pmpor‘linn of the

1 - o
second p-turd” was destnblhzed with the change in solvent. This was in sharp ~

contrast to-the relatlvely Iarge change that was seen with the glycine analogue

m(se_e. Figure 4-1). The spectral contrlbuuon of the Gly-peptide's sccom! B-turn

appeared to collapse entirely with a change in solvent from acetonitrile to

methanol -(see section 4.1.2.2).* This suggested that the second -turn of the D-

| 2 &
alanine analogue was more stable than -that of the glycine analogue. The D-

alanine thus appears to force the entire peptide into a more *compact®. structure.
This assertion was further borne-out through observations in the NMR (see

section 3.3.2.4) and the IR (see section 4.2) spectra.

The minima seen at 224 nm in the spectrum of the title puptlde in wattr was
Dot due to the random coil contribution of tbe sequence responsible for fofming
the second g-turn in.the more non;‘lar solvents. The onlj difference between
the title peptide and N&(BocProDAlaAlaOH, which produces a completely

positive CD spectrum in water, is a methylamide attached to the C-terminal end
N . B

of the peptide sequence. It was more likely due to a small population of the/

second p-turn which may still exist in an ethbnum huvnly uhlfted to ‘he

denatured form in water. _
\ " -
’ \ *
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In order ‘to: produce the observed spectrum of the title peptide in either
acetonitrile or methanol, the spectral contribution of the second g-turn would
require a negative band around 225 nm, a small positive band around 210 nm and
a large neaive band at wavelengths less than 205 nm. This pattern was found

with the Class D spectrun::. which, according to Woody (1974), can represent a

'T ype I' -turn. The Type I' was shown ihron;h proton NMR coupling constants

to be the most likely conformation of the DAla-peptide’s second p-turn (see
sec.tion 3.4.3). None of the other classes, as described by Woody (1974), could
produce thé desired effect. The observed diflargnce seen between the CD spectra N
of the’DAla—p,eptide and its gfycine analogue (see Figurés 4-1 and 4-2) is tilere{ore

most likely due to the different spectral contributions of the Type I -turn.

L s

4.2. Infrared Studies
Peptides and proteins produce IR spectra which contain a number of
characteristic absorption bands. There are nine "amide bands* (A, B, I to VII) of

which only the two highest. frequency bands (A and B) are;due to N-H stretching

" (Thomas and Kyogohla, 1977). The length ‘and geomejry of a hydrdgen bond

effect lhe\gnra;nete;s of the Amide A band which otcurs in the range 3300 to

3500 em™ (Parker; 19083). Hence, ot only can the Amide A band be used to

differentiate between NHs which are hydrogen-bonded and those which are not,

bnt it can also be used to infer the pnruculnr type ot bonded structure. Although

other amide bands have been used to detm the presence of g-turns, most notably

I'and m and to a lesser extent Il and'V (Krimm and Bnn.de[mr, 1980; Fox et al.,

1981), the Amide A band is by far the most useful. Free NH strétchipg
\ L
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frequencies occur around 3430 cm™ while the C,q (i-turn) hydrogen-bonded NH
frequencies are found near 3300 em™.” The C; and 'C, hydroggﬁ-holl'ded
cunformers"ure observed at 3420 em™! and 3340 cm 'l, respectively (;»\vigno\nﬂ\
al., 1969; Rao gl(t_;l., 1980). Their reduced shift relative to the frequency of the
free NH as compared to that seen with the C,, conformer’ was attributed to the
lower stability o? the € and'C., structures. Because of their size, they are less
able t3 form a linear hydrogen bond as with the f-turn (Neriethy and Printz,
1912).' Although general frequency ranges can be attributed to cert:'A\in\ty\ﬁes of
by diopenonda strastive, i Faage (Gait beviirgs und Geipplag TPGE

N example, frequencies in the ra'hge expecteci for the C, conformer have been

ibuted to the C (A har and Shy dar, 1981).

Infrared spectra of both N"lBBcPrc;GlyA.hNHCHa and its D-alanine analogue
I\’l°lBo‘cl’rchAl:\MnNHCH3 were taken at rool‘n temperature in dry CHCl, in -
orderrto determine what type of hydrogen-bonding occurred. Peptides at
concentrations 10 r;lg ml"‘1 to 0.625 mg ml"! were run to determine which bands if
QA were due to inlermolecju]ﬁr hyar91;/en~bonding. Up to 25 mg ml! the‘re
appgred to be no irztarmclecular hydrogen-bonding. The spectra of the Amide A
region of both peptides at 2.5 mg mi! in dry CHCly are shown in Figure 4-3.
‘The peaks ;;re listed in Table 4-5, the resolution is 3 eml. The _glycine
spe/ctrum showed some interesting facets. The Amide A region contained three

" peaks. The first at 3445 em™ was attributed to the free NH, the one at 3330 em!

was representative of a°C (p-\t\llm) structuge. The third peak at 3385 em™! was

d tg.a weaker i Jecul hydrogen-bonded structure. Although in

.

~
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Table 4-5: Infrared Spectroscopy Amide Afand Carbonyl Bands of
(8) N“lBﬁcPmGlyA.lnl‘l’HCl"l3 and
(b) N*tBocPraDAIaAIsNHCHj in CHOl
- : :

Band (em™) Gly-peptide* DAla-pepyide
Amide Al 3445 om™ % 32em!
Amide A2 3385 em™! 3368 em™!
Amide A3 3330 em™! - L' -~ :
Carbonyl 1670 et} 1668 cm’™!
o <

' " Resolution of peaks is 3 em™
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« the frequency range attributed to the C; conformer, the observation can also be
explained on the basis of a weaker g-turn. The CD specinl data indicated that
the-second g-turn of both peptides was less stable than the first (s}:szctiun 4.1).
Model building (section 4.3) will provide more insight into the .phenomenon. The
DAla-peptide spectruin \?A sihpler‘wi;h %the peakiat 3432 em! attributed to the

free NH and that at 3368 em™! as beldnging to the g-turn hydrogen-bonded NH.

The frequency:was relatively high' which may reflect the presence of a 1ess_-stab|e

n hydrogen-bonded species. N%BocProDAIaValOH in chloroform Bas an IR band

. 8t 3340 em’! as does N®BocProDAlaLeuOH. These values are also fairly high

-

but wer‘e assigned to a C,, hydrogen-bonded NH i: and
Shyamasundar, 1981). The appearance of a single band a} 3368 em™! with the
DAla-peptide suggests that the two hydrogen bonds are more similar if"bhe DAla-
peptide than in the Gly-peptide which shows two bands. This had previously
been alluded to in the sections on NMR (section 3.3.2.4) and CD (section 4.1).
There was no indication of a C; conformer with the D-Ala peptide. Although the
stretching bcu;d.vqns in the C7 regiol;x-ray, NMR, CD and other IR data all add

up against the possibility.}

Although carbonyl shifts have been used to d ine the presence

of intramolecular hydr;)gembonding (Kopple et al., 1975; Boussard et al., 1974),
this was not possible with the two peptides studied here. The carbonyl peaks are
shown in Figure 44 and listed in Table 4-5. "~ The carbonyl peak at 1670 cm'!
for the Gly-peptide and 1868 cm™ far the DAla-peptide were not resolved into
bound and unbound carhonyls although zhelh_;e.ndth suggest; the presence of

both species. L
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4.3. Summary of Uncomplexed Peptide Data gud Model Building

This section summarizes the data obtained by NMR (see chapter 3), CD and IR L
(see sec‘tions 4.1 and 4.2) spectroscopy 76117 N"tBocProGlyA]aNHCHs and-its D-
alanine analogue N°¢BocProDAlaAlaNHCH, in the absence of metal iohs. The
data obtained on N"tBocProDAhAlaNHCHy‘feEE'mﬂch more definitive than that
obtnine:‘l on the glycine analogue and will e summari?ed first.

4.3.1. N°tBocProDAlaAlaNHCH,

T;e\?ﬂ“;BocProDMaMaNHéH peptide forms tw;) I.overlapping 4-1
~ inlrnmo_lecuiar hydrogen bonds.’ Th ﬁ.rs: hydrogen bond is formed between‘!.he,
_carbonyl of the tBoc g;oup and the NH of the nlan):l residue. The second "
hydrogen bond is formed between the carbonyl of the prolyl residise and the NH
* of the N-methylamide. The existence and pattern of the intramolecular hydrogen '
bonds was determined through IR (see section 4.2) and proton NMR temperntye
dependence studies (see seclion 3.3.3.4).-D4ta derived from tl;e cou‘pling constants
of the NH n{olnanc;s indicated that the peptide conformation is a Type T p-ﬁrn
followed by an overlapping Type I' p-turn (see section 3.4.3). A schematic ’
draving of the peptide is showa in Figure 4:5. Figure 4-6 shows a CPK model of
the N°tBocProDAlaAlsNHCH, peptide. The 6,0 angles used in the °
construction of the CPK Trodel were as defined by &kalnchalam (1968) for the -
various g-turn types with mihor alterations dependent on the coupling constants

“of the NH resonances and are listed in Table 4-6.

The most interesting ﬁoil‘lt, which was easily observed with the CPK model, is

‘

2
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Figure 4-6:
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Figure 4-6: CPK Model of Uncomplexed
N%tBocProDAlaAlaNHCH,
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. ( Table 4-8: ¢,¥ Angles Used in\ll: Constructiol C¥ &
Models of N%BocProDAlaAlaNHCH, .
-Residue™ Position in Position in ¢ v
LN First #Turn  Second #-Turn -
Proline By i 60" 120
D-Alanine i+2 i+l 80" =
Alanine i+3 i+2 60" s 30°
| 0§ .
: " ~
# 8 g
.
: "
» 1
; \
.
% . -
y >
. .
- .
* - A
" y /
’ >
o
5 S . * ¢
. \ - o
3 Kl »
- ‘ .
e oty o ¥
. - "




PRI
BN “ \
152. °

the almost “Iéll’ nature of the first hydrogen ‘bond as compared to the second
hydwgen bond. The second hydrogen bond has been shown !hr’ougb CcD
spectroscopy to be less stnble than the first hydrogen bond (see section 4.1.3). In
water, the first A-turn was maintained while the si’ct_)nd pturn was nearly
completely disruted. Water, being strongly polar, would be expected to disrupt
hydrogen bonds. Hente, the first g-turn is shown to be stabilized by steric

con’ilrnirgts in addition to the formatign of an intramolecular hydrogen,bond.

432, N“moc?clymmncn;"
;

The hydgogenlbonding patterns of the N“lBocl;'raGlyAlaNHCHa peptide were
not as clear as tht;se of the DAla-peptide. The replacement of D-alanine wi’th
glycine would be expected to result in a );\entigie with more steric freedom and
Hence an increase in the ﬂumher of y‘qlen.tl"ul conformations available in solution.
With the D-alanine analogue in DhlSO-d;, the ;najority of the lr;ns isomer of the
peptide was in the double hydrogen‘-bonded conformation. This was made

apparent by the well defined h_}’_«irogen-bondink patterns of the D.ﬁa-peptidé as

di i ‘\Jhrdu_’glg P 2 depend: studies. On the other hand, the
’

glycine analogue's température-dependence results were much more diffuse (seg

section 3.3.2.4). The higher cis/lrans ratio of N"lBochGIyAlaNHCHa in

i DMS0-dg +(1.13) compared with the D-alanme ann]ogue (075) is 8 further-

indi cntor of the lowered Ablhty of the Gly peptide to form mlrnmcleculur

hydsogen bonds. [R spec TOSCOpy (see section (") nd salvenb-dependent carbonyl -

shifts followed by carbon-13 N'MR (see section 3.2.4.2) yindicate that
.

intramolecular hydrogen bonds do form. .Thg.¢ niglu of the vmjimq residues
’ .
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derived from the coupling constants of the NH resonances suggest that, as with
N°(BocProDAIaAIsYHCH,, the Gly-peptide takes on a Type Il f-turn followed b
an overlappiig Type I' f-tur conformation although a Type I pturn is also
possible for the second A-turn (see section 3.4.2).

)

The different CD curves of the two peptide nnnlngn\gs in identioal” solefits

iffdicate that there are some differences between them}s&l section 4.1). The CD \\

d#h also reveal information on 'the relative stabilities of the various g-turns. As
expected the ProGly containing g-turn ls less stable than the ProDAla contmmng .
p—turn ‘The first p-turn of the glycine analogue did not l‘orm in wnter while thiat
of the DAla-peptide did.. The second g-turn of the DAla-peptid was more stable
tl;nn the-Second 4-turn of the glycine analogue. The majority of the second f-turn
of N"‘chcProDAlnAl:an-lCH3 remained aflter chun;ing ‘the solvent irz;m
acgtonitrile to-methanol while the same change in solvents resulted in an almost

-
total loss of the second }-tu[h‘ol' N"tBochGIyr\lnM{CHa. The lower stability

was also alluded to by the IR data; only one type of hydrogep-bonded conformer
= .

wnis"uen in the amide A region with the DAla-peplid(but two well-resolved
h).'drogen-bonded—NHs were found wjth the Gly-peptide (see section 4.2). *The wo
“hydrogen bonds of N®tBocProD, nNHCH wgre considered. lo be similar to
" each other, more so than the hydgégen bonds of the glycine annlogue were to each
other. As wi_th the first p-turn of the two pepudes, the greater stability of t!m.
DAImpep}tide as compared to the Gly—p;plide was due to The presence of D-

alanine. Both D-alanine sn;i glycine act ss the (i+1)th residue of the second

p-turn of Qair respective, peptides. - o ¥ . “
5 .
\ . 3
. o
S

o

.
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Although the N*BocProGlyAlsNHCH, is found in a greater numher(o!
conformations in solution and is less stable than its D-alanine analogue, the double
" hydrogen-bonded conformation of the twofpeptides is essentially. identical. Hence,
the schematic diagram and CPK n:odel seen in Figures 4-5 and 4-8, respectively,

can represent ‘tha backbone conformation of “the N"lBo“cPrcGlyA]aNHCHa

peptide as well.
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— ~Chapter 5
A Ion-léindin; ~
5. Incrod;.czxon - A

Both carbo

=13 and proton NMR and CD spectroscopy have been used to follow

tides, Vishwanath and Enswar:m (1982) used these techniques

to exsmme the omplexmg of valinomyecin wnth calcium ion. Pense and Watson'

(1078) also sed the above” techniques to exnmme the conrormmonﬂl changes °

ubofl ion-| bindmg to cyclo-(GlyProGlyDAlnPro) The -peptides.studied by the

above authors, although cyclic, were similar to' the  linear

N'lBocFroDA.laAlnN'HCHS and its glycine analogue N“tBocPrBGlyAlaNHCHs‘ in

that the only available ligands for cu‘tion-binding are backbone carbonyls.

Therefore, the techniques and reasoninﬂ;éd in the delineation of the
conlormahonnl changes induced on both the Gly- and DAla peptide by the

additipn or calcium on will follow closely those presented, m the papers by

. Vishwanath and Easwaran (1082) and Pease and Wntson (1078).

Nuclear magnetic r&:onunce is capabie of following the change in environment
«

around ‘a part“iculnr nuwleu.s. By mservin] the chemical shifts of assigned NH

resonances by proton NMR or assigned carbonyl resonances by carbon-13 NMR of
a peptide one can follow’the making and/or breaking of hydrogen bonds. The
d b
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coordination of the carbonyls to metal ions can also affect their carbon-13 NMR

" ’
chemical shift. The n;ain problem with NMR is the determination of whether the
o % 5

. N
observed changes are due to the change in hydmien bond status, solvent effect,

metal:bipding or a combination of the above. Circular dichroism is a very .

?ensitive technique for following changes in the conformation of the peptidt,
backbone. Althoufh incapable of defining the exact conformational change, its

advantage over NMR is that it follows the conformational change of the entire

pepnde Hence, it is ll’l‘ected toa lesser extent than NMR by the peculmrltm of

environment around a particular atom, ¥y

’As mentioned in-the section summarizing' chapters 3 and 4‘ the D-alanine is

more effective than glycine in *locking® the uncomplexed peptide into a defined
-

conformation. (see ;e_gtion 4.3). Thereforne, the 'eﬂect of caleium ion on the

conformation of N*tBocProDAIaAlaNHCH, will be examined first.
Y .

5.2. N°tBocProDAISAIaNHCH,

5.2.1. Circular Dl;hrolam Studies

5.2.1.1. Studies Using Water as Solverit

The titration with calcium chloride of N"lBocﬁroﬁAlWaWCHs and various
of its precursors in water was followed by CD spectroscopy. The CD spectra of
N"lBocProDAlu.AlaNHCH i.n aqueous solvents of various [Ca®*}/[peptide] ratios
are shown in 'gu 5-1 The spectra became increasingly posmve as the
concentuuon of .calcium ion was increased to the point where at a

[Cn_“]/[pepude] ratio of 2000:1 it became completely positive. This was u‘n
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Fligure 6-1: Circular Dichroism Spectra of N'.lBocPrnDAhAhN'HCHa
t Various Calcium Chloride to Peptide Ratios in Water .
'
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marked contrast to the effect of d such as M idine hydrochlorid

and 8M urea which caused a collapse of the CD spectrum. In other words, the
change observed.through the sddizion‘of calcium ion was not due to a disruption
) of the peptide structure but a conformxl“onul change induced by calcium-binding.
If a collapse of peptidé structure did occur it would be extremely, unlikely for a
sign cl'mnge have occurred. A plot of the mean residue ellipticity at 220 nm
versus ion to peptide molar ratjo (shown in Figyre 5-2) indicates that a *plateau®
is geached at & [an"‘]/[p‘eptidAeI ratio of 300:1.  There are two possible reasons
for the high ratio required for the binding curve to level off. Analysis‘of the CD
* data of the uncomplexed pepticIie showed that, in water, only a small porfion of
: the peptide in solution has ;zoth piurns formed. Secondly, water is'capable.ol'
forming hycimgen bonds with the peptide carbonyls and hence compete with the
coordination of carbonyls to calcium ion. The‘ imporlaﬁce of the formation of the
second p-turn was demonstrated by the total collapse of the CD spectrum of the
peptide _ N"tBochDAlnAlaOCH wnth a [CaZ*}{[peptide] Fatio of 4000:1 (see
Figure 5- 3). This spectrum is representntlve of a random coil structure. The
same sort of collapse was seen’ with N®BocHoDAliAlaOH. The _removal of the
‘unrtslmmed tem}l\nnl slanme allows greater access of the calcium ion to the
peptide.” This was mferred from the observed calcium ion titrated spectra ol
N%BocProDAlaOH and N"lBochDAlaNHCHa in water. There was no collapse
of the sp:ctm and at very high concentrations of calcium ion the-bnnds became
slightly more posmve Under thede conditions, any bmdm{ thnt did”ocer was
not significant af compared to that obtained with N“lBocl‘roDnhAhNHCH

The spectra of the la'u:r three peptides in water, with and without calcium ion,
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sre shown in Figure 54, These short peptides all hl‘(i carbonyls which are
capable of coordinating to the caléium ion. However, it appears that a peptide
requiresythe minimum number of residues to form a double pturn for effective
binding to occur. How effectiveis a bil‘:ding which requires 300 molar equivalents
o cakiin 60 19 peptide to reach the *plateau*! Further binding studies would
/ have to be performed in a solvent which did not disrupt the h'y‘drogen-bonding_ \
patterns and which was uﬂw to compete. with the 'calcinm ion for the’
’ ‘cnrbonyh. \ -~ § )
6.2.1.2. Studies Using Acetonitrile as Solvent [ - 3 ; v

cD gyectrmcapy . demonstrated that the double p-turn conformer of

N"anchDAluAlaNHCHa ‘was stabilized in itrile (see 4.13). A itrile
‘would not form s!rox‘xg ixydrogen bonds with t:e peptide carbonyls and is therefore
less likely to interact with the peptide than water. Therelore the binding would
be expected to reach a maximum at a lower [Ca¥] /[pepti(ie] ratio than that !
’required in water. The’mulm were njmch more dramatic than expscted. The CD
spectra of N*tBocProDAlaAlaNHCH,, in acetonitrile at various {Ca2*)/[peptide]
s ratios is:shown in Figure 5-5. ' The portion of the spectrum due to the'n— »* .
’e trm;sition.(ﬂls-ﬁs nm) becomes increasingly- negative_until a calcium to peptides |~ ?
P ., rtio of 3:1 and thereafter slowly becomes more rposi;ive. l-"ig‘ure 5-6 plokg the Y
mean rdfidue elipticity at 221 nm versus the [Ca2*]/[peptide] ratio.
Ex}rnpo/lation of the points indicate that a mnxlmun} is achieved at a cnlci;'x'm *
to peptldu/ratio of 1.2:1. The binding of the peptide to calcium ion appears.to be
strongly favoured I;vhen scetonitrile s the solvent s opposed to when water was
used as snlv‘ent. Tie observed g"ect is not due to non-specific binﬂing or a salt- >~
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effect since if the latter werehe case, one would not observe such a distinctiv‘e
curbe. The plot of [6]22 ki ! vs. [Ca®*] Apeptide] would in both cases be expected to

= .. '#remain linear from zero to a much higher calcium to peptide ratio. The shape of ’

. .
p 2 specific bl forquational.charige upon the addition

the plot
of caleium ion. After & {Cl“]/[pgptide] ratio 6f 3 the meatt residue molar
. elliptic’nx at 221 nm slowly bicomes more positive. Asimilar ef‘l‘cctA wn;seeﬂ with
the pegde in water after  [Ca®*])/[peptide] ratio of 300, This represcats non-

, *" specific binding or the Fenernl jé;lt-e"ect' on the sy;lem.

R 5.2.2. NMR Studles T .

‘e \ ' Nuclear magnetic resonance can be used to follow changes of the environment £
’ surrounding a particular nucleus. Proton ](MR allows one to follow the fate of
*  the Nﬂ protons while carbon-13 can be used l’:r th: same purpose"\ﬁth respect lo
thg papt{d! carbonyls. The Y titration with® calcmw-' perchlorntu of i

N"lBochDAI:AAIaNHCHs by both ‘bon-ls and proto’ NMR' was donc in

m:elom.nda since the tide was not soluble to the extent required for NMR

pulicuinrly the carbon-13.  The uncomplexed peptide yos found to be
predomlwly in’the trans form in acetone-dg (scc section 3.2.3.3) and hence the

' . ' consecutive g-turn structure w:!aalmed to be slnblhml in that solvent,

. .
The change in the chemical shift of thu NH protons versua calgium to peptide
»

ratio is shown in Fjgure 5-7. The pénk assignments of the’ prqtt;n NMR of
N?IBocProDAIA;AIuNHCFi in acetone-dg ‘without added calcium ion w}zre mmle
in aeeh?n 3,333 The NH protons belongmg to the l.-nlnmne and the NHCH,

lhqwed a ul;nmcnntly greater change in chemical shift, upon calcium ion addition,

K « N o ok
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. when d to the NH ding to the D-alanine. The NK
hile

protons of the L-alanine #¥%he NHCH, were found to be hydrogen-bonded while

" the NH of the D-nlanyl residue was not (see ehnpler 3 and section 43).

. Therefore, the lnrge change in chemlcul shift was lnkcn to be mdnmh‘e of the

. brenkmg of hydrogen-bondu &5

3 j o
The change if chemical shift of the carbonyl resonances verdhis the calcium to
" ~ . | :
peptide ratio is shown in Figure 5-8.The carbon-13 resonance assignments of the -

uncomplexed peptide in m:elom:—de had been made previously (se¢ section 3.2.3.3).

The carbonyls belonging to the (BOC group and lhv.\ “prolyl residue (C=0" $nd

' C=0°%, respectively in Figute 5-8) showed slgmﬁcantly less change in chemical

shift, upon calclu[n "ﬂlnddlhon, than '}1: cnrhonyls corruspondmg to the D- and
L-alanyl residues (C=Q° n_nd'ﬁao". mpecnve[y). The prolyl and (Boc
carbonyls were determined (o be hydrogen-bohded while those of the tw; alanine
enanliomers were, not (see chapter 3 ll’ld section 4). The change was not.
lnrlbl‘d as in ‘the case of l‘ NH nsonnnces, to the brenkm; of Ilydmgrn
boxgis but to the. coordination of lhe carbonyls to the cnlclum ion. The -
envuonment surroundmg the carbonyl chan;es little whethv.-r the cnrbonyl is
involved in I\ydmgembondmg or :oerdmahon to calcium ion. Hv‘wdver, in the
case of those carbonyls not previously involved in hydrogen-m the change

in g envi upon ination to calcium ion i8 much greater and

hence the change in chemical shift is larger.
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5 5.3. N“zBBchGlyAlaNﬂbH R A . . &

8.3.1. Cirgular ‘Bichrolem Studies - - -

As with-the N"tBocProDAhAluNHCHa p,PlIde the titration of the Gly- vpm“ L
with culc)mm ;on was followed by CD spectroscopy. The CD spectra or
- N@BocProGlyAlaNHCH, in acetonitrile -at vnrmus [Ca® +]/[peptld|!] ratios is
" shown in Figure 5-0. Unlike the DA]n-peptlde the n — x* portion of the specm\
> became mcreumgly positive with, the‘ addition of calcium ion until saturation at o~

which pomt it slowly became more negalive The differences in tﬁe relatiye shape

of the spectsa and the kend upon the titration with calcium ion between the Gly-
" and the DAla-peptide is not a xrh?jo(r' PI'OMEII’I since the CD spectra of the
nn;omplgxed peptide is also different. The plot of the mean residue ellipticity
e . versus {Cn""]/[pt‘zptide] ratio is a better indicntor of the;:imilnrity of thc effect of ‘
2 " calcium ion on the two peptides. The plot ol the n mean resldue ellipticity at 220 o
\ . nm\vzralu the calcium Co peptide mtm is shown in Figure 5-10." The Gly-

R 5 2 peptlde reaches cnlclum mnVsulurnuon at'a lower enlclum to peptide rnno than

the DAla-peptide. This may indicate thnt N"ancProG’AlnNHCHa is more
capable of bmdmg.cnlcmm 1&1 than N"tBocFroD/\lnAlnNHCll The possible ’

- réasons for this will Do discussed i n sectmn 5.4. The less than 1:1 ratio of a%pude
H

v

to \cnlclum required to reach a 'ﬁlntenu\' with BocProGlyAlaNHCH; in ",

ncetomlnle (0.8:1) lndlcutes thnt n\lmple 1:1 bindilg does not exist. This aspect

\ of bmdm‘{wll be dealt w:th in section 5.5. : -
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5.3.2. NMR Studlel
As with the N"iBocProDAJnA]aNHCHs peptide, NMR spectroscopy was used to
follow the change in env;ronment surrounding lhe NH proton and carbonyl
carbops. The N“tBocPruGlyA!;NHCHs peptide was more‘ goluble in
acetonitrile-dy than the DAla-peptide and hence the NMR studies were able to b\e
prefﬂ‘rrﬁéd in that solvent. The chnnger in the chemical shift of ﬂ:e) NH protons
versus the calcium to peptide ratio as followed by proton NMR is shown in Figure
5-11.  The results are not as clesr as those nchleved with the DAln pepude The
NH. protun resonance which showed the largest change in chemml shift
* corresponds to the glycine NH which had previously been postulated not to have
been hydrogen-bonded (see section 4.3). With*the DA]n-pe[Stide, the NH proton
which was postulated_not to have been hyd}ogen-bonded, showed the smallest
change in chemical shift when compared to the‘ other, hydrogen-bonded, NH

NH :corre:ponding to the L-alanyl tesidue, which was

protons. --However, the
HQ 3
hydrogen-bonded in the uncomplexed species, had a change in chemicnl shift only

slightly grenler than lhe nun-hydrogen-honded D-alanine NH. The shape of the

7‘ }itmtmn curves is snmllar { r all. NH protons whether or fiot they are hydrogen-

bonded and therefore the shape of the plot cannot be used as a criteria for the

elicidation of hydrogen-bonding,pattésas..
s 4
v . 3 - »

o . ”) . .
The e‘:cl of the addition of calcium lon ‘on the chemical shift of the carbonyl
mom\nces as l‘ollowed by cnrbon-;a NNR‘ is shown i n' Figure 5-12. As'willi‘lhe

Dr\ln-pepudo, the plot of lhe chemlcnl lh\ll uenua lhe cnlcxum ta papude rltlo

had lm ol an initial llope wilh lhe cnrbonyls‘ eorrespondms to the (Boc group and,
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hydrogen-bonding patterns than the NH proton signals. The ch:m;es in NH

5 175

prolyl residue than with L- and D-alanyl carbonyls. The/%dmgen-bonding

patterns of the d peptide were i to be\the/same with the .~

Vs
‘N®BocProGlyAlaNHCH, peptl

and the N%tBocProDAlaAlaNHCH, peptide

(see chapter 3 and section ig) and therelore the ingd WL e effect ofthe—~—~—
addition of calcium ion on the casbonyls_of the two peptides was considered to be o

: »
the same.

. The apparent contrad:ctlon vawJen th€\proton nnd carbon-13 NMR data, in
the case of the Gly-| pepude although unfortunale‘ is not unique to this system.
Vishwanath and Easwaran (1082) stated that in instances of such contradiction, °

the reliance ort ‘the carbonyl shifts is more reasonable in the elucidation of

proton chemical shift could be the _‘combined effect of the state-of two types of
hydrogen bonds. In addition to the intramolecular hydrogen bonds between a* »
cirbonyl and an nmlde, one can also hnve‘nlermulecula? hydrogen bonds
involving the NH and e»{ﬁ:r lhe N of acetonitrile-d; (CD CN) or the O of i1,0.

Smce the calcium pe@lcmte is u\h{drnted molecute , there is an nddumn of

* water into the system whlch pnmllels the addition of calgium ion. LI

: "W Ld

Therefore, “based pnm:mly on’ the carbon-13  NMR dm.a,' the

AR
l\"‘lB«:»cl’m(:lyl\luN’HCH:l peptide undergoes an analogous corformational clmnge ’
to that observed with the N“chéRmDAlm\ln\llClla peptide. The four peptide
carbonyls coordinate to the calcium ion nnd_tlhn two intramoldeular hydrogen :‘
" bonds that exist in the uj complexed speci‘u\ Jm'brokd': . R : t
Y . A




5.4. Ion-Specificity Studies
. To de_termine whether eithér of the two péptides 8‘13‘ ion-selective, the effect of ‘
the_addition of various cations was f"ol!owed by CD si;ectroscopy in acetonitrile
aid compared to_ the effect observed with caleium ion. - Solutions with

lion]/[peptide] ratios ol‘ 2. were prepnred and in the case o! the monovnlent

cations, a second se'. or seluuons were prepared with ionic scrength equal to that

solublé i acet nitgil

of the divalent cations. anures 5-13 and §-14 compare the effect of the

. \
perchlorate salts of calcium, n(sgnesmm, sodium and lithium on the mean resldue
- (- i
ellipticity of ‘the Gly-peptide and ﬁAla-pep.tide, respecfively. The binding of
\
potassium ion_to peptide was not explored since the perchlorate salt was not'

In both peptidés, thé_monovaent sodium ion binds

wen{(ly it at all. The binding of lithium to both peptides is greater than that of
the sodium™Yon but still very much less than the calcium ion. {he enhanced
binding of lithium ovér sodium is expected due to its higher charge to size mtio‘
Even at twice molnr’concentrnnons, the sodmm nnd lithium ions bind weakly
when compared to the cnlclum fon. The major différence between the two
wmes is in the ability to bind magn@ium fon. The bindjng of magnesium \b
to the N"tBocProDAlaAlaNHCHy is at the level of the monovalent cations while

with the N"chchGlyAInNHCHz pephde the level of binding, although not as

high ag with\the calcium mn, is ignil \hlh Ieium-binding, ion is

reached much more qmckly wnlh the Gly-pepude thnn with the DAla peptide (see

-~ o«
above), Both phenolena can be attributed to Uiwenhonced Mexiblity of the, ©
{ ) i ,

pgplld) .chinin with thd glycine analogue as opposed}"tlu‘ anine” analogue.

% ; - ‘
‘The ionic radius of tie mngneqlnm ion is smallet than !‘he fodic radius of calcium

.
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Bar graph of . Ion-Specificity ol" N"'lBochDAhAhN‘HCHa in

Bars ding 1

o jons are split in two; bar on the
-right is equimolar to & [Ca2*]/[peptide] ratio of 2, bar on the left is ldjlllled for
equal ionic strensth to 8 [anﬂ/lpeptlde] ratio ol 2. Both eslcmm nnd
magnesium are at [ion]/[peptide] ratios of 2.
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i ion. The calcijum foa also Afequires rﬁorg cmrdjnntio‘n sites to be fil‘led (7 or 8)
. . than the magnesium ion (l;)./ The range of distances™ for Ca-0 inthe primary .
coordination sphere are 0.229 to 0.265 nm and for Mg-O, the much narrower
range of 0.200 to 0.216 nm (Gampbell, 1983). This in conjunction with the more . 5
reg.}yar stereochemistry required by a coordination: number of six compared to
seven and eight would explain why a more ‘Mlexible moleaule is req;xi‘red to bind

magnesium. *The pocket is altered to fit the change.*

|hl

r « Lo tis posslble that the types of bmdmg and the assocmced conform
chnnges are different. If this were the case, the change in CD spectta. would be

Y e‘(pected to be different aud hence, the/ccmpanson of the eﬁ‘ect at one
-

gth would be

To examine whether or not the mode of

I c s
binding was the same, the N®BocProGlyAlaNHCH, peptide was titrated over a

range of magnesium to peptide ratios. The mean molar &llipticity at 224 nm was

plotted a‘gair;st the ]Mg“]/[x;eplide] ratio. The plot, shown in Figure 5-15,

“indicates that a higher concentration of magnesium ioh is required to reach

*

satiration. ~However, the effect does not appear to be.due to 2 different. mode
of binding. The spectrum of the Gly-peptide at a magnesjum to peptide ratio ur‘z
. ¢ is similar to the’spemﬁ of the Gly-peptide at calcium to peptide ratios lower ‘than

2. . B
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. peptide-cation complex and the stability ‘constant -for the 2:1 pe

» - 181 :
5.5. Ion-Blndmg Constants ) ’

‘The binding curves, as determmed by CD spebtroscopy, ®f the calnlum lon"
mraﬁon of N“lBocProGIyAlnN'HCH were analyzed for binding constants and
stmchlometne& The-pephd: molecule has at most four hgands capable of
coordinating to the metal ion -and the calcium mn requires seveg,Jo eight

coordination ites to be filled by "either solvent or pepude carbonyls There(‘or} it

s posalble hat a system of mulhple equilibria could exist. With a peptide to ion
P

ratio of 11 the remaining cdprdination sites could; be filled by either perchlorate

fons or water molegules. With a2l pepiide'ion cbmplex, all-eight calcium ion

2 coordmatmn sites’ conld be filled by peptide carbonyls In this case, there wmlld

be a 'snndwwh' couhguratlon similar to that seen wnh the calcium jon complex

of valmomyclh (Vlshwann.th and 'Easwamn, 1982) where the calcium jon hes

Y .
between two peptide molecul .The two equilibria and their ‘ conistant

are deseribed below:

TPEM=PM

PM+M=P,M

complex, respectively. The y and stability t were

by Dri Sastri by fitting the titration*curve to various combinations of equilibrium




- using the‘ proceedure of "Reuben (1073). The analysis indicated the coexistence of

two equilibria and yielded the stability ‘comstants of K, =9.00x10°M" and

Ke=5x104M'1. Uptoa [Ca“}/[peptidel ratio'of 0.5:1, the' 2:1 complex is formed;

beyond that point a 1:1 complex begins to d Stability can
B ~ .
also be derived from a Seatchard plot of the experimental data, LT these ploty
-

were found to be biphasic and non-linear.

5.8.-Concl and Model Buildi

The pep!idgs AN"IBchroDAIuA‘Ja‘NHCHa" and its . glycine ‘unaloguc
N“lBocProGlyNaNHCHa were shown by proton and ¢arbon-13 l;h\{lR, CD.and IR
spectroscopy to take.on & -cnn[ormation in solution characterized by a Type II
p-turn: followed * by an ,overlapping Type r ﬁ-turn (see secuons 3.4.1 and 4.3).
Using NMR, all lour carbonyls of both pepudes, were shown to coordinate to the

calcium fon.resulting in the breaking of the m:mmelecu}u hydrogen bonds found

with théTn&:;plexed, species. A schematic diagram of the complexed DAla-
peptide nlongsid‘e the .uncomplexed DAla-peptide is shown in Figure 5-18. -
. Figures 4-6, 5-17 and 5-18 show the CPK models of the- llr;complnxnd DAl‘m-
peptide, the cnlclum-complexed DAh-pepude, and the calcium-complexed DAla-
peptide with the calcmm ion removed for clarity.  Note that the carbonyls are

orientated . above the plane. .The binding data révealed that .at lower

- concentrations, the peptide forms a 2:1 peplide to inn complex resulting in B
. potentmlly eight coordmnuon sites or the cnlcmm ion bemg filled from above and

) below the plane The rrst and second B-Eums of the Gly pep'.lde were shcwn to

be.less stable than the corresponding g-turns of the DAIn-pep_da (see chapter 4).
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Figure 5-17: CPK Models of N*BocProDAlaAlaNHCH,
in Calcium-Complexed Form



Figure 5-18: CPK Models of N*tBocProDAlaAlaNHCH,
in Calcium-Complexed Form Without Calcium lon
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This decreased stability was attributed to an i d flexibility of the peptide
because ol' the replncement of D-alanine  with glycin\& The

N“tBocProGIyA:laNHCH_,, peptide is ‘Tot restricted to as narrow a range of
conformations as its, D-alanine nnaloguie, and hence, is more able_to *fit* to the
metai ion—Because of this increased 2fit", thé Gly-peptide is able to bind a wider
range of metal ions: Thls is demonstrkted by the significant binding of-t-he Gly-
peptide to r_fla\gnesmm- as opposed tg the DAla-peptide and the fact that the
N“tBucProGlyAluNHCHa requi;s‘n lower concentration of caléium ion than
.N“lBocl;roDA]nA!%NHCHG fo reach sa‘:turatior} : Y 5 '
8 \ N

\ P

C_D spectroscopy \ﬁgas also used to d:emonstmte tlm‘t the double g-turn structure
was" the minin;n)vstructural frame w?rk needed for the binding of calcium ion.
The  N%BocProDAlaAlaNHCH, ‘pep;ide and its  glycine analogue
lf}“tBocProGlyAhNHCHa are the shiortest peptides yet to be shown' to bind
calcium ion. Of greater significancei‘is the requirement of only the backbone
carbonyls and “the absence of ligands more commonly associated with .cution -
complexing (-c' e. carboxyls ‘and hydroxyls) There appears to be a relntlonshlp
between the nbxl‘ty of/the peptide to‘[orm overlappmg B-turns and its ability to

bind calcium jon. /The occurrence o! consecutive tetrapeptides of high -turn

forming p i orresponding tol the calcium-bindi g site of h !

caleium-binding proteins and the predominance of f-turns at postulated calcium- .
binding sites of protein and pept‘id;_iol‘)ophores in general (see settion 1.4) suggests
that the relationship is more than jns;t ail‘intereszing‘ phenomenon. This strong

2 & 3 1 I

correlation, along with the of the tetrapep
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discussed in this thesis, suggest ta.th‘e author that the consecutive g-turn !&m‘mg/
ability of a sequenc; plays an integral part in the binding of calcium ion to the
homologous caleium-binding proteins. The fact that the final complex of calcium
jon with these proteins involves carboxyl and ydi&}f groups in addition to
carbonyls does not rule out the above menfidned welationsip. The overlapping
Murn may act as an .initial requirement for binding which once accomphshedﬂs
stabilized- by the preferred coordmauou of cnrboxyl and hydroxyl groups® over

N

carbonyls. = The Iater statement lS pure con)ecture and must be viewed thh

|
: exgyﬁe caution. Its p_llrpose(vf!ss to point out that the two views on cal_cmm-

binding are not necessarily ictory. The ison of the calcium-binding

capability of peptides with appropriately placed hydroxyl and carboxyl groups

that cannot form consecutive p-turns with those peptides that can is the next

»
logical step in the delineation of the invol of dary structure in

ion-binding. .

The  work presented in this thesis has "reinforced the relationship between
s \
structure and function of peptide and pr‘otein molecules. It has also produced a

simplified model of ionophore action and the conformational change m}aciated

with jon-binding. That a relationship between ] ive gt forming ability
and calcium-binding exists hnsAbeen demonstrated, however, whether each is -

mutually inclusive or not remains to be seen.

&
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