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ABSTRACT

- - 4

®

The ponfonnations of the lipid-binding se‘gments from human apoE apo“‘A-H and
. apoA-I have been determmed by two-dlmensmnal NMR spectroscopy and distance
geometry calculatlons in the presence of sodium dodecyl sulfate (SDS). ApoE(267 289)

was found to be a two-domain amphlpathlc helical structure and apoE(263 -286) a curved

’ heltkibe‘r\ld-helix structural motif'with a bend angle of ~150°.  Enhanced lipid binding of

apoE(263"286) c'ompared ‘to époE(267-289) was attributed to the formation of a second.

hydrophoblc cluster at the N terminuis of the former in addition to the aromatic-aromatic

. =N
 interactions. Thus aromatlc re51dues and hydrophoblc palrs are essential lipid-Binding

elements in anchonng apollpoprotems to lipid. The lipid bmdmg of apoA -IIN§-30) was
enhanced by adding a hydrophobic-pair-containing pentamer EWLNS to the C-termiinus
of the peptide. "The structure of apoA-lI(! 8-30)+ in SDS was found to be a class A2
amphipathic helix. b -

Circular dichroism studies indicate’ that association of apoA-I(166-185). apoA-
1(142-187) and apoA-1(122-187) with SDS or dodecylphosphocholtne (DPC) induces a

%, PP
conformational change from random to helical. The lipid binding of apoA-I(142-187).is

also suggested by fluorescence spectroscopy. The structure of quAfI(l66-185) is more

helical at physiological pH than at acidic pH. Similar class Al amphipathic helix

structures were found for the region 168-182 in SDS, DPC, or lysophosphatidylcholines. '

s
&-

The conformation of apoA-1(142-187) was found to be a curved hellx -hinge-helix |

in either SDS or DPC with all the hydrophoblc side chains, on average, on the concave
face. The averaged interhelical structure is a half-turn in DPC and a helical bend in SDS.
Side chains of M148, HI55, Y166, H162, K182, and seven arginines in apoA-1(142-187)
showed intermolecular NOEs with SDS, indicating that all of the helix-hinge-helix binds
SDS. These:NOEs also indicetethat cationic side chains in class A amphipathic helices
enhanCe anionic lipid binding. A model is proposed for apoA-I1(142-187), wherein the

curved peptide structure straddles the micelle.

-
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The helix-hinge-helix motif found in apoA-I(142-187) is retained in apoA-I(122-
187), and most likely in intact apoA-I (243 residues) based on peptide-aided signal .

',f B assignments. Due to the periodicity in the primary sequences, sucha peptide-aided signal
assighmeht strategy may be useful for multidimensional NMR studies of exchangéable
. agpolipoproteiﬁs. C .o \ |
- ‘. ‘ ) ' R ) !
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CHAPTER 1: INTRODUCTION

. 1.1 Lipoproteins

The interest in lipoprotejn research originates mainly from the clinical observa'tioh
that HDL cholesterol levels are negatively correlated with ischemic heart disease Wherez;s
LDL cholesterol le.vels are ppsitively correlated (Miller, .1987'). Recently, Luc et al.
(1997y four’ld that there is a correlatibn.between small LDL and apoA-Il-free HDL.. The
level of apoA-I i-s correlated weil with the plasma HDL cholesterol level (Che(ung‘ &
Albers, 1977). In additibn,'apoA-l transgenic mice have much less atherosclérosis
su'Sceptibility than the con_tfol (Rubin et’al., 1991; Breslow, 1996; Castro et al., 1997) and
such a protective effect agsociates only with ’ap‘oA-l-containing particles (Warden e al.,
1993). Thus, it has been:proposed that. apoA-I be regarded as a more accurate ‘predictor
of the risk of heart disease than HDL choleSterol (De Backe( etal., 1982). ! '

Human serum lipoproteins are complexes of lipid and proteins. Formation of
lipoprotein.complexes is the first-step in the transport of otherwise water-insoluble lipid
between the tissues of human body. The common lipoprotein particles are given in Table
1.1.—-Note that these particle classes are inhomoge;leous. For éxample, HDL can be
further fractionated to HDL, (1.063-1.070), HDL, (1.070-1.125) and HDL ; (1.125-1.21
g/mL) due to variations in protein content and protein/lipid ratios (Osborne & Brewer,
1977). HDL,, one of tlhe smallest HDL particles, contains more protein than HDL,. HDL
has also been divided into LpA-I (particles containing apoA-I without apoA-II) and LpA-
I/A-II (particles containing both apoA-I and apoA-II) (Cheung et al., 1987, Nichols.
1990). - | |

The model of HDL was ‘delineated as a spherical particle with a monolayer of
phospholibids and cholesterol, and apolipoproteins, on the surface and cholesterol esters
and triglycerides in the hydrophobi:: core (Morrisett er al., 1977; Shen et al., 1977,
Edelstein er al., 1979). Other lipoproteins (Table 1.1) share a similar oil-droplet model
(Segrest et al., 1994). ’ v
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Table 1.1: Lipoprotein Properties and Compqsition‘ 4 o ,;é
. Particles " HDL LDL VLDL "~ Chylomicrons | )
Density (g,/mL){ 1.063-1.21 1.019-17063 0.93-1.006 093 3
Particle size (A) 50-120 180-250 300-800 750-|2.060
‘Electrophoresis «-LP ' B-LP pre‘l}-LP. . w-LP Vo
Composition ' )
Protein (%) 50 20 10 1
Al AILE B | “ Al, B,Cl,CIl,Clm
Phospholipid 30 o , 19 4
Cholesterol J 18 . 45 .,1 19 - 6
TG S ‘e 10 50 " 90
*Gofman ¢r al., 1949, Zubay, 1993; Segrest et al., 1994; Alaupovic, 1996 ﬁ:‘?'

» The protein components of lipoproteins, apo!ipoproféiné, are listed in Table 1.2,
Apblipoproteins have been classified into three groups (Pownall & Gotto, 1992;
Alaup;)vic, 1996): The first group is wate;rrsol,uble and exchangeable épolipoproteins -
(apoA’s. C’s, and E). Lipid binding of these proteins is proposed to be due to
amphipathic helices. The representatives of the second group are apoB. Different from
the first group, the repeating proline-rich sequences may be responsible for‘li.pid binding
by forming B-sheetsl(Yang et al., 1986a; Yang and Péwnall, 1992). The minor proteins
such as apoD constitute the third group. They have no sequence similarity to either the
first or second group. \

In addition to the major function of lipid transport, apolipoproteins modulate the
lipid metabolism by interacting with various lipolysis enzymes and re::eptors. The-
metabolism of lipoproteins is complex and there are many excelleﬁf reviews on the

subjeci (for example, Nichols, 1990;'Barter & Rye, 1996; Barrans ef al., 1996).




Table 1.2: Members in the Apolipoprotein*Family

" Protein i} Molecular‘ . Aming acid C-terminal - Putative function”
name _;'veight' | num;)erb 3 residues X
apoA-1 28,400 243 NTQ®  Structural, LCAT+, ligand for HDL
) - . ' receptors, cholesterol efflux+ . -
apoA-1l 17400 ¥ 2x71 ATQ"  Structural, hepatic lipase+ .
apoA-IV 44,500 T  LES"  LPL:, LCAT+
apoB-100 512,000 4536 HIL*®  Structural, secretion of VLDL,

‘ Ligand for LDL receptor ‘
apoB-48 240,000 2152 YMI®™® Structural, sec;etion of chyromicrons
apoC-1 6600 57 IDS" - LCAT+, removal 3f TGRL by LDL

» ’ receptor-felated protein-
apoC-1I 00 7 GEE'  LPL+
apoC-lIl 9000 79 VAA!  LPL-, uptake of TGRL by liver-
apoC-1V 11200 97 DQD*  Not known
apoD ~ 20000 169 KL(S' Not known
apoE 35,000 - 299 DNH™ Ligand for various receptors

*Pownall & Gotto, 1992; Segrest ef al., 1994; "Patsch & Gotto, 1996; “Brewer er al., 1978; Brewer ef al.
1972; “Elshourbagy er al., 1986; fYang et al., 1986a; *Chen ef al.,,1986; "Shulman er al., 1974 ‘Jackson et

al.. 1977; 'Brewer et al., 1974; "Zhang et al., 1996; |Drayna et al., I986;'Yang et al,, 1994; "Rall et al ,

1982. [p the Table, "+ denotes activation or promotion, “-" means inhibition; “+” implies modulation.

At}!erosiﬁ*sis results from over-accumulation of cholesterol in peripheral cells.
This does not occur in healthy people probably due to the benefit of reverse cholesterol
transport by HDL (Glomset, 1968). ApoA-I is a potential ligand for HDL receptors, the
first of which was characterized by‘Acton et al. (1996). It is also active in proni,oting
cholesterol efflux from peripheral tissues to HDL corhplexes (Castro er al., 1988; Barkia
et al., 1991: Yancey et al., 1995; Zhao et al., 1996). ApoA-I is the principal cofactor of
the key enzyme lecithin-cholesterol acyltransferase (LLCAT) (Eielding et al., 1972), %hich

esterifies cholesterol. The esterified cholesterol is then transferred from the particle

-
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surface to the core of HDL with the assistance of cholesterol ester transfer protein s
(CETP) and finally degraded in the liver or recycled. In addl%tlon, apoA-I also has other B -

- beneficial effects such as mhlbmng vnrus-mduced cell fusnon (Snmvas et al 1991;
Segrest ef al., 1994) ’

ApoA-Il, the second major protein in HDL, has been shown to ‘enhance the

activity of hepatic lipase (Jahn et al., 1983; Mown et aI 1996) but lnhlblt LCAT actlvny
(Soutar et al., 1975).
Upon association with lipid, apoE and apoB are ligands for the LDL receptor

~

(apoE/B receptor) (Innerarity et al., 1979; for a review on apoE, see Wetsgraber, 1994)

Also, apoE isaforms are involved in Alzheimer’s disease (Poirier ef al., 1995; Weisgraber
-& Mahlay, 1996). Consequently, apoE is another apolipoprotein that plays a crucial role

in‘lipid metabolism.
1.2 Protein structures

The amino acid sequence of a protein is the primary struct'ure.: The secondary
structure describes the local structure of a peptide chain such as a-helices, turns, and p-
strands. The packing of the secondary structural units in sp;ce constitutes a tertiary
structure of a protein while a quatémary structure results from co-folding of several
tertiary structural domains, each folded from a separate peptide chain (Linderstrdm-Lang
& Schellman, 1959; Shulz & Schirmer, 1979; Branden & Tooze, 1991). *

Anfinsen (1973 and references cited therein) showed that the protein structural
information is contained in the amino acid sequence. Prediction of the protein structure
based on the amino acid sequence has since been one of the ultimate goals for structural
biochemists. The new impetus for the prediction originates from rapid increase of protein
sequences deduéed from cDNAs. Except for transmembrane o-helical segments, which
can be predicted up to an accuracy between 75 and 99.9% (Aloy ef al., 1997), the residue
predictive accuracy of the secondary structure of globular proteins is 60-75% (Branden &
Tooze, 1991; Frishman & Argos, 1997). '

{
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" 1.3 Features of the prin’ufy structures of the'exehangeablerlpolipopeoteids |

ApoA-1, AL, C-II, C-1II, and E share the same genomic structure, narnely four
exons (expressed gene segments) separated by three intron§ (silent gene se}ments),
~ suggesting that they were evolved from a common ancestor (L1 ef al., l-9885. All the -
mature apolipoproteins, except apoA-IV, are encoded by exon 11| and exon IV while
Exdn Ii encodes the signal peptide ‘and Exon I is one of the non-translated égions The
primary structures of exchangeable apolipoproteins have been deduced by peptide
sequencing or from the correspondmg nucleic acid sequences (for references, please see
the legend of Table 1.2). *~ s

1 5 10 15 20 2 30 35
DEPPQ SPWDR VKDLA TVYVD VLKDS GRDYV SQFEG (helix 0)
40 as 50 55 60 . 65

SALGK QLNLK LLDNW DSVTS TFSKL REQLG P (helix 1)
70 75 80 85 9%

VTQE FWDNL EKETE GLRQE MSKDL EEVKA KvQp (helv)
100 105 110 15 120 -

Y LDDFQ KKWQE EMELY RQKVE P (helix 3)
125 130 135 140 -

LRAE LQEGA RQKLH ELQEK LSP (helix 4)
145 ¢ 150 155 160 165

LG EEMRD RARAH VDALR THLAP (helix 5)
1m0 175 180 185

_ YSDEL RQRLA ARLEA LKENGG (helix 6) . >
190 195 200 205 . :

ARLA EYHAK ATEHL STLSE KAKP (helix 7)
210 215 220 225 230 235 240

A LEDLR QGLLP VLESF KVSFL SALEE YTKKL NTQ (helix 8)

Fig. 1.1: The pnmnry sequence of human apoA-I (mature) (Brewer et ali 1978). The Brookhaven
Protem Data Bank uses the preproapoA-lI sequence, which contains additional 24 residues at the N-
tern'hnus which are MKAAVLTLAVLFLTGSQARHFWQQ.

The ‘sequence of apoA-I was first reported by Baker et al. h974) and later by
Brewer et al. (1978). The Brewer’s sequence is consistent with the sequence deduced
from cDNA except that Q146Q147 should be E146E147 (Cheung & Chan, 1983;
Karathanasis ef al., 1983). ApoA-I contains a single polypeptide chain of 243 amino acid
residues (Brewer er al., 1978) (Fig. 1.1). The publication of the sequence in 1974 led to

'S




©the-discovery of the-sequence periodicity in apoA-I i‘n i977 simultaneously by three- A
~ research g}oups (McLachlan, 1977; Fitch, 1977(; Barker & Dayhoff, 1977). ApoA-l
contains 22 amino acid residue krepe'ating- units, each consisting of two 1lmers.
Subsequently, it was found that this is also true of other exchangeable apo’l‘inpoproteins‘
sttch as aPoA-lV (Elshourbagy et al., 1986: Segrest et al., 1994).
1.4 The amphipathic helix _ ) >
- ,.; ! |

A significant structural model of apohgoprotems was the amphipathic helix
proposed by Segrest et al. (1974) based on CDrdaw and model building. An amphipathic
Relix possesses two distinct faces: hydrophrllc and hvdrophoblc. Amphipathic helices_
have been grouped into several classes of which the most 1mportant are class A, G* and
Y (Segrest et al., 1990; 1994) The class A helix is charactenzed by clustering of cationic
side-chains in the interface separating the hydrophobic and hydrophilic faces. Class A
helices can be further categorized into class Al and A2. One of the major differences
between these two classes lies in the cor-itent of cationic side chains: mainly lysines in
class A2 but arginines in class Al. The _class G* helix is chare;cterized_ by random
distribution of cationic side chains on the hydrophilic face. In the class Y helix, catio';lic
side chains are not only located in the interface but also in the center of the hydrophilic -
face in a pattern resembling a “Y". Fig. 1.2 gives the helical wheel representation
~ (Shiffer and Edmundson, 1967) of typical amphipathic }helices frox{@poA-l, apoA-ll and
apoE. The amphipathic helical regions in apolipoproteins have been predicted based on
hydrophobic moment calculations (Eisenberg er a1.,._1982) and summarized in Segrest et
al. (1994). The number of the putative amphipathic helices m apolipoproteins A-I, E, and
A-1V was found to determine the particle size and functional properties (Jonas et al.,
1993). Proteins with more am,phipgthic helices tend to form larger particles with lipids.

Brasseut él al. (.1992) calculated hydrophobic and hydrophilic conigur lines
around an 18-residue putative helical peptide. The most interesting finding of such
calculations is that the putative helices in apoA-I, A-IV, and E have similar hydrephobic

(angle pho) and hydrophilic faces (angle phi) whereas .the hydrophobic faces in the

F
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helices of apoA-II, C-1, and C-III are larger than the hydrophxhc facg\ This calculanon
has been employed to classify amphlpathlc helices into two groups based on the pho and

phi angles. The higher stability of the complexes of apoA- II C-I, and C-III with lipid m&y :

be attributed to larger pho than phi in the amphlpathlc helices.

Fig. 1.2: Helical wheel representation of typical amphipathic helices in apolipoproteir“ls (A) Class A2
. helix from apoA-II residues 18-30 plus EWLNS at the C-terminus, (B) class Al helix from apoA-I

corresponding ld residues 166-185, (C) class G* helix from apoE residues 267-289. and (D) class Y helix
from apoA-1 residues 220-243. )

~
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1.5 Apolipoprotein peptideS and site-directed m‘ufagé_nésis

So_lid;state péptide synthesis plays an-imbortant role‘in tésti‘ng the amphi’péthic
helix hypothesis and in understandihg apczlipoproteins because of the flexibility it offers
| in obtaining protein fragments otherwise unavailable. In addition, some larger peﬁtide
fragments can be obtained by selective digestion of the protein chemically or
eni)'matically-. For example, CNBr reacts with three methionines (M86, M112, and
M148) in apoA-I and produces two large fragments of 86 and 95 residues, respectively.
Using restricted proteolysis, Ji & Jonas (1995) obtained apoA-'I(l-l92).- Another
important technique is site-directed mutagenesis, which made a;vailable varioﬁs protein
mutants to test either li;;id binding or the predicted apolipoprotein structures. A frequent
observation is that these protein mutants usually yield complementary i_nformatioh to that
deduced from synthetic peptide studies. For example, apoA-I(145-185) was shown to
activate LCAT (Sparrow & Gotto, 1980) while deletion of either 143-164 or 165-186
from the protein resulted in reduction of apoA-I ability to activate LCAT by 97-98%
(Sarci-Thomas et al., 1993). - ) -
§ ) )

1.5.1 Peptl'des! ,
The first attempt to model the amphipathic helix with small peptides was made by
J.T. Sparrow (Sparrow & Gotto,1982 and references cited therein). Two types of
peptides have been studied, some corresponding to part of the apolipoprotein sequence
and others having no relationship to the protein sequence (de novo peptides). The
synthetic peptide work on apoA-I, A-II, C-I, C-lI, and’ C-IIl has been reviewed by
Sparrow and/(‘}otto (1982). A éummary of the “lipid-bindingo studies on the synthetic
peptides of apoE is presented in Section 4.1 of this thesis. These peptide studies indicate
that hydrophobicity.‘apeptide chain length, and helix-forming potential are important in
lipid binding (Sparrow and Gotto, 1982). Lipoprotein peptides as shori as 10-12 residues
have been shown to bi‘nd lipid (McLean er al., 1991). Note that others have shown that

an (ant)agonist dipeptide (Carpenter er al., 1996) or a model tripeptide (O°Neil & Sykes,




1989) interacts with micelles. The lipid affinity of amphipathic helices detesmines the B s

rates of clearance of the hpld-peptlde complexes from testmg nimals (Pownall et al o

1987 Schmidt et al., 1995) | _
\ There have been numerous studies on the function of the interfacial cationic side _
chaLs in class A amphipathic l;elices (Segrest et al., 1994 and the references cited ‘
therein). In one set of experiments, the relaﬁc:veposition of cationic and acidic sfde chains
inthe peptidg sequence was switched, leading to a “reversed class A amphipathic helix”.

The resultant peptide, 18R, showed lewer lipid affinity than the original peptide, 18A,

“designed to mimic a class A amphipathic helix (Kanellis er al., 1980; Anantl{aramaiah et

al., 1985). In another set of experiments, the authors synthesized peptides using lysine
analogues with rhethylene-group deletion. The peptide thus obtained showed lower lipid
affinity .(Segrest ef al., 1992; Mishra er al., 1994). Based on above observations, these.
authors proposed that cationic side chains enhance l~ipid binding as epitomized in the
snorkel hypothesis (Segrest et al., 1990; 1994). According to this hypothesis, the
hydrophobic side chains of the amphipathic helix are buried within the llpld bllager while
the cationic side chains bend by approximately 90° toward the hydrophilic face so as to
hydrate the charged amino groups while the hydrophobic moiéties of the amphlpathlc .
side chains are embedded in the hydrophobic phase (Segrest et al., 1990; Epand e al.,
1995). )

" Various de novo amphipathic peptides “;ere designed to study the axaphipathic
helices in activating LCAT. Pownall er al. (1980) showed that lipid-associating peptide
LAP-20 activates LCAT although it has no sequence homology with apoA-I. Ponsin et
al. (1986) found that inserting a proline in the middle of LAP-20 caused a decrease in
helicity, lipid binding and LCAT activation. Fukushima et al. {21980) reasoned that the
penetration depth of an amphipathic helix in lipid may determine the LCAT activation.
While reversing the charges of the class A amphipathic helix led to a decrease in both
lipid binding and LCAT activation (Segrest et al., 1994), Subbarao et al. (1988)
demonstrateq that a pebtide lacking cationic side chains activates LCAT well. Another
paper suggests that in\’ the consensus peptide sequence mimicking apoA-I Glul3 is

important. (Anantharamaiah et al., 1990). Recent peptide analogues designed with fewer



acidic residues on the hydrophilic face were found to promote cholesterol efflux But'noti
to activate LCAT (Labeur et al., 1997). These authors propesed that the acidic residues

in the center of the hydrophilicifacén are critical for LCAT activation.
1.5.2 Site-directed mutagenesis

| Site-’direct’ed mutagenesis studies have mainly focused on human apoA-I
(Minnich et al., 1992; Sorci-Thomas et al., 1993; 1997; Holvoet et al., 1995; Frank et al.,
1997). According to Minnich er al. (1992), the region from residues 148-186 may be
. involved in LCAT activation since apoA-I matants with the deletions A(148-186), A(212-
233), and A(212-243.)~were much less active toward LCAT (0.5%, 28%, and 13% of wild
type activation, respectively). Sosci-Thomas et al. (1993) have narrowéd the ;!‘48-186
domain even further showing that deletion of residues 143-164 and 165-186 from apoA-I
led to decrease in LCAT activity by 97 and 98%, res;;ectively. Their finding is supported
by the ;x'ork of Holvoet et al. (1995). More recently, Sorci-Thomas et al. (1997) showed
that substitution of residues 143-164 by another copy of residues 220-241 in apoA-I
caused a 5-6-fold dgérease in LCAT activation. These studies suggest that the middle
region of apoA-l is most important in LCAT activation. The same truncation strategy has
also been applied to apoA-IV and the LCAT activating domain was located to residues

117-160 (Emmanuel et al., 1994).
1.6 Structural studies of apolipoproteins

~ Because of the complexity of lipoprotein systems, biochemical and biophysical
studies are usually carried out using reproducible, more h(-)mogeneous, and well-defined
model lipid systems. The most commonly used models include vesicles (or liposomes),
emulsions, monolayers, and detergent micelles (for a review, see Jonas, 1992). The
detergent micelles have been employed mainly to prepare reconstituted HDL (Jonas,
1986). For the studies using these lipAid systems, interested _E:Qders are referred to

-
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volumes 128, 129 and 263 in the “Methods in Enzymology and a mohograph on the
“Structure and Functlon of Apollpoprotems” (Rosseneu, 1992)
—\

— ® n

1.6.1 Low resolution techniques.

CD is based on the absorption diﬁ'erenee of right- and left-polafized light upon
passing through a medium containing chiral molecules such as proteins. It has been the
major technique in the studies of the secondary structures of apolipoproteins. The helix
content can be estimated from th°e 222 nm band (Chen et al., 1972; Jackson et al., 1973)
or by deconvolution techniques such as convex constraint analysis (Perczel er al., 1991).
Almost all exchangeable apolipoproteins become more helical upon association with lipid
such as DMPC (Morrisett ef al., 1977; Jonas, 1992). For example, the helix eontent of
apoA-I increased from ~50% in aqueous solution to ~70% in DMPC (Morrisett et al.,
1977; Wald et al., 1990; Sorci-Thomas et al., A1997). Such observations played a pivotal
role in the proposal of the amphipathic helix model (Segrest ef al., 1974). Based maihly
on CD data, the structure of apoA-I in reconstltuted HDL was proposed to contain several *
helices separated by B-turns (Jonas et al., 1989 Nolte & Atkinson, 1992; for a review,
see Brouillette & Anantharamaiah, 1995).

The protein IR band of major interest is the amide I, ranging from 1600 to 1700
cm’, resulting from C=O stretching vibration coupled with the other otoms in the peptide

‘bond (Elliot & Ambrose, 1950). The most widely used method to extraet the structural
information from the broad amide I band involves deconvoluting the band into
.ugierlying components and then fitting the generated bands to the raw band (Byler &
‘Susi, 1986; Surewicz & Mantsch, 1988; 1996). Based on this approach, Yang et al.
(i991) found 40% helix and 50% P-structures in apoA-I bound to DMPC, which differs
from the secondary structures found by CD (above). In addition, polarized Fourier
transform attenuated total reflectance infrared spectroscopy (ATR-IR) was applied to the
determination of the orientation of the putative helices of proteins relative to the bila):er

of the DMPC discs. The 90° and 0° polarized light absorption difference between the
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helical bands of apoA-I/DMPC discs was positive, suggestiné that the helices in apoA-I"- -

are parallel to the acyl chains (Lins er al., 1992).

1.6.2 High resolution techniques

1.6.2.11 X-ray crystal structures

Lipoproteins, like membrane proteins, are notoriously resistant to crystallization.“
. To date no human apolipoprotein structure has been solved by X-ray diffraction." The
structure for the N-terminus of human apoE was determined as a four-helix bundfe
(Wilson et al., 1991), which has been assessed as a milestone in the understanding of "
~ apolipoprotein structures. A similar  Aive-helix bundle structure was‘ reported for
apolipoph‘orin-lll from L. migratoria (Breiter et al., 1991). Also, human apoC-I has been
crystallized (Weisgraber et al., 1994) and the structure is expected to appear soon. These
structures provide a good baéis for the understanding of the solubility; helicity, and
aggregation properties of apolipoproteins in aqueous solutions. However, it is not
.obvious how the helix bundle structure will associate with lipid. It has been p’roposed
that the helix bundle of apolipophorin-III (Breiter et 51., 1991) will open in a manner
similar to the hinge model, which was proposed for apoA-I to explain the different sizes
of HDL paniclés (Cheung et-al., 1987). In such a model, two helices flip by 180° and-
’stiék out into solution whereas others remain on the lipoprotein particle (Segrest et al.,
1994). Although a similar open m;de was also put forward for the apoE bundle structure
(Weisgraber, 1994), De Pauw er al. (1995) proposed that the long _helices (~35 re§idues)

in the bundle may break into two helices of 17 residues each.
1.6.2.2 NMR spectroscopy

Apart from X-ray crystal diffraction, NMR is the only technique that offers high
resolution structural’ details of proteins (Wiithrich, 1986; Clore & Gronenborn, 1989;

Cavanagh ef al., 1996). In addition, structures of membrane proteins are amenable to

“
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NMR investigation in model hpld systems such as mlcelles ‘bicelles, and bllayers (Opella |
et al., 1997). A |
1.6.2.2.1 Reconstituted lipoprotei’n models

' . .

As protein signals -i)n biological membranes were too broad to observe (Austin et
al., 1975), "C-, *H-, "P-NMR studies of reconstituted lipoproteins focused on lipids
(Stoffel et al., 1974; Forrest & Cushley, 1977, Rei:ingoud et ai., 1982; Treleaven et al.,
1983; Parmar ez al., 1985; Thewalt et al., 1986; 1987; Fenske et al., 1990; Spuhler et ~al.,
1994). These studies indicate that the interactions between” zwitterionic phospholipid
head groups and apolipoproteins are not significant (Stoffel et al., 1974; Reijngoud er al.,
" 1982) but the acyl chain ofder of lipids increases by 3-5 fold in reconstituted HDL than in
vesicles (Parmar et al 1983) Spuhler et al (1994) found that the positive monety of the
llpld head group moves toward the waté phase presumably due to interactions with
cationic side chains. By "C-labeling lysme side chains of the protein, the conformation
of apoA-I or apoE in reconstituted discoicia‘l particles wgs found to be different from that
in spherical particles (Lund-Katz et al., 1988; 1993; Sparks et a1.7 1992;1993; Paananen
etal.. 1995). .

1.6.2.2.2 Use of lipid micelles to mimic the lipopl‘otein.énvironments

Small phospholipid unilamellar ve(s’icles (SUV) are large in size (= 220 A) and
have correlation time of ~10* s, thereby not very useful for high resolution NMR st.udies :
because of severe line broadening (ﬁrown & Wiithrich, 1977; Feigenson et al., 1977;
Opella & Marassi, 1996). Micelles, however, are small enough (~50-60 A) and have
chrelation time on the order of 107%s, giving sharﬁ NMR lines (Brown, 1979; Lauterwein
et al., 1979; Brdvyn and Withrich, 1981; Gierasch et al., 1982). As a consequence,
micelle models, consisting of perdeuterated DPC or SDS, have been extensively
employed to study conformations of membrane proteins and peptidés (Inagaki. et al.,

1989; Rizo et al., 1993; Henry and Sykes, 1994; Opella & Marassi, 1996; Dune et al.,
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1996; Sejbal et al., 1996a; Wllhams et al., 1996 Opella et al., 1997) “The first hrgh o

resolution NMR studies of apolipoprotein peptides Lycksell er’ af. (1992) and Zhong ' f"
(1992). The work of Lycksell et al. (1992) was carried out on the C-terminal 30 residues k
of apoC-II in 1,r,11,3,3,3-hexaﬂuoro-2-pmpanoi (HFE) and the NMR structure for the.:

peptide appeared one year later (Ohman e al., 1993). I—bwever, org"anicr solvents are not -
ideal mimicks of lipid environment and HFE and TFE are known to promote }rel"ix'
formation (Nelson & Kallenback, 1989; Macquaire ef al., 199.:5; Luidens er al., 1995;
Opella & Marassi, 1996; for a review, see Rajan & Balaram, 1996). Thek.Cushley group
was the. first to employ perdey{iterated micelle models to study apolipoprotein structures
by high resolution NMR (Zhong, 1992; Cusliley et al., 1994). Using sodium dodecyl
sulfate (SDS) and dodecylphosphocholine (DPC), the group has recently determined the
~ structures of synthetic peptides from human apoC-I (Razek et al., 1995, 1997), apoE
(Wang et al., 1996a), apoA-II (Buchko et al., 1996a), and apoA-I (Wang et al., 1996b;
1997b). In ac{dition higrx resolution NMR spectra of intact apoA-II (collected in 1993,
vsee Chapter 8), apoC-I (Rozek er al., 1996), apoA-I (Wang et al., 1997a,b), and apoC-III
- (\g.uchko etal, 1997) have been obtained in SDS or DPC. A prehmmary structure for
apoC-I has been reported (Rozek et al., 1996).

] In the thesis, 2D NMR, CD, fluorescence, and FT-IR are used to investigate the
conformations of apolipoprotein segments from apoA-l, apoA-Il, and apoE in lipid-
mimetic environments such as SDS, DPC, and lysophosphatrdylcholmes (lysoPC) The

chemical structures of these model lipids are given below: e 3
SDS CH,(CH,),,080,Na’
DPC L . CH}(CH2)| |OP03.CH2CH2N+(CH3)3 :

LysoPC CH;(CHz),,C‘--—OOCHz-CH(OH)-CI—QOPO,'CHzCI—IzN’(CH,)3 :
Where n = 14 or 16. These lipids or detergents have the potential to form micelles. For
properties of DPC and SDS, please refer to Wang et al. (1997b).
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Chapter 2: THEORY - L

2.1 Introduction

In this chapter, we will first cover some basic principles necessary to understand
the 2D NMR experiments employed in theithesis and then describe the procedure .for
protein structure determination. Exhéustive treatises on NMR theory can be found in
several monographs (Abragam, 1961; Ernst et al., 1987 Poole & Farach, 1987; Friebolin,
1991; van de Ven, 1995). There are also several books dealing with biomolecules in
general or protein structure determination in particular (Dwek, 1973;\.,vJardetzky &
Roberts, 1981; Wiithrich, 1986; Evans et al., 1995; Cavanagh et al., 1'996). ‘The book by
Wiithrich (1986) summarizes the protein structure elucidation by 2D NMR while the
book' by C avanaéh et al. (1996) emphasizes the theory and pra;ctiée of homonuclear and
heteronuclear multidimensional NMR of proteins. Crippen and Havel (1988) have
written the mathematics for distance geometry and its use in molecular conformation

calculation.

2.2 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR), established in 1945 by F. Bloch at Stanford
and E.M. Purcell at Harvard, is a technique based on the Zeeman splittini; (;f a nucleus
(spin quantum‘number I'# 0) in the magnetic field into (21 + 1) different energy states and
the transition of spins between the states determined by the selection rule (magnetic
quantum number Am = *1) when irradiated by B, at the resonance frequency. Thus, the
NMR equation is: ‘

AE = hv = hyB(1-0)/2n, .1
where AE is the energy resulting from the interaction between the fnagnefic field and the
nucleus, v is the resonance frequency where transition occurs, y is the gyromagnetic ratio °

"of the nucleus, B is the magnetic field, and o is the shielding constant, which depends on
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the chemical énvironment in wluch a nucleus is located NMR lS an msensmve

spectroscopy since the population dlfference in the two states of mterest is very small (a

in 10°*-10°%) obeymg the Boltzmann dlstnbutlon As AE is propomonal to the magaetlc -

- field, both sensitivity and resolution i mcrease thh increase of the ﬁeld strength Another
important approach to increase sensitivity is isotope enrichment of nuclei of low natural -
abundance such as "°C and "*N.

-

- 2.2.1 The Bloch vector model and relaxation mechanisms .

2.2.1.1 The classical description
| A

The spin angular momentum of a nucleus is a vector quantiiy with both direction
and magﬁitude quantized. A spin-1/2 nucleus (I = 1/2) such as 'H, “C, "N, and *'P
adopts two orientations in the maénetic field: parallel (+ 1/2) or antiparaﬁel (- 1/2). The
net population difference of an ensemble of these sp'r'ﬁs, or macroscopic magnetization,
can be expressed by a vector, ;10nnally placed along ti1e z-axis (Fig. 2.1, left). The vector
can be tilted by a 90° rf pulse, B, (Fig. 2.1, right). The evolution of the magnetization in
the statie magnetic field (B,) can be described, by the Bloch equatians (Bloch, 1946):

dM_/dt =-y(M,B,sinot + M,B,cosot) - (M, - My)/T,

dM,{dt = y(M;B,cosot - M,B,] - M/T, . *(2.2)
: dM, /dt = y(M B,sinot + M,B,) - M,JT » '
where M, is the-i axis magnetization at time t; M, is the initial M, magnehzatlon at the
equilibrium state, T, is the longitudinal relaxation time, and T, is the transverse relaxation
time. The first term in above equations on the right describes the motion of the
magnetization due to interaction with the magnetic field. The magneti%ation precesses at
the Larmor frequency (o = 2av) and induées a current in the receiving co»il, namely th
NMR signal. Such a process can be repeated n times after re-establishment, at least
partially, of the Boltzmann distribution to improve the signal to noi .
root of n (Jardetzky et al., 1963).

fatid by the square
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Fig. 2.1: Vector model description of 1D NMR. In the rotating frame, the initial magnetization, M,,

along the z axis is flipped to the y axis by a 90° pulse applied along x axis.

2.2.1.2 Relaxation mechanisms

The second term on the right of Eq. 2.5 assumes an exponentidl decay of the

with time, that is, magnetization relaxation. The time required for the

magnetization to relax along the z axis to the equilibrium state is called T,. the spiri-
ttice relaxation time. Similarly, the time measuring. the decay of magnetization in the

/ plane is &lled T,. the spin-spin relaxation time. The corresponding relaxation rates

are , = I/T, and R, = I/T,. The perturbed spin system will resume the Boltzmann
‘ . X :

equilibrium3tate at R,. Neglecting the effect of the rf field, the total Hamitonian of the

system contains the following terms:

H = Hz+ Hpp + Hes + Hy + Hg + H, (2.3)

where ki, is the Zeeman term, describing the interaction between the magnetic field and

the nuckus, Hyp, is the dipole-dipole interaction, K. is the chemical shift anisotropic

effect, n, 1\ the spin-spin:coupling intérz;ction, Hq is the quadrupoéar interactibn, and H,, 1S
other interaﬁtions. The total relaxation rate (R) is a sum of the r‘eﬂlaxation rates owing to
these interactions (Eq. 2.3), i.e.,

R=ZR, (2.4)
The relaxation is most efficient when the freq'uency of the fluctuating local field matches

the appropriate Larmor frequency as depicted in Eq. 2.1. Thus, electronic motions and
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molecular vibrations are unirﬁportantj whereas Brownian métion (rbtatioAnal and
diffusional) is efficient. The fluctuating local fields have different effects on R, and R,.
Any of such fields can be decomposed into three principal components, e.g.,

B,; =iB, +jB, + kB, (2.5)
R, by definition dépends only on the k component whereas R, is influenced by both i and
j components. I;r general, the spectral density fur;ction describing the nuclear relaxation
due to Brownian motion has the form (Shaw, 1984):

R, =B, 2[C,t/(] + 0*t.%)] | @2%)

R,= B, J[Ch,+ CitJ(1 + 0’ )L 2.7)
~where 1. is the cogrrelati'on time tha; measureé the time required for the molecule to tumble
around by 1 radian. -For spherical proteins the isotropic rotational t. can be estimated

from the Stokes-Einstein Léw:

<

-

1= nV/AKT), = C(28)
where 1) is the viscosity of the solvent, V is the volume of the protein molecule, k is the

Boltzmann's conistant, and T is the absolute temperature in K.

s

2.2.12.1 Dipolar relaxation

Dipole-dfpole interactions are the predominant relax‘ation mechanism for spin-1/2
nuclei. For a spin pair [ = S = 1/2, the local fluctuating field (B,,) that causes relaxation
1s ‘ -

By,e’ = (hyiys/2nyI(1 + 1)1, , (2.9)

Therefore, dipole-dipole relaxation is-influenced by gyromagnetic ratios, the distance
béetween nuclei I and S (rj), and the spectral density function (Eqs. 2.6 & 2.7) (Shaw,
1984).

2.2.1.2.2 Chemical shift anisotropy

Motion of electrons in the molecules generates different local fields. Due to

anisotropy, the local fields vary with the molecular reorientation in solution, that is,

v

18




le(g og - | 210)
) }
where o, and o, are the parallel and pefpendlcular components of the chemical shift

tensor, respectively (Shaw, 1984). Such a chemical shift anisotropy (CSA) is more
pronounced for nuclei with larger chemical shift ranges such as '*C, "N, and P,
especially at higher magnetie field (Eq..2.10). For protons, spin relaxation due tq CSA is

negligible.

2.2.1.2.3 Scalar spin-spin coupling

The J-related coupling provides a ﬂuctuat}ng magnetic field, which is
B, =2/38(S + g’ . : @.11)
This mechanism depends on the properties of bonded nucleus. It is most efficient when
chemical exchange is fast (the first kind) or the lifetime for the excited state of the ' N
nucleus is short (the second kind) (Abragam, 19a61; Shaw, 1984). |

- -
2.2.2 Building blocks of multidimensional NMR

A

Two-dimensional NMR was discovered by exploiting the time domain (E'mst et . ’
al., 1996). The information in the time domain can be extracted by a combination of \/
pulsﬁes and time delays followed by detection. Fig. 2.2 gives the basic pulse sequences rf
for 1D, 2D, 3D, and n vexperirments'. A multidimensional NMR experiment is composed
of four building blocks: excitation,{ evolution, mixing, and detection. The;e is no ’;:

evolution and mixing upit in 1D NMR experiments. Two-dimensional experiments

contain one such umt whdreas 3D NMR experiments contain two such units.
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D-P,-Acq (t))

2D: N
D-?,-t,-P,-t,fP,-Acq & - A | u
D-P,t,-P,-1,-Pyt;-P-1;-P-Acq (t,) : ST

nD: . ‘

’M V:'—,
D'Pl'{‘i"Pi'Ta'Pk}«h)'Acqﬂ(‘nf" .

g,mnmmﬁf"

Fig. 2.2: Pulse sequences for multidimensional NMR experiments. In the Figure, D = relaxation delé);
in sec; P, = pulse j (j can also stand for the flip angle); T#s the mixiné time in ms, for example, in NOESY. ~
Tt can be zero, for example, in COSY; Acq = achtiéﬁion time; t, = inorementéir_" time delay.  Four-

dimensional NMR has been performed (Kay es al., 1990; Clore et ai., 1991).

2.2.3 Density matrix description

In quantum mechanics, the state of a system can be expressed either by the wave
function ‘¥(t) (Lowe, 1993) or by the density O]Séfaiof p(t) (Poole & Fa;-aéh,"l987). The
time evolution of density operators can be described by‘thxe Liouville-von Newmann
equation of density operator equation: ! o | ]

C dp/dt=-ifu(0), plo)]. - @)

where n is the reducgd (divided by h:/2n) total energy Hamitonian of the gysteﬂ{.
Assuming H is time-independent, the solutioﬁ to Eq. 2.12 is simply . "

; p(t) = exp(-ilnt) p(0) exp(int), - (‘i.i3)
where p(0) is the initial dénsity operator. For example, the Hamitenian is 1 = Byl, for a
single spin system. - The density operator description of the 1D pulse in Fig. 2.2 at
different stages is given below (van de Ven, 1995; Cavanagh et al., 1996).
At the thermal equilibrium s’tate: '

po=ll (2l4) - v
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After the 90° pulse applied along x:
= exp(-icol t) Po exb(iml tr) ) , | :

= exp( -in/21,) I, exp(in/2L,) = I;c0s90° -l sm9 =-1 7 (2.15)
The last line in Eq. 2 15 is true because of ﬂgfcommuta&lon (I, L}= iL,. Similarly, the
density matrix for a 2D COSY pulse sequence (Flg 2.2,2D, where t=P,=0) is | |

p(t) = exp(-in,t,) exp(-iH Pz) -exp( 1H,t,) exp( i(w,P)) x

p.exp(iH,P,) exp(in,t, )exp(m3 ,) exp(1H4t2) T (2.16)

where P, and P, are the pulse lengths in ps for the two 90° pulses and t, and t, are the two
time éielays. From the derived density operator p(t), the expectation value for the

observable is calculated by finding the trace of the matrix product of Cthc observable

operator I, and the density operator, namely

>=tr{lp®}.« ' 2.17)

Once the matrix has been calculated, the trace is the sum of the diagonal terms.
2.2.4 Product operator formalism

The density matrix calculation is tedious and not very informative in
understanding pulse sequences. Therefore, a simplified notion called product operator -
formalism was proposed (Serensen ef al., 1983; Emst ef al., 1987). In thLS formalism, the
density matrix is decomposed into a set of basiggperators. The coe‘fﬁciems for the basis

operators are directly proportional to the expectation value of the observable quantity. As

-the matrix size for N spins with quantum number I = S = 1/2 is 2" x 2¥, a two spin system

can be expressed by linear combination of 16 basis operators:

172E (E = unitary !operator), 7

I.1,L,S,,S,,8, ’ . (2.18)

218, 2LS,, 21,S,. 21.S,, 21.S,, 21.S,, 21,S,, 2IzSy, 2LS,
The effects of pulses, chemical shifts, and spin couplings on the operators are easy to
follow since the transformations obey the right-hand rule. In the right-hand rule, let the

thumb co-phase with the direction along which the pulse is applied. The rotational
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direction of the operator (as if it were a vector) corresponds to the direction the other four

fingers are pointing at.
2.2.4.1 Pulses

The Hamitonian for a pulse of phase x can be expressed as H = BI,, where P is the
¢

flip angle of the pulse.. lThe transformation of I, by \B'-pulse is v

I, L,cosp - Lsinp. - | (2.19a)
Similarly, the transformation of I, by a'-ly pulse of the same flip angle is I, & I,cosp -
I sinf. A pulse along the 1 axis (i = X, y, ‘and z) doe’s not affect the operator along the

same axis.
2.2.4.2 Chemical shifts

The Hamitonian of a chemical shift has the form n = VQIZ. The magnetization
~ evolves as follows: »
| I, — Icos(Qt) + Lsin(Qu);
I - l)cos(Qt) - [ sin(Qt) . :
L1 | | (2.19b)

2.2.4.3 Spin coupling

The Hamitonian for evolution under a spin coupling is 1 = 2nJ1,S,. Hence, the
operators I, I, and I, will evolve according to the following equations:
I, = 1,cos(nlt) + 21 S sin(nJt);
I, > l)cbs(n.lt) - 21.S,sin(nJt);
I,> 1, ‘ | (2.19;)

22




The second term, e.g., 2L S sin(nJt) will further évoiv‘é_and contain forbidden higher |

quantim coherences. Thus, it is a key step for multiple-quantum Ecc;hérenbe eXpedment§
such as DQF-COSY and HMQC. |

2.2.5 Product operator description of 2D NMR |

Assuming a two-spin systerﬁ with spin 1/2, the operator evolution of the two spins
(I-S, chemical shifts Q; and Qg with a weak coupling constant of J, neglecting relaxation)
is identical and here only the change of I, will be followed. Refer to the 2D pulse

sequence in Fig. 2.2. Let us start from the equilibium state with initial operator of I..

a. After 90°, pulse  #
| Lo, (2.20a)

b. During t, the magnetization corresponding to the -I, operator evolves under both the
chemical shift (€;) and spin coupling (Eq. 2.19, b & c) and leads to four terms |
-I,cos(Qt,)cos(mJt, ¥ 2I,S cos(Q,t )sin(nJt,)
+ Lsin(Q;t,)cos(nlt,) + 2I,stm(Q,t,)sm(1tJt,). _ (2.20b)

c. After the second 90°, pulse, we have
-L.cos(€2t,)cos(nlt,) - 2I,S cos(Qt, )sin(nlt,) |
+1 sm(Q,t )cos(th,) 2L,S sin(Qt, )sin(ndt,). (2.20c)
For COSY, P, = P2 = 90° and 1, =P;=0in the 2D sequfe in Fig. 2.2. Only B
terms 3 and 4 in Eq. 2.19¢ will further evolve into observable magnetization during

acquisition time t, under the chemical shifts and J (Eq. 2.19, b & ¢):

term 3: 1 Sin(Q,tl)cos;(th,)cos(Q,tz)cos(thz) +21S sin(Q,t Jeos(nrlt, )cos(Q,tz)sin(th;')
+ L sin(Qt, )cos(th,Eln(Q,\tz)cos(thz) 2LS,sin(Qt,)cos(ndt, )sm(Q,tz)sm(thz)
‘\ ' (2.21)




term 4: -2'leys‘«in(Q,t,)sin(th,)cos(Qstz)cos(thz) JF/_S_Esin(Q!tl)sin(thl)cos(Qétl)sin(\thg)‘

_+ 21S sin(Qt,)sin(ndt,)sin{Qt,)cos(nlt,) - S,sin(Qyt,)sin(rt,)sin(Q.t,)sin(mJt,).
' 2.22)

The underlined terms in Eq. 2.21 give diagonal “peaks as seen from the same chemical
| shift at (€, Q). The underlined terms in Eq. 2.22 lead to off-diagonal cross peaks at (Q,,
Q,). The fine structure of the CrQgs peaks due to the coupling between spins [ and S
becomes evident by perfonnmg ?he Pollowmg trigonometric conversions

sin(QQt,)cos(nlt,) = l/2[snn(Q,t, ) + sin(Qt, + 7)) (2.23)
and | . v‘l\‘t

sin(,t,)sin(mJt,) = 1/2[cos(£2, t,ﬂ;ﬁ- mJt)) - cos(QQt, + )], (2. .’5.4)
Hence, cross peaks have anti-phase llne shape (Eq. 2.24) while diagonal peaks are in
phase (Eq. 2.23). s

F(:r DQF-COSY (Rance et al., 19%3), P, =P, =P, =90° and t, = very short delay‘
in the 2D sequence in Fig 22 _Only term 2:-21,S cos(Qt))sin(nlt,), in Eq. 2.20c will be
chosen This term is the supenmposntlon of the double quantum (DQ) and zero-quantum
(ZQ) cohefences namely,

-2]‘8, =-21,.S,, = -12[(21,,S,, + 21,,S,.) + (21,,S,,- 21,,S,))]
=DQ + ZQ. ‘ - (2.25)
The first double quantum term above is chosen by phase cycling. The last 90°, pulse will
generate -1/2'[(21,‘SZZ + 21,,S,, )cos(Qt,)sin(mJt,). Further evolution okl and S, leads to
diagonal and cross peaks, respectively. Both are antiphase cross peaks. Therefore, DQF-
COSY does not have the problem of COSY, where phaéing of cross peaks leads to
dispersive diagonal peaks, which blur cross peaks there. |
b

In an NOESY experiment (Jeener ef'al., 1979), P, = P, = P, = 90° and 1, = mixing
time in ;ns in the 2D sequence in Fig. 2.2. Term 1 (Eq. 2.21c), -I,cos(Qt,)cos(nlt,),
corresponding to, the inverted magnetization in a transient 1D NOE experirnent (Noggle

& Schirmer, 1971), is chosen. However, the zero quantum coherence term in Eq. 2.25

remains as well, which can be identified at a shorter mixing time as dispersive peaks
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" (Cavanagh et al., 1996). During the mixing time t,_, the ﬁiaghetizﬁtion I, transfers to k -

spins according to the Solomon equation (Section 2.2.8.3.1):
-E,a,(%,)cos (Qt,)cos(nlt,), | | 26

where a;, = [exp(-Rt,,)] is the (1, k)th element of the matrix exponential and R is the

matrix of relaxation rate cohstants,(pu- and ). In the matrix, the diagonal terms results

from the transfer of thé magnetization to the sameAspin‘(pij). All other non-diagonal terms - .
(o,) produce NOE cross peaks, which contain the diste;nce information required for

structural elucidation. The exponential relaxation matrix exp(-Rt,) can be expanded ina

power series (van de Ven, 1995): | S .

. a, = [exp(-Rtm)]lk’= I-R,1, + (1/2)t, 2R R + . 5 (2.27)

When 1, is very short, R, 7, is dominant and other higher terms above can be neglected.

The NOE intensity is proportional to 6;; x 1, , which builds usp‘ linearly with t,,. .

The most efficient correlated spectrum in identifying the spin systems 1s TOCSY
(Braunschweiler et al.. 1983) or HOHAHA (homonuclear Hartman-Hahn spectroscopy,
'Bax and Davis, 1985). The magnetization transfer in- TOCSY is achieved under

Hartman-Hahn conditions via strong scalar coupling Hamitonian.

- 2.2.6 Phase cycling and pulsed field gradients

As pointed out above, certain experiments»usuallyr focus on a specific type of
coherence and other unwanted coherences or artifacts will be removed using either phase
cycling or pulsed ﬁéld gradients (PFG). In phase cycling, the phase of the detector
follows the required coherence whereas the phases of other coherences will be cycled so
as to cancel each other by suniming or subtraction operations. For examples, see
Wiithrich (1986) and Ernst et al. (1987).

PFG works by dephasing unwanted coherences. The dephasing rate is both
coherence- and gyromagnetic ratio-dependent (Cavanagh ef al., 1996): As PFG reduces }

phase cycles and artifacts, it is expected to find wide use in nD experiments (Keeler et al.,
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1994; Kay, 1995). In addition, PFG is also used to imprbve solvent suppression (see -
- Section 2.2.7). ' -

2.2.7 Water suppression

Biological samples are normally analyzed in aqueous solution.” In deuterium
oxide the amide protons become weak or even disappear due to exchange with D,0. It s
therefore necessary to run protein san{ples in water, where the NOEs from amide protons
to other protons can be seen. Relative to water, where the proton concentration is 110 M,
the solute sngnﬁ}s (~1 -5 mM peptides) e much Wweaker. Hence, water 51gnal must be
suppreségd XMost commonly used techmques include pres)muratlon I-1 Jump and return
(Plateau & Guéron, 1982), and PFG WATERGATE (Piotto et al., 1992). ‘Presaturation -
during tecycling delay leads to water signal saturgtiqn and no transition will occur.” The
disadvantage. is that signals near water are also saturated. In the more recent
WATERGATE techhiql;e (Piotto et a-l., 1992),- signals near water in t,-direction are

e
maintained.

2.2.8 NMR structural information
2.2.8.1 Chemical shifts s

The" relationship between chemical shift and protein )Lrﬁé/{ure ‘is not well
‘ undeg,stood (Qsapay & Case, 1991; Siilégyi, 1995). The chentical shifts for amino acids
in unstructured model peptides Have been tabulated by Wiithrich (1986) and'are given in
Table 2.1. Statistical analysis of the acc_umulated body of chemical shiﬁs from peptides
and proteins revealed that a-protons in a helical c'onformqtion shift upfield by 0.39 ppm,
on average, relative to the value in the random structure whereas they shift to lower field
by 0.37 ppm in f-strands (Markley et al., 1967; Jimenez et al., 1987, Szilagyi &
Jardetzky, 1989; Williamson, 1990; Pastore & Saudek, 1990; Wishart er al., 1991;
Szilagyi, 1995). '
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“The secondary shifts have been uti'lizedr to predict protein sécondary sti‘uctures"; : s ﬁ
when a full ;ssignment is achieved (Wishart er al.; 1992). The amide proton chemical '
shifts of amphipathic helices were shown to present a periodicity (Bruix er al., 1990; |
Kuntz et al., 1991; Zhou et al., 1992). Osapay and Case (1991) showed that there is a o
- good correlation between the calculated chemical shifts and the measured ones. They‘ ’ o
suggeste:i that such calculated chemical shifts may find use in protein sir}xcture

refinement.
- 2.2.8.2 Spin-spin coupling constants

The isot‘fopic scalar (or spin-spin) coupling Hamitonian, H, = 2nJ IS between spin
I and S slightly affect the Zeeman energ)) levels of the coupled spins. Hence, coupled
- spins show splitting as described, for example, in Eqs. 2.19 & 2.20. The J values are a

valuable structural parameter as reflected in the Karplus-equation'(Karplus, 1963):
- 3)=acos’® + bcosd + ¢, (2.28)

where 0 is the dihedral angle formed by the three covalent bonds. Values obtained for the
constants are a = 6.0-6,7, b = -1.3-1.76, and ¢ = 1.5-2.4 for 'J,p, (Cavanagh et al., 1996).
However, such J values are not available from micelle-bound peptides or proteins as a

result of association with lipid (Henry and Sykes, 1994; Wang et al., 1996b; 1997b). :
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_ Table 2.1: Proton Chemlcal Slnfts (ppm) of Ammo Acld (X) Resldues in Model
Peptxdes GGXA at pH 7 tnd 35 ‘C (Wﬂtln'ich 1986)

H"

Residue  H" W T “Others
© . Gy 838 391 |
~Ala 825 ' .~ 43S 139 “
Val 8.44 418 - 213 0.97,0.94 ‘
lle 819 423 1.90 148, 1.19 8CH, 0.95; YCH, 0.89
Leu 8.42 4.38 1.65, 1.65 164 "H® 0.94, 0.90
Met 842 4.52 2.15,2.01 264,264 ¢CH, 2.13 {
) Trp 1809 4.70 322,3.19 - 2H 7.24, 4H 7.65
SH7.17, 6H 7.24
7H 7.50, 1HY 10.22
Tyr 8.18 460 . 3.13,292 2,6H 7.15; 3,5H 6.86
Phe 823 a.66 3.22,2.99 2,6H 7.20, 3,5H 7.29
' ) 4H 7.24
Pro* 4.44 228,202 203,203  H’3.68,3.65
2 Cys 831 4.69 3.28,2.96 .
Arg 8.27 4.38 1.89, 1.79 170, 1.70 H*3.22,3.22 ..
. , eH" 7.17, 6.62
Lys 8.41 436 1.85, 1.76 - 145,145 H* 170, 1.70
L H 3.02, 3.02
His 8.41 4.63 326,320 2H 8.12, 4H 7.14
Glu 8.37 429 2.09, 1.97 T 231,228
Asp 841 . 476 284,275.
Gln 8.41 437 2713,201- . 238,238 5HY6.87,7.59
Asn 8.75 475 283,275 YH*7.59,691 °
N Ser 8.38 450 - 388,388 .
8.24 435 . 422 1.23

:;; Thr

*Data for trans-Pro,




2.2.8.3 Nuclear Overhauser effect (NOE) ~ - e B
Both chemical shifts and .J »con§tants are structural pax;ametérs:‘* 'HbWeVér; trlrle?, '

-nuclear Overhauser effect (Solomon, 1955; Noggle & Schu'mer, 1971) pro\ndes the most"-

abundant and useful information for the structuml determmauon of biomolecules.

2.2;8.3.1 Solomon equation
From Fig. 2.3, the Solomon equation can be derived for a pair of spins with spin
quantum number S =1=1/2 (Solomon 1955; Cavanagh et al., 1996):
dAL(tydt = -pAL(H) - 6AS,(9) -
dAS,(t)/dt 3PASM-0ALD, \ (2.29)
where py= W, + 2W, + W, is referred to as autocorrelation rate constant and o = W,-W,
denotes cross relaxation rate ‘(refer to the legend of Fig. 2.3). The important result is that
dipole-coupled .spins do not relax independently. The influence of spin I nonk the
relaxation of another nucleus S nearby leads to the signal enhancement (riuclear

Overhauser effect).

Fig. 2.3: Spin transitions for a two-spin system, with I = § =1/2. W, and W, are the single-quantum
transitions of spins I and S whereas W, and W, are the doublé-quantum and zero-quantum transitions,
respectively. The overall relaxation rates are a combination of all the possible paths.
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22832 sm‘y state and transient NOEs

. There are two types of NOE expenments steaa‘y state and transxem Under the . R
steady-state condmon, dAL(t)/dt = 0in Eq. 2. 29 When spm I is irradiated by rf B)and

saturated, the population for I ;s equahzed namely I = 0. Then, we have (Freeman,

. . »
1994) F | o
: ' S;=So+loc/ps.{: o o ©@30)
Therefore, nuclear Overhauser enhancement: | .
'NOE=S, - S,)'S,. X
Substituting Eq. 2. 30 into Eq. 2.31 gives ' |
NOE = (y,/¥s) (W, - WA(W, + 2W + W,). | 232)

It is evident that for small molecules W, is dominant and positive NOE is obtained
assuming y > 0. For large molecules such as proteins W, is dominant, leading to negative
NOEs. | |

| Measurement. of tl‘ansient NOEs can be made by both 1D and 2D exp'eriments.'
The NOE is characterized by the cross relaxation rate. Using the isotropic‘ retor spectral
density function, the cross relaxation rate between spins I and S for a homonuclear spin
sysiem is given by the following equation (Cavanagh et al., 1996): \

o = [(hy "t )/(40r%)] {6/(]1 + 40%t ) - 1}. (2.33)

That is to say, NOE is related to both the distance and the spectral den‘éity function. Egs.
2.27 & 2.33 thus form the basis for structural determination.

_ 2.2.9 Assignment of protein signals

The key step before structure determination is to completely assign all proton
signals of proteins. The sequehtial assignment method was first demonstrated for a cyclic
peptide using 1D NMR (Gibbons er al., 1976). The elegance of the method, howevei',
was not fully appreciated until the application of 2D NMR to proteins (Wiithrich, 1986).
For homonuclear NMR work, three types of 2D experiments are required to fully assign
the spectra. They are TOCSY, DQF-COSY, and NOESY. The first two are through-
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bond correlated experiments whereas the third is through-space con'elated expetimerig;;' S

(Section égz.S). The sequential assignment strategy consists of two basic-steps. ‘First, ,
TOCSY is iised to find amino acid spin systems. Second, NOESY is-used to lmk these E
~ spin systems. Another assignment strategy, main-chain-directed method (MCD), differs

slightly from the sequential strategy in that the MCD does not fully assign the spin
systerhs first (Englander & Wand, 1987). Identification of the NOE patterns for helices
or B-sheets is the main step in the assignment. ‘ ’

The use of homonuclear 2D NMR spectra is limited to proteins with molecular

' Weight <10 kD under favorable conditions. For all helical proteins bound to micelles, the

limit drops to ~5 kD or ~50 residues (Wang et al., 1997b) as a result of spectral overlap.

_ It is natural to extend the 2D technique to higher dimensions (Griesinger e al., 1989;

Clore & Gronenborn, 1989; Emst, 1994; Gronenborn & Clore, 1995). Although the first
3D BNMR spectrum is homonuclear (Oschkinat er al., 1988), almost all 3D work at
present is heteronuclear-edited or triple resonance experiments. In an 'W-edited 3D
HMQC-NOESY exj;eriment (Clore ‘& Gronenborn, 1989), the overlapped NOE peaks are
now scattered onto a series of 2D slices, where there is a great chance to<be resolved. The..

2D assignment methods (Wilthrich, 1986; Englander & Wand, 1987) are applicable to |

‘ heteronuclear-edited experiments such as HMQC-NOESY (&larion et ¢;I., l989§ Clore

and Grc;nenbom, 1989). A J-related assignment approach was developed for the
heteronuclear triple-resbnance exper;ments to assign backbone signals (Ikura et al., 1990; |
Kay et al., 1990; Clore & Gronenborn, 1991; Bax & Grzesiek, 1993; Oschkinat et al.,
1994).

2.3 Distance geometry and protein structure calculation

Distance geometry is a study of geometric problems with an emphasis on distance
between points (Crippen, 1981; Kuritz ef al., 1989). The calculation can be either carried
out in real;_}space (Niles et al., 1988) or in distance space (Havel, 1991). The [)GII
program us& by the author belongs to the latter, which is detailed below. In principle,

there is no solution to an incdmpletedistance set (Crippen & Havel, 1988). However,




successfully reproduced using the simulasted NMR restraints, indicating. that the
systematic error from distance geometry calculation is not significant (Havel & Wilthrichy.

~ atomic coordinates can be estimated from a set of incomplete distances (Siniulatéd NMR' B

restraints measured from X-ray structures). The folding of the protein BPTI was.~

1984; 1985; Wagner et al., 1987, Bemndt ef al., 1996). In 1985, the first NMR-derived o

protein structure appeared (Williamson er al., 1985) and the method was soon
summarized m a moﬂogmph (Withrich, 1986). The attempt to determine protein
structure from NOE data obtained from 1D NMR, however, commenced slnghtly earller
for example, in Jardetzky’s lqboratory usmg model building (Rlbeu-o et al., 198 1. The
development of heteronuclear 3D and 4D NMR (Oschkinat ef al., 1988; Vuister et al.,
1988; Kay et al., 1991; Boucher et al., 1992) and deuteration (Mérkley et dI., 1968;
Crespi ef al., 1968; LeMaster ef al., 1988; Torchia ef al., 1988) techniques enabled signal
assignment of proteins with a single polypeptide chain up to 269 resiciues (Remerowski et
al., 1994; ?ogh et al., 1994) and protein/oligonuc.lgotide complex as large as 64 kD (Shan
et al., 1996). - Recently, the structure for a peptide of 259 residues has been determined
(Garrett et al., 1997). The largest prbtéin complex with structure solved so far by NMR
is 37 kD (Zhang ef al., 1994) whereas thef largest protein complex determined by X-ray
. diffraction to déte vis 700 kD (Stuart & Jones, 1997). | Attempt has also been made to
refine the protem structure by combining NMR restraints and x-ray diffraction data
(Schiffer ef al., 1994). ’

2.3.1 Upper bound distance generation from NOEs

The most; efﬁclent ‘experiment that leads to a large quantity of NOEs is
multidimensional NOESY Nommally, a series of NOESY spectra are collected at
different mixing times under identical conditions. The cross. relaxation rates can then be
estimated from the NOE build-up curves. As shown in Eq. 2.33, such a cross relaxation
rate (G) is pfoportional to both distance between protons (r) and the correlati(;n time (<)
(Wiithrich, 1986). For globular pwroteins, it can’be assumed that the protein tumbles
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isotropically with the same t.. This assumption leads to the cancellation of the other
terms in Eq. 2.33 by calculating the ratio of cross relaxation rates A

Oy = 0.s(rm/rs)-ﬁ, . | C (234)

“where o, and r, are the cross relaxation rate and distance between a pair of protons with

known dlstance such as well resolved methylene protons, o, and r, are the cross
relaxation rate and the distance of an unknown proton pair, respectively (Wiithrich,
1986). Eq.2.34 is also known as isolated spin-pair approxnmatlon (ISPA). The signal to
noise ra}o,l-s-:aad at very short mixing tlmes and NOE volumes are difficult to measure
accurately. As a result, accurate distances are not readlly obtained. On the other hand,
Eq. 2.34 becomes mvahd for mobile parts in the molecules (Doucet & Weber, 1996) or at
a long mixing time due to potential ind}rect NOE effect (spin diffuéion) with big
biomolecules. Spin diffusion results from t‘he transfer of the magnetization from spin A
lo a third spin C via spin B (Eq. 2.27). As a’result, the cross peak betweeh B and C
shows a lagged NOE build-up and can be ldenttﬁed and discarded (Wuthrlch,‘ 1986). The
common practice in structural calculation, however is to deduce approxzmd e distances
from NOE cross peaks. These distances are employed conservatlvely by treating them as

the upper bounds and further grouping them into three or four classes such\as strong

(1.80-2.80). medium (1.80-3.50), and weak (1.80-5.00 A) (Clore & Gronenborn, 1989)

with 1.8 A being the lower bound set for a pair of protons. Such a classification leaves
uncertainty only in the boundary, thus significantly reducing the effect of potentlal spin
diffusion, uncertainty in the integration of cross peaks due to overlap or classnﬁcatlon
and internal mobility of molelg,ules It has been shown that the most important factor in
determining the quality of the protein structure is the number of useful restraints rather
than accurate distances (Clore & Gronenborn, 1991; Gronenborn and Clore, 1995; Havel,

1996). .
2.3.2 Holonomic restraints

NMR data alone are not adequate to determine the conformation of biomolecules

(Jardetzky & Roberts, 1981). The covalent structure of the peptide with known bond
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lengths, angles and cluralmes must be provrded The extended pepude strueture can be : .

constructed from the standard amino acld llbrary of the empmcal conformatron energy SN

program for peptides (ECEPP) (Momany et aI 11975; for a list of bond lengths and'
angles, see Wolfe et al., 1988). The choice of extended peptrde cham is necessary to

prevent initial bias toward speclﬁc conformation. * l\émy holonormc restramts such as

chiral and planar covalent constraints are created to ensure a correct geometry The chiral

constraints are indispensable since the handedness of a molecule can not be detenmned' :

mathematlcally by the distance restraints (Cnppen & Havel, 1988). The distinction
between D and L (or R and S)-t:onﬁguration is made by the signed déterminant consisting
of the Cartesian coordinates of the four points (or atoms) around the chiral center.

Multiplying the determinant by -1 leads to the mirror image. L-isomers have positive

determinant volumes. As a special case, the planarity of the peptide bonds and aromatic
rings are enforced by equatrng volumes to zero (Crippen & Havel, 1988 Kuntz et al.,

1989). Lower bounds are also imposed as the sum of van der, Waals radii to prevent
steric inconsistency. For example, the lower bound between a pair of protons is usually

setto 1.80A.- . . B
2.3.3 Bound smoothing -

Because NOE-denved distances involve only. protons and are thus incomplete,

smoothrng is- conducted in combrnatron with geometric restraints to compute more

precise restraints. "In other words, smoothing reduces the allowed conformatron space of

the molecule by lowenng the upper bounds and mcreasrng the lower bounds The
following relation is the basis for triangle smoothmg . . _

.‘ di-dy<sdjsdy+dp. @3y

"It is simply the law of tnangle inequality borrowed from Euclldean geometry,‘where i, J,

rd

and k denote the three atoms in consrderatron
Development and use of tetrangle smoothrng (Cnppen & Havel, 1988) stem from

the poor approxunauon of triangle smoothing to the dlstance upper ranges Using
'tetrangle inequality, tighter distance limits can be calculated (Easthope & Havel, 1989).
{ -
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“The ptoblem hes in the computmg time tequu'ed wlueh is propomonal to N‘ ('N IS the
r,number of atoms in a molecule), mdu:atmg a thorough swch is. unptacucal. As a
',consequence, in the DGII package, only a restncted tetrangle smoothmg was programmed

by scannmg four atoms or quadruples (1) with two palrs of covalently bonded atoms, Q@
w1th two pairs of atoms, where each pair is taken from the same amino aeld group; and
(3) with two pairs of atoms from consecunve amino acld groups in the sequence (Havel
1991).

2.3.4 Embedding o B S

- Embedding is the key step that converts the distance matrix to the coordinates yet
consumes the least computing time. The distance matrix is constituted by randomly
choosing distances between all upper and lower limits. The main steps are summarized

- below (Ctippen, 1977; Crippen and Havel, 1978; Havel er al., 1983).

Step 1. Construct a trial distance matrix D = (dy) by randomly sampling distances from
the ranges set by all upper and lower bounds. The procedure metrization is included at
this step to ma;(imize the sampling in all the cotxformation space (Havel, 1990). The ’
metrization is also based on the law of triangle inequality. The sltortest-paths tree data
stnfcture is utilized to efficiently calculate the distances from one atom to all its
neighbors and then extend further (perspective). The starting atom is randomized by the
- program to prevent biased calculation. The sampling of distances from between the
lower aod upper bounds determines that there is no unique solution to the distance
restraint file deduced from NMR NOESY data. That is why NMR structures are always
feported as an ensemble by sampling m times from the same distance set or restraint file.
The number of conformations (m) reported in literature varies from 10 to St) (Wilthrich,
1986; Dunne et al., 1996; Rozek et al., 1995; Wang et al., 1996a). ‘
Step 2. From the distance matrix D, calculate the distances from each atom or point i of
the molecule to the mass center or centroid O by )

& = n'Zd; - nEZd,, o (2.36)
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where n is the number.of pomts (Cnppen and Havel, 1978)
Step 3. Estabhsh the metric matnx G=(g;) usmg the Iaw of cosme -
2g,=2i0-j0 = =i, +d? o-dy _ (237
~where g;.is the dot product of the two vectors iO and jO This is central to theven,tir’e

ijs

program, which is why the method is called metric matrix distance geometry.\. ‘
Step 4. Find the largest three eigenvalues, A,, A,, and A;, and eigenvectors w;; for matrix
Step 5. Calculate’the coordinates for each of the n atoms in the matrix as below:

v, =A"2w; : S - (238) .
Step 6. Improve a weighted least squares fit between the trial distances and the
coordinates, a procedure called majorization in the program (Havel, 1991).
Note that normally more than three eigenvalues are found. Taking only the first three
largest eigenvalues leads to the truncation of data. Such a “shrinking” effect is one of the

reasons why optimization is always c_:dnducted (Kuntz et al.; 1989).

i.3.5 Optimization

.The purpose of optimization is to reduce the violations of restraints to an

acceptable level. Different protocols can be applied for this step depending on the
complexity of the problem. For small molecules (less than 100 atoms), conjugate
gradient algorithms are satisfactory. For peptides or proteins, such simple algorithms
always fail because of the existence of multiple mimima. To achieve the global
minimum and structure convergence, simulated annealing is included in the distance
geometry program (DGII, Havel, 1991).

DGII .advises that annealing be done in 4D for molecules with more than 200
atoms. The error function is scaled to an equivalent energy (in kcal) that is adequate to
heat the system up to the vi‘nitial upper bound T°,,,, typically 200 K. The upper bound
Ta is thus defined as

[ P AR i (S 1)/Sea)’ = 2[(Seu-i)/Saxl’}s (2.39)
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where S, is the total number of annealing steps. The largér the steps the lower the
energy of the sy}stre'm. The initial energy is usually found ‘using “previewing” by watching
the distribution of fast atoms. The error function in 4D is defined as (Havel, 1991)
F(P)=ZA’(P) +,zBZij(15) + fcﬂ,.km(P) + ZD*(P), (2.40)

where : - s
A (P) = amax{0, 2(r, + £) Y[(r, + 1) + lip,- B - 1}
B (P) = B-max{0, 21, /[(1,* +Ip,- pI’] - 1} +

prmax{0, [€* +[lp,- pIFY(E’ +u)- 1}
Ciin(P) = y-max(0, 1, - V.,km(f’)] %)ymax[O, vijm(li) - U]
D*(P) = 8%d,.
The three terms A, B,, and C,;,, enforce the hard spﬁhere Tb:ﬁ:r bounds, the remainihg ‘ b
~lower and upper bounds, and the chirality constraints,;:'t‘espectively. The parametefs o, B,
~ and y are the weight coefficients of the first three terms relative to the upper distances. "
Tfle' fourth term, D", is the dimensionality error, where the fourth coordinate, d, is driven
to zero. The coefficient 8 is a dimensionality w;ight. The computation of distances in
4D and the use of heavy atoms are additional procedur;s to avoid local minima in the
annealed structures although they do not have physicél meaning. The use of 4D not only,
tixes the problem with local chirality: of the molecule at lower temperatures and a shorter,
calculation time but also improves the final structural convergence. The use of heavy
atoms renders annealing in a larger contour of the energy surface, thus providing extra
stability to the process. This in turn alleWé many more step-sizes (Eq. 2.39). For small
molecules, a full matrix analysis of the error function could be conducted. For large
molecules such as the peptides studied in this thesis, theysparse matrix was employed,
which considers only input restraints or distances from smoothing. It is evident that the
“simulated annealing™ protocol used in DGII program is different from others such as n
Niles et al. (1988). The dynamic simulation of others was performed at 1000 K in order
to either try to eliminate residual violations or to calculate structures from random
coordinatesl by adjusting force fields. However, both procedures were derived from
metallurgy, where annealing is performed to remove “brittleness™ of alloys and obtain

- materials of higher quality.
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Although the coordmates obtamed above are almost a mmlmum, further;
minimization was programmed to minimize the error ﬁmctnon toa preclse mlmmum
The protocol adopted in DGII (Havel, 1991) is Shanno’s conjugate gxad,tent method ‘

(Shanno, 1978), which is an iterative procedure to approach the minimum.

.

b ™
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CHAPTER 3: MATERIALS AND METHODS
3.1 Materials

Protbnated SDS (> 99%) was purchased from BDHf(Poole, UK).k Perdéuterated .
DPC (98.9% D) and SDS (98% D) were purchased from CDN Isotopes (PQ, Canada) and
Cambridge Isotope Laboratories (MA USA), respectnvely Deuterium oxide (99. 9% D)
was from Isotec Inc (OH, USA) TMA and lysoPC (Sigma) were kmdly proaned by Dr.

Comell (Slmon Fraser Umversnty)

3.1.1 Peptides

-

ApoE(267-289), PLVEDMQRQWAGLVEKVQAAVGT, . apoA-II(18-30)+,
VTDYGKDLMEKVKEWLNS, and apoA-1(166-185), YSDELRQRLAARLEALKENG,
were purchased from Dr. lan Clark-Lewis (University of British Columbia) and

synthesized as described elsewhere (Clark-Lewis et al., 1986).

ApoE(263-286), SWFEPLVEDMQRQWAGLVEKVQAA, apoA-1(142-187), .
apoA-I(l22-187), apoA-I(114-142) and other peptides mentioned herein were synthesized
by Dr. James T. Sparrow (Baylor College of Medicine) on an Applied Biosystems 430A
synthesizer using solid-phase method (Barany and Merrifield, 1980) as detailed in
Sparrow & Monera (1996) and also the co-authoreg papers (Wang ef al., 1996a; 1997b).

3.1.2 Apolipoprotein isolation and purification
Apolipoproteins (A-I, A-II, and C-I) were purified from human blood plasma

provided by the Canadian Red Cross. Briefly, HDL was isolated by sequential isopycnic
ultracentrifugation (Havel ef al., 1955; Schumaker and Puppione, 1986) for 20 h or longer
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between density 1-06,3 and 1.21 g/mL in a Beckman 50.2 Ti rotor at 42,0()0 rpm and 4°C. 

Density was adjusted using KBr. A third spin was performed to remove the remnants of o

albumin. Lipidsin HDL were removed by exirdction with a m.ixedbsol,ve,nt of dri'¢thyl
ether and ethanbl (2:3,' v/v) (Scanu and Edelstein, 1971). The delibida—ted' HDL or-
apoHDL (~70-100 mg) was then dissolved in the 25 mM imidazole buffer containing 7.2
M urea and 25 mM dithiothreitol, pH 7.4, to a protein concentratioﬁ of 10-15 mg/mL. |
The protein’solution was applied to a PBE-94 column (1.4 x 40 cm) (Pharmacia) and
profeins’ were fractionated with the elution buffer containing 111 mL of polybuffer®74
(Pharmaéia) plus 889 mL of 8 M urea, pH 4 (Mcleod er al, 1989). The urea
(eleétrophéresis grade)- was deionized prior to use by chromatography 6n a Rexyn 1-300
(Fisher Scientific) column (3 x 100 cm). UV spectroscopy (280 nm) was employed to 'A
locate i)rotein fractions and the purity was checked by SD‘S-PAGE‘befo're pooling the
fractions. The pooled pure protein fractions were thet; run through fhe column (1.0 x 10
cm) packed with 2.0 g of hydroxylapatite (HTP) to remove polybuffer. These protein
fractions were finally dialyzed against 4 L of the standard buffer (0.15 M NaCl, 0.04% .
EDTA., 0.03% NaN,, pH 7.0) with two changes. Alternatively, apoC-I was eluted first
from PBE-94 column using the equilibration buffer (0.025 M imidazole, 1 mM EDTA,
7.2 M urea, pH 7.4) followed by eluting apoA-I & A-II with the normal elution buffer.
The detected apoC-I fractions were then pooled and dialyzed agai'nst 10-mM NH,HCO,
buffer directly. During dialysis, the monomer apoA-II isolated can bé oxidized back by
0.023% H,0, to the native dimer form. A secondln;ethod employed to isolate intact
apoA-II from delipidated HDL (above) was FPLC (Mezdour et al., 1987). |

The apoA-1 (90 £ 5%) (Letter from Dr. J. E. Doran), provided by the Swiss Red

” /"f—’(rﬁss, was purified by the cold ethanol fractionation procedure (Peitsch er al., 1989).

Sucrose in apoA-I was removed by dialysis against 10-mM NH,HCO, buffer with two
changes. Finally, the proteix{ Solution was dialyzed against water once. For NMR
studies, such a dialysis protocol is required to remove the majority of the salts such as
EDTA in proteins purified by other procedures (below).

The "N-labeled apoA-‘i was provided by Dr. Marcel, expressed in E. coli
(Bergeron et al., 1997).
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1.5 .

3.1.3 Peptide or protein assay \ | -

-

¢

The peptide or protein concentration in the stock solution was assayed by the

method of Lowry er al. (1951) using bovine serum albumin as standard or measured by -

UV spectroscopy at 280 nm (Gill & von Hippel, 1989). Synthetic peptides were judged

pure by analytical HPLC,, automatic amino acid sequencing and mass spectroscopy
(Sparrow & Monera, 1996; Wang et al., 1997b). The purity of apolipoproteins was
checked by SDS-PAGE (Raymonél & Weinstraub, 1959; Maguire et al. 1989) and NMR
sbectroécopy; The pfotein eléctrophoresié gels were Coomassie blue or silver stained
(Heukeshoven and Dernick, 1985}, the latter having sensitivity 5 times higher than the
former. For NMR sarhples, 1-2 pL was taken directly and loaded to the gel Wel)s after
mixing with 1 uL of glycerol (1:1, v/v). The pretein ladder corftains bovine serum
albumin, carbonic anhydrase, lysozyme, aprotiinin, and §0matostatin (all Sigma products). .

~-

3.2 Fluorescence spectroscopy

-t

vFluorescence measurements  were conducted on an  SLM4800C
spectrofluorometer at 20°C. Tryptophans in the peptides were excited at 280 nm and
emission spectra were (;bserved from 300 to 450 nm. Samples of apoA-I(l42-187) and
the standard, tyrosiné (Narayanaswami et al., 1993), were excited at 277 nm and emission
was recorded from 270 to 350 nm. The excitation and emission bandwidths were both 8
nm. The relative quaritum yield (Q,) was calculated according to the equation (Freifeid’er, !
1976): |
Q.= (QLAN(LAY, (3.1

where Q, and Q, are the quantum yielél of the unknown and standard samples,

LAY

respectively; I, and I, are the integrated intensities of the unknown and standard samples;

and A, and A, are the optical density of the unknown and standard at 277 nm.
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33 Circular dichroism ok

2=

CD sbeCUa were recorded on a Jasc J710 spectropola\l'imeter with a Neslab RTE-
110 temperature controller and interfaced to a personal cpmﬁuter. The instrument was ,
calibrated using d-(+)-camphorsulfonate at- 290.5 nm (Yang\ et al., 1986b; Jehnson
1990). The pH (x 0.1) of the sample was measured by msertmg\a glass electrode into the |
CD cell (0.1-cm path length). Each spectrum was the result of the average of two scans,
collected from 190 to 260 nm every 0.5 nm at a scan speed of 20 nm per minute and the
response time of 0.25 s. After smoothing and background sub'xractxon the recorded

degrees were converted to molar ellipticity per residue, [6], in deg. cd} .dmol™:

[6] = 6/[10dcn], G 2)
\
where 6 is an angular measure in degree, d is the light path in centlmeter and c is the

molar concentration (mol/L) of the peptide or protein, and n is the number of residues in

the peptide or protein.

The helix content was calculated using convex constraint analysis\‘(Perczel et al.,
1991, 1992). Alternatively, the helix content was estlmated based on the 222-nm band
using the formula below (Jackson er al., 1973): !
Helix% = - [(18,,,] + 3000)/39000] x 100, (33)

where |0,,,| is the absolute value of the molar ellipticity of proteins at 222 nm. |

3.4 Fourier transform infrared spectroscopy

The FT-IR samples were aliquots of NMR samples (Chapters 4-6), which were
lyophilized and dissolved in the saxﬁe volume of D,0. The IR procedure was detailed in ‘

[-]

the co-authored paper (Shaw et al., i997).
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3.5 Nuclear Magnetic resonance

3.5.1 NMR sample preparation

w

The ap’oE(26;/-289) (2.9 gr;l\:‘[) or apoE(263-286) (5J mM) peptides_wﬁéo-
dissolved with SDS-d in 0.6 L. of 90% H,0 and 10% D,0 solution and filtered ifito 2 5
mm NMR tube. The final peptide/SDS ratio was 1:90 (mol/mol‘).v The ratio refers to
molar ratio hereafter in the thesis unless otherwise indicated. NMR samples for other
peptides (5 mM) were prepared similarly. The pH (meter reading without isotope effect
correction) of the samples was measured directly in the NMR tube with a glass electrode
(Broadley James Inc., CA, USA), calibrated using two standard buffers at pH 4.0 and 7.0,
and adjusted using a small fractions. of NaOH or HCI solutions. The difference in pH

before and after data collection was within + 0.1-pH unit.

To the freshly purified yet still dilute apoA-II or apoA-I solution immediately
after the final dialygis againstawater (Section 3.1.2), perdeuterated SDS was added at a
protein/SDS ratio of 1:80 for apoA-]I and 1:140 for apoA-I (Reynolds, 1982). The SDS-
containing protein solution was then freeze-dried and dissolved in 0.5 mL of H,0/D,0
(9/1, v/v) solution. The solution was filtered into the NMR tube, filled with nitrogen gas

and sealed. | N

3.5.2 Data acquisition and processing

NMR spectra were initially recorded to optimize the spectral resolution in the
amidqregionj\(~6‘-ll ppm) by changing pH, temperature, or both. The stability of the
sample was routinely followed by NMR spectra before and after 2D experiments. All
NMR spectra such as TOCSY (Braunschweiler et al., 1983; Bax and Davis, 1985),
NOESY (Jeener et al., 19:/9), and DQF-COSY (Rance ef al., 1983) were acquired at the
same 'H resonance frequency of 600.13 MHz on a Bruker AMX 600 spectrometer

®
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equip*d at Simon Fraser University. Thé spectral width in bath dimensions was 6250-

7246.3 Hz with the carrier frequency set at the water resonance.’f The water signal-was
~ suppressed by the WATERGATE techmque (Piotto etital 1992) using 3-9-19 pulse
sequence (Sklenar et al., 1993) for TOCSY and NOESY expei’i'nién‘tisi.@ In\DQF-COSY
experiments in 10% or 99.9% D,O the water signal was suppressed by a presaturat10n°
pulse during the recycling delay. °All spectra were collected in the time propomonal
‘phase incrementation (TPPI) mode (Redfield and Kuntz, 1975; Marion & Wiithrich,
11983) with 2K data points in t, and 512-640 increments (32~64 scans each) int,. NOESY
spectra were recorded at a series of mixing tlmes §,uch as 50, 75, 100, 150 and 200 ms.

TOCSY experiments were performed at the*mlxmg time of 45 to 125 ms wnth a trim

pulse before the MLEV-17 spin-locking sequence.

" NMR data were processed using the ébmmerciZl software FELIX (v. 2.30 or v.
95. Biosym Technologies, Inc.) on the Silicon'Graphics workstation. The residual water
signal was removed by the convolution difference low-pass filter teéhnique (Maricn et
al., 1989). The first data point was scaled by {faétor of 0.5 to reduce t, ridges and
baseline distortions (Otting et al., 1986).. The Fﬁ) wasapodi;éd by a shifted squared
sine-bell window function 90° in F, and 0° in F, for the spectra of apoE(263-286) and 60°
in both dimensions for the spectra of apoE(267-289). After zero-filling, the time domain
data were Fourier transformed to give a 2K x 2K matrix. The frequency-domain data, or
NMR spectra, were baseline corrected using a fifth order polynomial function in both
odimensic;r’ls. Chemical shifts were referenced to external DSS for signal assignments but
to the methyl signal (0.00 ppm) of internal DSS to facilitate pH tit;ation or temperature -
coefficient measurements (Section 3.5.3). Other proton %sﬂfrom DSS resonate at
2.90, 1.75, and 0.63 ppm. respebtively. ) = 2

- <
K ¥ -~

3.5.3 Temperature coefficients of amide protons

o
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To measufe temperature coefficients (A8/AT) for amide protorns,‘ NOESY 'ar;d’ l <
TOCSY spectra were collect§d from 22 to 47 °C in steps of 5 °C. Temperature was |
’ coﬁtrolled by a variable témperature_, (VT) unit on the spectrometer with the précis‘,ion‘of +
0.1 °C. A minimum of 0.5 h was allowed for the sample to reach a new equilibrium st’ater\—m
each time when ihe temperature was changed. The chemical shifts of each amide signal -
read from NOESY at various temperatures were linéarly regressed against telmperatltjkrae. »

The rate of chemical shift change per degree of temperature,®in units of ppb/°C, is the

temperature coefficient of the specific amide proton.

3.5.4 Intermolecular NOE experiment

-

-

Intermolecular NOEs (Kaiser, 1965) between apoA-I peptides and SDS were
observed in the presence of protonated SDS or a mixture of 50% SDS-d,s and 50%

protonated SDS. s

.+ 3.5.5 Measurement of pKa

& The change of chemical shifts of the prgtons r;earest to the ionizable groups with
pH was followed by 2D NMR (Khoda et al. 1992) as key cross peaks were not fesolved
on ID I\;MR spectra; The chemical shifts at various pHs were then fitted to the modified _
Henderson-Hasselbalch equation ) .

¢ 8o = [8.4 + S5(10°1PX2)/(1+]10PHPK2y), (3.4)

where 8, is'the chemical shift observed at specific pH, § ana ddare the chemical shifts
of the acidic and basic forms, respectively. |

/7

3.6 Structure calculation

Three-dimensional structures of apolipoprotein peptides in migelles were

calculated from NOE distance restraints using DGII (Havel, 1991) of Insightll (Biosym
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o Technologies Inc) The NOE peaks were mtegrated using FELIX (v 2 30) They were . .
. ’,,grouped lnto three. classes strong (1. 8 2. 8) medlum (1.8-3. 8) and weak. (1 8-50 A) 7 W
accOrdmg to NOE volumes (Gronenbom and Clore 1993) ﬂﬁer the consrstent \alence
force ﬁeld (CVFF) upper and lower force constants at 10 kcal mol -A? for apo (263- ~
286) and 32 kcal’ ‘mol™ Az for apoE(267 -289) wrth a maximum force eonstant of 100 -

_jkcal mol A for both, For apoA -1(166- 185) (Chapter 6) and apoA-II(18- 30)% (‘Buchko |
et al 1996a) Cross- peaks on the NOESY spectra, mixing tlmes of . 100z150-ms, glerg

"classrﬁed mto three mtensrt)ﬁ levels strong (1.80-2.50), medium (2 51 -3. 50) and we&l(
(3:51-5. 00 A) according to the peak volume (Wuthnch 1986). Distance restraints for “
apoA-I(142- 187) ‘were generated from the NOESY spectra (80 ms in DPC and 100 ms 1nl
SDS) arsd classrﬁed into 1. 8 2.8, 1. 8 3 8, and 1. 8 50A based on the 1ntensnty of cross
peaks. The upper distance bounds were cal'brated usmg the known drstance between .
pairs of well-resolved methylene protons (1.74 A) for apoA-1(166- 185) or based on the
_known distances in an a-helix’ ‘structure for apoA l(l42 187) (Withrich, 1986 Cavanagh

et al., 1996; Johnson ef al., 1996) such that normally HY, HNl o should be strong (1 8-3.00

&) and H“ -H",., should be medium {(1.8- 38 A) (Wuthrich 1986) Pseudoatom
'corrections were made for unresolved methylene, methyl,’ ‘aromatic protons and 2 methyls
b» addi.ng 1.0, 1.5, 2.0 and 2:4 A, tespectively, to the upper bounds of pertinent restraints
(Wuthrich et al 1983) using the NMR-Refine Module of In51ghtll An additional 0.5A
was added to the distance upper bounds involving methyl group protons (Clore et al.,
1987). In addition to these distance restraints, the chiral and geometry restraints were .

generated from the corresponding extended covalent peptide structure.

Distance geometry calculations include threc\ major steps: smoothing, embedding,
and optimiiation (Chapter 2). The optimization ;tep contains a_simulated annealing
protocol and an energy minirni’z’ation program based on the conjugate gradient algorithm.
~The initial energy for annealing was found using the PRﬁVlEWING protocol and 800
~and 1700 kcal/mol were found to be proper for ~20mers and the 46mer, respectively.
Simulated annealing was performed by converting the error ﬁinction to an equivalent

M . ﬁyy . v,
energy (inkcal) that is adequate to “cook” the system to 200 K, the initial upper bound on
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 temperature. The structures weretheneooled gradually Q0K at z 1 x 10" sperstep
Inmally, 10 structures were calculated. When the ﬂnal opmmzatxon error is greater'thanv , _'
the faxl level (0.5) the mirror image of the structure Wlll be re-annealed. No optumzatxon ‘ .
will be performed if the final error of the mlrror image is agam greater than the fail level. -
. Such structures were discarded. The fail level reflects the dlstance, chu'allty, and contact o

violations. Upon completlon of the calculation, the distances with violations greater than
0.1 A were listed and examined. When the upper distance bound vxolatmns in ~20% of
the structures are greater than 0.2 A, these ‘bounds were relaxed to an upper class to
reflect the uncertainty in classification or integration due to spectral overlap. When no
further improvements were achieved after iterative reﬁnements 20-50 structures werev
calculated in the final run Structures accepted have fall level less than 0.1 and contact
error below 0.1 A. No distance violations greater than 0.5 A were observed. -
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’ CHAPTER 4: CONFORMA'HONS OF APOE(267-289) AND APOE(263-286) lN‘

1A

SDSMICELLES e

4.1 Introduction

| Human serum apoE M, = 34,200) consnsts of a smgle polypeptide cham of 299 D
" amino acid resndues (Rall et al., 1982; Breslow et al., 1982). When assocnated w1th llpld, >

B "“;

i apoE modulates the llpld metabohsm via bmdmg to LDL receptors (lnneranty et aI '

1979; Mahley and lnneranty i983 Welsgraber 1994).

&

Thrombin dlgestlon of apoE yields two segments: residues 1- 191 and 216—299 .

The N-terminal fragment only weakly interacts with lipid (De Pauw et aI 1995) The X- .

ray crystal structure for apoE(1-191) is an anti-parallel four-helix bundle structure with

all the hydrophobic side chains oriented toward the center forming a hydrophobic core

(Wilson et al., 199 1) These helices contain 19, 28, 36, and 35 amino acids; among titem'
helix 3 (resndues 87—120) is kinked at G105. The N-terminal fragment is purported to

contain the LDL receptor-binding domain in the region correspondmg to residues 140-

150 (Innerarity et al., 1983). Dyer et al. (1995) found that the dimer of synthetlc peptlde
141-155 binds to the LDL receptor.” Sparrow ef al. (1v985)nfo_und tﬁat synthetic peptide
129-169 bound DMPC whereas the segments 139-169 or shorter did not. The C-terminal
fragment is proposed to contain the major lipid-binding domain (Wetterau et al., 1988)
and to be responsible for LCAT activation (De Pauw et al., 1995). Using s}nthetic
peptides, Sparrow et al. (1992) showed that segments 202-243, 21 1-243, 267-286 did not
associate with DMPC while 263-286 did' ' The importance of 263-286. was subsequently
confirmed by truncation mutagenesis studies (Westerlund and Weisg?éber, 1993).,

M Segment 263-286 has thus been recognized as one of the pnmary llpld-bmdmg regions of
apoE (Sparrow et al., 1992; Weisgraber, 1994; De Pauw et al., 1995y

In order to elucidate the structural details of the apoE(263-286) and apoE(267- '

289), the author has performed fluorescence and CD spectroscopy and 2D NMR studles
of both peptides in SDS micelles.
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4.2 RESULTS

T’!ﬂ

-4.2.1 Circular dichroism

Fig. 4.1 depicts the CD spectra of apoE(263-286) (A) and ang(267-289) (B). In

‘the absence of lipid, both peptidés are mainly random as indicated by the strong negative

éand at 198-200 nm (Woody, 1995). Con\{ex constraint analysis (Perczel et al., 1991)

;ields 68% and 62% random coil and 7% and 2% a-helix for apoE(263-286) and
apoE(267-289), respectively‘.’ The addition of SDS induced é dramatic change in the
spectra of both peptides. At a peptide/SDS ratio of 1:5 or greater, the CD specfra’for both

’peptid.es possess a positive ban(\i at 192-193 nm and double minima at 208 nm and 222

nm (Fig. 4.1), features that are characteristic of helical structures (Holzwarth and Doty,

1965; Woody, 1995). The content of helix is listed in Table 4.1. The increase in the

helix content for both peptides with the addition of SDS is apparent according to either

CCA (Perczel et al., 1991) or simply the 222 nm band estimation using Eq. 3.3 (Jackson | .

et al., 1973). Furthermore, similar helix percentages were found by the two methods for
these peptides in the SDS-bound state (Table 4.1). The Table also suggests that all of
apoE(267-289) was bound to SDS iBairaktari et al., T390) at a lower peptide/SDS ratio
(1:10) than apoE(263-286) (1:40). The final t‘lelix content at 1:90 is 67% for apdE(263-
286) and 51% for apoE(267-289), indicating a longer helical segment in the former (16
out of 24 residues) than the latter (12 out of 23 residues). The longer helix in apoE(263- -
286) is also suggested by the ratio of the molar ‘ellipticity at 222 nm to that at '208 nm,
1.09 for apoE(263-286) and 0.82 for apoE(267-289) (Rizo et al., 1993; Fasman, 1996).
The correlation between the helix length and lipid affinity supports the notion that
amphipathic helices are responsible for lipid binding (Sparrow & Gotto, 1982; Ponsin ef
al., 1986; Segrest et al., 1994). The increase of temperature from 25 to 37 °C caused a
decrease in the helix content of aboE(263-286) in SDS by 11%. The peptide was found
to’be most helical at pH 6-7. The helix content decreased by 5% with the decrease of the

pH by 3 units but by 13% when the pH was increased by 3 units. -
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Fig. 4.1: CD spectra of apoE(263-286) (A) ind apoE(267?289) (B) in the absence and presence of
SDS. The peptide concentration is 0.10 mM and SDS concentrations are: (A) 0; (03) 0.5; and (®) 9 mM at

25 + 0.5°C, pH 5-6 [Adapted from Wang et al. (1996a)].

.Table 4.1: Helix Percentage of ApoE(263-286) and ApoE(267-289) with Titration of

SDS
;
Peptide/SDS ratio ApoE(263-286) ApoE(267-289)
cp* CcD* NMR® cp* cp* NMR*

1:0 18 7 i1 2

1:5 ‘ 44 37 35 44

1:10 50 52 ﬁ 39 51

1:40 6 61 40 49

1:90 63 (& g 60 40 51 58

*Helix contents estimated using the 222-nm band (Jackson ef al., 1973). “Helix contents from convex

constraint analysis (Perczel ef al., 1991). “Calculated using Eq. 4.2.
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4.2,2'Fluorelscen¢e' speétroscopy ,

In the absence of lipid, both peptides fluoresce at 350 nm (Fig. 4.2); indicating

the exposure of the Trp to the aqueous solution (Jonas, 1992). The fluorescence of ’,
apoE(263-286) is stronger than that of apoE(267-289) since there are two Trp residues n

the former yet only one in the latter. The maximum emission for!bdth pe‘ptid'eswas. fohnd, o

to shift to a shorter wavelength (blue shift) with the addition of SDS. At the saturating
levels of SDS a 19 nm blue shift was measured for both peptides although more SDS was
required for apoE(263-286) (Fig. 42). Such a shift in the maximum of the Trp
fluorescence arises from the movement of the Trp aromatic ring(s) from an aqueous to a
hydrophobic milieu (Lakowicz, 1983; Jonas, 1992; Mishra ef al., 1996), indicating the
association of the apoE peptides with SDS. A siﬁiilar blue shift was observed for
apoE(263-286) bound to DMPC (Sparrow et al., 1992).

t - A
2
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=]
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350 w0 450
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Fig. 4.2: Fluorescence spectra of 0.01 mM apoE(263-286) (A) and apoE(267-289) (B) before and after
the addition of SDS. Spectra in the absence of SDS are depicted in thicker lines and thinner lines in the
presence of SDS at the pcptide/SDS ratiqs of 1:230 and 1:80, respeciively, at pH 5-6 and 20 °C.

-
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4.2.3 NMR resonance assignment

il

The NidR resonances of apoE(267-289) in water were found to shift eonsiderably‘ 3

with the addition of SDS at a peptide/SDS ratios of 1:5 or greater, indicating a =

conformational change. At the peﬁde/SDS ;atios of 1 :5‘,,6r lower, the spectral lines were
broad due to exchange between the free and lipid-bound states. However, a single set of
weH resolved, sharp peaks was found at a peptide/SDS‘ ratio of 1:90. The(spectral
linewidths, approximately 10 Hz, made it impossible to obtain spin-spin coup_h:ng
constants between H"i-H"i- (~5 Hz in a helical structure) (Wiithrich, 1986). | This is
consistent with the association of the peptide with lipid (Henry and Sykes, 1994; Rozek et
" al., 1995; Wang et al., 1996b). Optimal resetution of HY resonances in the presence of

SDS was obtained at pH 4.8 for apoE(263-286) and pH 6.0 for apoE(267-289). Further
| increase in pH from 7 to 10 gave rise to a selective decay of. amide signals of apoE(267-
" 289) in SDS without noticeable signal shift. At pH 10, only amide signals from résidues
L279 to V287 were observed (Fig. 4.3). Comparison of NOESY spectra from pH‘ 4t07

indicates no measurable conformation change for both peptides.

Two-dimensional NMR spectra of apoE(267-289) were assigned to one set of
resonances using the sequential assignment strategy (Wilthrich, 1986). This was
achieved by identifying spin systems on the TOCSY spectnim. Each vertical line in Fig.
4.4 shows the cross peaks of the amide proton to its side chain, corresponding to one spih
system or one amino acid residue. These spin systems were mapped onto the aniino acid :
sequence of the known peptide via NOE connectivities such as HM-HY,, (Fig. 4.5A) and
H%-H"., (B). The complete assignment of spin systems such as aromatic, N and Q
residues were achieved with the aid of the NOESY spectra. The assignment for side
chains was confirmed by DQF-COSY. |
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Fig. 4.3: NMR spectra of apoE(2§7-289) in SDS at various pH values, Sp&m were followed from pH
7 to 10 at 37 °C. Each spectrum is the accumulation of 128 scans over a spectral width of 7352.9 Hz .

: : 53 y
- \ et



71.5‘
e a
- _’2.0 )
- <8
f Q.
3.0
§ L.«
> 3.5
o A
<> ; <
8.4
q F2 (ppm)

Fig. 4.4: Fingerprint region of the TOCSY spectrum of .apoE(267-289) in SDS. The spectrum was
collected by Dr. Pierens for a 2.9 mM sample (peptide/SDS, 1:90) in H,0/D,0 (9:1, v/v) solution at i 6.0
and 37 °C. Each labeled vertical line corresponds to one spin system identified and assigned using the
NOESY spectrum (Fig. 4.5). ' :
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Fig. 4.5. Portions of the NOESY spectrum of apoE(267-289) in SDS. Shown in (A) is the amide region
and in (B) (NEXT PAGE) the fingerprint region recorded for a 2.9 mM peptide sample at a mixing time of
150 ms in aqueous solution (H,0/D,0, 9:1, v/v) of SDS-ds (peptide/SDS, 1:90) at pH 6.0 and 37 °C. The
constructs follow the sequential NOE connectivities with HY,-H% (A) and H"-HY,,; (B) cross peaks labeled

(This spectrum was collected by Dr. Pierens).
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Fig. 4.6: Portions of the NOESY ‘spectrum of apoE(263-286) in SDS. Shown in (A) is the amide proton ¢
region and in (B) the fingerprint region collected at a mixing time of 150 ms in ilqueous solution (H,0/D,0,
9:1, v/v) of SDS-d;s (peptide/SDS, 1:90) at pH 4.8 and 37 °C | ‘
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Table 4.2: Proton Chemical Shifts (ppm) of ApoE(267-289) in S[)S-dzs Mlcelles at

the Peptide/SDS Molar Ratio of 1:90, pH 6.0 and 37°C*

-

e | i M@ W I " Others
Pro267 Y TI——Y T 359,256 213307 T343
Leu268  8.62 4.29 -0.09 178,168  1.66 H® 0.98,0.93
Val269-  8.09 3.86 0.32 2.12 - 0.99,0.94
G270 791 4.18 .11 2.02 229 . -
Asp271 7.9 455 021 2.77 s
Me72  8.19 431 021 - 217,210 266,254  §CHy;2.02
GIn273 8.3l 4.05 0.32 2.16 252,238 SHY7.24,6.67 E
Arg274 783 412 -0.26 1.78 166, 1.56  HP3.17;eH" 7.19
GIn27s 803 429 -0.08 2.06 234,229 H"7.10,6.60
Tp276  8.19 4.60 -0.10 3.38,3.31 2H 7.19; 4H 7.43;
s ' SH 6.90; 6H 7.00;
| _ 7H 7.33; HN 9.78
Ala277 793 3.97 038 145 |
Gly278 8.6 3.93 -0.04 ‘ '
(Lew279 785 4.09 0.29 1.78 1.64 H® 0.93,0.87
*é-J Eval’do 7.9 328 .+ -0.90 1.95 0.81,0.64
G281l 773 406 023 2.10 245,231
Lys282  7.68 4.07 -0.29 206,191 148 Ho 1.71% 65
val283  8.16 3.61 -0.57 215 - 101,091 N .
Gln284 848 391 -0.46 2.16 255,233 SHM701.658
Ala285  7.79 4.16 -0.19 1.49 ’
A6 770 4.27 -0.08 1.55
val287 - 7787 421 4003 226 0.97
| Gly288. 790 3.8 +0.06¢ .
4.07 :
Thr289  7.60 4.22 013 4.16 118

*Chemical shifts are referenced to external-standard DSS (0.00 ppm).”

®AHa is calculated according to Eq:

4.1. H” was taken from Withrich (1986). ‘Relative to the average value of the H” chemical shift. « -
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‘Table 4. 3 ‘Proton Chemical Shifts (ppm) of ApoE(263-286} in SDS-d,, Mlcelles at
‘the peptide/SDS Molar Ratio of 1:90, pH 4.8 and 37°C*

-3
£ .

Residue HY He. AHQ® Hf H Others’
Ser263 T 431 019 3.85,3.76
Trp264 8.41 452 -0.18 331,3.20 2H 748;4H7.35;
, SH 7.01; 6H 7.10;
 TH7.44;HN 1000
' Phe265 677 . 430  -0.36 2,76,2.23 2,6H 6.78;
- 3,5H7.27,4H7.22
Glu266 749 409  -020 211 239 ‘
Pro267 - 430  -0.14 239,180  2.12,2.00 H’3.69,3:64
Leu268 720 425 013 191,179 164 H® 1.07, 0.99
Val269  7.90 362 -0.56 222 0.97,0.94
Glu270 8.1 417 012 2.12 2.56,2.43
Asp271 8.04 455 - -021 3.16,2.93
Met272 8.28 425 027 228,213  2.76,2.58 CH,2.03
GIn273 8.45 404  -0.33 225,216  2.60,2.41 8H"7.10,6.64
CArg274 191 418 -020 1.93 177, 1.63 H?3.25;eH" 7.21
GIn275 8.12 433 -0.04 210,205  2.43,226 SH"7.07,6.58
Trp276 8.39 461  -0.09 3.39 2H 7.24; 4H7.46;
SH 6.93; 6H 7.02;
7H 7.36; HN 9.80
Ala277 798 . 400  -0.35 1.48
Gly278 8.01 396  -0.02° -
. 3.89
Leu279 7.86 a1 027 1.78 1.69 H* 0.95, 0.87
Val280 7.94 339 -0.79 1.91 10.79, 0.64
Glu281 7.64 407 021 2.12 2.53,2.44 -
Lys282 7.69 410 -026 204,196 163,150 H®1.71;H",3.00;
ﬂ eHN 7.41
Val283 7.84 389  -029 220 102, 0.97
GIn284 800 423 014 209 2.53,2.39 8H"7.16, 6.65
Ala285 7.69 433 -0.02 1:44
Ala286 - 7.62 421 -0.14 1.42
B X ¢game as in Table 4.2. JERA
_z ‘
s L]
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Because of the overlap of H" signals for M272 and W276 in apo’E(267-289), their

side-chain connectivities were corroborated by comparison with the NOESY spectra at
other tempe’ratur"e‘s., The chemical shifts for apoE(267-289) are listed in Table 4.2. The
spectra of apoE(263-286) were assigned similarly to apoE(267-289) and the sequential
assignment is depicted for both the fingerprint (Fig. 4.6A) and the amide proton (B)
regions of the NOESY spectra of apoE(263-286) in SDS-dy;. The chemical shifts for -
apoE(263-286) are presented in Table 4.3. At 37 °C, the H" signal of W264 was very )
weak and the assignment was confirmed by NOESY at 27 °C, Also, at a lower

temperature H" and H® of F265 were completely resolved. As a result of the shift of the
J water signal to high field with increase of temperature, the as/si.gnment of the resonances

near water was verified. S263 was identified by DQF-COSY (Fig. 4.7).
4.2.4 Secondary shifts

The H” secondary shifts were calculated and are plotted in Fig. 48A. The
secondary shift (AHq) is defined as o -

AHa =H® -H®, T @

where H?_ is the H® chemical shift measured and H® the corresponding ;esidue in the

random coil (Wiithrich, 1986). The secondary shifts for both apoE peptides are plotted in

Fig. 4.8A. A grouping of three or four secondary shifts less than -0.1 ppm is \indicative of

a helical structure whereas a dense grouping of secondary skhiﬁs; éreater than 0.1 ppm

indicates fstrand (Wishart et al., 1992; 1995). For apoE(26';-28$§) the region V269 to
A285 is most likely helical whereas for apo-E(263-286) the region S263 to Q284 appears

to be a helical structare. For both peptides, secondary shifts for most of the residues in

the region Q275-G278 are close to zero, suggesting that the structure around that region

is less helical (Wishart er al., 1992; Rizo et al., 1993, Chupi}_r\m et al.,_l 995).
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Fig. 4.7; Portlon of the DQF-COSY spectrum oPapoE(263-286) in SDS The spectrum: was collecle‘
fora S mM pepude in the presence of SDS-ds (pepude/SDS 1:90) in DsO at pH 5.5 and 37 °C.
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Fig. 4.8: Plots of the secondary shifts or temperature coefficients versus the residue number of
apoE(267-289) or apoE(263-286) in SDS. (A) Secondary shifts of the a- pfcftons of apoE(263-286) (white
column) and apoE(267-289) (black column). (B) Temgerature coefficients of dmide protons of apoE(263-
286) (white column) and apoE(267-289) (black columd). Data were read from the NOESY spectra (T =
100 ms) collected with 2K data points in t, and 400 increments (16 scans each) in t;. ‘ ‘
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From ‘Fig.'4.8A, the periodicity of the secondary. shifts is evidént, suggésti'ng_ -

" amphipathic helical structure (Bruix er al., 1990; Szilagyi,  1995). Based on the
secondéry shifts, the helix content can be estimated using the following formula (Bruix ef
al., 1990; Rizo et ql., 1993): ’ ‘

L2

' Helix% = (Z|AHa)/n/0.35) x 100, 42)

whére Z|AHd] is the sum of the absolute valﬁes of the secondary shifts, n is the number of
resnidues in the peptide, and the constant 0.35 is an average secondary H” shift value
where 100% helix is assumed. The helix content thus obtained is 60% for apoE(263:v286)
and 58% for apoE(267-289) in SDS. In the calculations, 0.5 ppm was aeducted from the
sum.to reflect the ring current effect of W276 on the H? of V280 (see below) (Johnson
~ and Bovey, 1958). These helix percentages are similar to those found by CD for ihe two
v _ peptides (Table 4.1). | | |

5

L.

4.2.5 iI‘t:mpcel'glturi': dependencea of amide proton chemical shifts

_Temperature coefficients for the HY protons of apoE(263-286) and apoE(267-

289) in SDS" micelles are presented in Fig. 4.8C. Temperature coefﬁciemé have been

utilized as evidence for hydrogen bonds or solvent accessibility, and to determine the

secondary structures in peptides (Basu ef al., 1991; Liu et al., 1993; Raj et al., 1994; Yee
et al., 1995; Sejbal er'al., 19966)'. Temperature coefficients ranging-from -3.0 to 0 ppb/K

-

- are indicative of _hydrbgeﬁ-bonded; -3 to -4.5 ppb/K of weak hydrogen-bonded, and -5 to .

12 ppb/K of §o]venf exposed amide protons (Liu ef al., 1993; Yee er al., 19955 Sejbafe(

al., gl 996a). In apoE(263-286) amide protons of residues W264, E266, L268, D271,

| G278, E281, K282, A285, and A286 arexprobably hydrogen-bonded whereas for.

- apoE(267-289) amide protons of residues E270, D271, G278, E281, K282, A286, and
G288 may_be hydrogen-bonded. While hydrogen bonds were found along almost the
e}nire sequence of apoE(263-286), in apoE(267-289) most were located at the C-
terminus, indicating that the N-terminus of_la\poE(267~289) is less structured (Fig. 4.8C).

- -
-
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In both peptides, the backbone amide protons of resndnes 272 277 are most sensitive to

temperature indicating that the region is hlghly sol%éht zfccessnble

[

4.2.6 NOE connectivities and secondary structures

 Fig. 49A is a‘summary of interresidue NOEs of apoE(263-286) in the presence of
SDS- d,;. Medium to strong H¥-H",,, H%-H",,,, H%- H™.,, H%-H”., and weak to medium |
He-HN,,, H%-H".,, H¥-H" ., NOE connectivities were found for the region L266 to
A286, indicati‘ng a helical structure (Wtithrich; 1986). In addition, the N-terminus
contains many (i, i+3) and (i, i+4) NOE connectivities between aromatic rings of W264
or F265 and the side chains of L268 or V269, suggesting that the helical structure extends
) “to W264. NOE cross peaks between P267 H® and E266 H® as well as P267 H® and E266

H?, but not between P267 H® and E266 H", lndlcate the E266-P267 peptide bond is
predominantly in the trans conformation (Wiithrich et al., 1984).. Inclusion of a proline
in a helical region has been reported for several peptides (Barlow and Thornton, 1988;

Yun et al., 1991; Johnson et al., 1994; Yuan et al., 1995).

Interresidue NOEs for apoE(267-289) in SDS are summarized in Fig. 4.9B.
These NOE connectivities support an_a-helix structure for the region 277-288 (Wiithrieh,
1986). A combination of strong H%-H",, weak H%-H",,,, H%-H",,,, H"-H" .., and weak
to medium H",-Hﬂ,,l NOEs (Fig. 4.9B) was found for residues 267-276 of apoE(267-2895,
suggesting an unstable helical structure in that region. This is further supported by strong
TQCSY relayed peaks from amide protons to side chains for residues 267-276 but weak
rerl‘éys for the region 277-288 (Fig. 4.4). The former is similar to what was observed for
apoC -1(35453) (Buchko er al., 1995), apoA-Il(18-30)+ (Chapter 5), and other peptides in
water (Dyson et-al., 1988 & 1992) while the latter resembles the well-defined helical
regions of apoA-I peptides in micelles (Chapter 6). Therefore, the I’:J-terminus of

apoE(267-289) is probably weakly bound to SDS (Pierens er al., 1995).

3
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Fig. 4.9: Summary of interresidue NOEs for apoE(267-289) (A) and apoE(267-289) (B) in SDS.
NOEs were derived from the spectra collected in an aqueous solution of SDS-d); (peptide/SDS, 1:90) at a
mixing time of 100-150 ms. NOE intensities aré indicated by the height of the bar [From Wang et
al (1996a)]. ‘

4.2.7 Three-dimensional structures of apoE(263-286) and apr(267-289) in SDS

*

For the final DGII a’calculations, 370 NOE distance restraints (194 inter- and 176
intra-residue) for apoE(263-286) and 276 NOE restraints (143 inter- and 133. intra-
residue) for apoE(267-289) were used. The number of NOEs per residue for both ‘
peptides is pfotted in Fig. 4.10." More NOE restraints were obtained for the aromatic
residues (W264, F265, and W276) and 1268, V269 and V280 than other residues.
Therefore, the larger number of NOES for apoE(263-286) than for apoE(267-289) arises
mainly }'rom the N-terminus in the former. Fig. 4.11A shows an ensemble of 41
structures of apoE(263-286) and Fig. ‘i.] 1B an ensemble of 37 structures of apoE(267-
289), where the backbone atoms (N-C?-C=0) have been superimposed. From the
ensemble of structures, the RMSD for superimposing residues 265-284 of apoE(263-286)
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‘ "4'1s 064 t 017 A for backbone atoms and L. 51 :!: 0. 13 A for all atoms The backbone
'RMSDs of apoE(267-289) are 0. 75 :l: 0 21 A for supenmposmg res:dues 268-2'15 an&
03410, 10 A for residues 276-286 respectively i

an 4 12 isa plot of palrwnse RMSD versus resndue number m the sequence The
RMSD for superposmon of all atoms for both peptides is generally below 1 S A
Increased RMSDs at the termini for both pepndes indicate end fraymg (Shnemaker 7 at
1987; Rozek et aI 196). Backbone atoms in the N-termmus of apoB(267-289) e. g -
from residues 267-275, are less well deﬁned than those at the C-terminus and the”N-
terminus of aj:di?.(263-4286) is better defined than that of apoE(267-289) (refer to Figs. 49
& 4.10)._ For apoE(263-286), the RMSDs for residues Q273 to Q275 are as large as those -
of terminal residues (Fig. 4.12A), suggesting that this middle part of the helix is distorted. -

N
©
N

Number of NOEs

-
N~
N

Residue nurhb‘er

Fig. 4.10: Number of NOE restraints per_residue found fof npoE(263-286).(wli;te columns) nnrdL o

apoE(267-289) (black columns) bound to-SDS. Data were obtained from the §fati§tical analysis of the
restraint files employed in the ¢afculations. . ‘ . T

-
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Fig. 4.11: _Super-_impos;?‘g}, backbone view of an ensemble of the structures for apoE(263-286) (A) and -
apob(Z67-289) (B): A total. in 41 structures for apoE(2'63—28(;) (A) and 37 structures for apoE(267-289)
bound to SDS-d15 (B) was cqlcplaled based on NOE-dCI:ivcd distance restraints using the DGII progr.ar;'l.
The backbone atoms (N-C*-C=0) of residués E366 to Q284 for apoE(263:286) and residues Q275 to Q286

~ o

for apoE(2q712§£) have b’een-superi_mijosed {From Wang et al. (1996a)].

- " . . 3
-
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A stereoview of side-chain orientations for both peptides is shown in Fig’ 413, -
from whxch th€ hydrophoblc (medium grey) hydrophilic (hght grey) and mterfacnal |

(dark) faces can be seen. Side chqms especxally hydrophlhc ones, are less well deﬁncd " . :
than backbone atoms due to fewer interresidue restraints and quenchmg of NOEs by side- F
chain mobility (Berndt et al., 1996; Doucet & Weber, 1996). In Flg 4. 14 we show the
avergge orientation for side chains of apoE(263-286) (A) and apoE(267-289) (B) with the
backbone atoms replaced by ribbons. For apoE(263-286), an arriphipéi\fhjic helix-bend- +
helix structural motif was found with a bend angle of ~150°. This helica\i\pend around
residues 273-278,'also& evident from FigS. 4.MA and 4.13A, is consistent wi\fh\_ near zero’
secondary shifts as well as large temperature coefficients for the‘ region (Fi~g 4 8) All
hydrophobic side chains in apoE(263 -286) are clustered on the concave face and' E266. *
P267, E270, R274, E281, and A283 on the convex hydrophilic face. Resxdue(D?Jl
Q273, Q275, A277, K282, and Q284 are found z;t the interface. Similar side-chaan
orientations can be seen m the structure of apoE(267 289) (Flgs 4.13B and 4. 14B) The\\
colored amphipathic helical structures for apoE(263 -286) and apoE(267 -289) can be \
viewed at: http://pdb.pdb.bnl.gov/. -The PDB identification qumber is loef for the. former - -

and loeg for the latter.

35
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264 ?68 g lziﬁlduo mﬂgor 2?0 2 . Residus number
Fig. 4.12: Plots of pairwise RMSDs for the structures of apoE(263-286) (A) and apoE(267-289) (B)
bound to SDS. RMSDs are relative to the mean structure for superposition of all atoms (solid squares) and
backbone atomSJN-C“-C-T-O (open squares) of each residue of apoE(263-286) (A) and apoE(267-289) (B). ;

Data were smoothed in a three-residue window [From Wang et al. (1996a)]..
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Fig. 4.13: Stereoview of the side chains of apoE(263-286) (A) and apoE(267-289) (B) in SDS-d,s. The
backbone atoms are omitted for clarity. Hydrophobic side chains are shown in medium grey, hydrophilic
side chains in light grey, and interfacial side chains in dark grey. Side chains are selectively labeled. In
(A), interfacial side chains from top to bottom are D271, Q273, Q275, A277, K282, and Q284. In (B), side
chains of residues 267-273 and 288-289 are not shown due to fraying [From Wang et al. (1996a)].
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: w276
L268 M2

Fig. 4.14: Side view of the average structures of apoE(263-286) (A) and apoE(267-289) (B) in SDS-
.das. The backbone atoms are replaced by ribbons. Hydrophobic side chains are clustered on the same side
forming the hydrophobic face whereas hydrophilic side chains afe distributed on the opposite side.
Interfacial s;ide chains, D271, Q273, Q275, A277, K282, and Q284, are not labeled for clarity. Excursions’

S of lohger side chains such as R274 .and K282 were defined by a cone (Fig. 3.13) with the average

orientation corresponding to the axis of the cone [From Wang er al. (1996a)).
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-4.3. DISCUSSION

As shown in Flg 4 l4 the aromatic side cham of W276 in the average structures “

of both peptides forms a 30- 50° angle with the hellx long axis and lies close to VZ80. As‘iri .o

~ aresult of the ring current effect the chemlcal shifts of H" H?, and one of the HY of V280

are shifted to higher field (Johnson and Bovey, 1958 Plesniak et al., 1996) compared to

other valines in Tables 4.2 and 473, This ring current effect between residue i (W276) and

. resndue i+4 (V280) further supports a helical structure for that part of t.he molecule and

indicates hydrophobic side-chain interaction in the hel’lx.c;ln apoE(263"-286), Fig. 4.14A,

F265 forms an 85° angle with the N-terminal helix long axis. In addition, W264 lies

close to L268 and F265. This accounts for the_ upfield shift of HY, H?, H® of F265, and
H of L268 (Table 4.2)." Successful interpretation of these ring current effects on proton
chemical shifts indicates that an accurate georﬁetry has been obtained for these apoE

peptide structures in the lipid-bound state.

i

4.3.1 ApoE(263-286) has a helix-bend-helix structure

In the lipid-bound state, CD and H® secondary shifts suggest helical
conformaticns fer these apoE peptides. The detailed 3D structures, shown in Figs. 4.11,
4.13 & 4.14, confirmed the amphipathic helical structures. While K282 lies in the
interface, R274 is located at the center of the hydrophilic face (Fig. 3.14). Such a

*random” onentatton of cationic side chains on the hydrophilic face of both peptnde
structures elucidated in the micelle model fits the definition for the class G* amphipathic
helix (refer to Section 1.4 and Fig. 1.2). However, the helices determined are not “ideal”
as predicted. ApoE(267-289) is a two-d'omain structure with a flexibJe N-terminal helix.
As a result, V269, on average, 1s not located on the hydrobhobic face (Fig. 4.14B). In
addition, a'poE(2,63-286)‘ was found to be a curved helix-bend-helix motif with a bend

angle of approximately 150° (Figs. 4.11A and 4.14A). Based on sequence pr%éiction

Q
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algorithms and CD data, Nolte and Atkinson (,19'92) prOpo,sed a helix from residues 264‘-‘ o

271, a B-strand from 273-277 and a he,lix from 279-285 of apoE. While we see no

evidence of F-strand, the helical bend we fmd in the vicinity of residues, 273-278

corresponds exactly to Nolte and Atkmson s propesed B-region. A similar curved helical
structural motif was reported for melittin bound to DPC micelles (Inagaki et aI., 1989), in
methanol (Bazzo ef al.,.1988), and in the crystal structure, where the peptide is in the
tetramer state (Terwilliger ef al., 1982). Interestingly, these structures all bend at G12
-with a proline in the vicinity.) Chupin et al. (1995.) found that the signal peptide ‘adopts ‘
similar secondary structures in SDS, DPC, or TFE with a break again at G12. As
apoE(263-286) showed near zero H” secondary shifts at G278 in either TFE (not shown) £
or in SDS, it appears that the secondary structure of apoE(263-286) 1s determmei
primarily, by the peptide sequence (Inagaki er al., 1989; Cordtier- chsenbein et al., 1996). ,
In addition, the chemical shift differences in different environments (Fig’.:t.SB) indicate
that the lipid also modulates the peptide conforrnation th some extent as apoE(263-’s 86) is
more helical at the N-terminus in SDS than in TFE probab/y due to the peptide-lipid -
interactions (Section 4.3.3). These ‘interactions may have caused near zero secondary
shifts for two more residues, Q275 and W276 in SDS (Fig 4. SB) ‘but not in TFE. In this
sense, the hehx-bend helix motif may be said to better conform to the micelle. ln
conclusion, the peptide sequence, lipid, and the peptide-lipid mteractlons all play arole 1 in

determmmg the final conformation of the peptlde in lipid.

E

*
&

~ 4.3.2 Factors that stabilize class G* amphipathic helices

L]

From the average structure, the (i, i+4) hydrogen bond between the carbonyl
group and the amide proton can be measured using the program HBond in the NMR-
Refine module of Insight I. A hydrogen bond satisfies the following conditions: H"--O
distances less than 2.5 A and N-H---O bond angles between 120 and 180°. According to

these criteria, nine hydrogen bonds involving amide protons of L279 to V287 were found

2
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for apoE(267—289) all at the C-terminus. This ﬁnding is consistent with the t;vo-domain
structure of apoE(267 -289) (Fig. 4.1 lA) The existenge of these hydrogen bonds only at -
the C- termmus may explam at least in part the selective decay of amide signals with ‘
increase of pH at the Netenmnus of apoE(267-289) (Fig. 4.3) (Englander & Kallenbach,

1983; Pemn etal., 19903 Demene et al., 1994; Finucane & Jardetzky, 1996).

Recently, Wang et al. (1996b) found that all mterfacnal arglmne side chaxns of
apoA-I(166-185) showed intermolecular NOEs with SDS alkyl chains, thus enhancing
the binding ofy the class A amphi?athic helix to the micelle. The association of these
apoE peptidfs with SDS is supported by CD (Fig. 4.1), fluorescence spectroscopy (Fig.
4.2), and chemical shift change and line broadening of peptide resonances (Section 4.2.3).
As only K282 ‘was found in the interface, electrostatic interactions be@eeﬁ negatively
charged SDS head groups and positivelyf charged peptide side chains do ndt appear to be
essentiaI in the binding of these apoE peptides to the micelles. Instead, these G* helices
bind to fipid predominantly by expdSing a large hydrophobic surface due to the existence
of hydrophobic pairs in the sequence such as WéMF?65, L268V269 and L279V280.
Hence, these structures substantiate the notidﬁ‘*thgt the hydrophobic effect dominates in
stabilizing the peptide structure comﬁlerced with th?micelle (Buchko er al., 1996a,b;
Wang et al, 1996b;1997b). - -

“Since the’hydrophobic}: effect plays the major role, we may neglect other factors
here and calculate the hydrui)hobic binding energy for solely comparative purpose. On

“ the basis of the transfer free energles for amino ac1ds (Nozakl & Tanford, 1971; Tanford,

. 1980) Karplus (1997) has tabulated the estlmated hydrophobxc effect for side chain

burial (3G,) (Table 4.4). We may estlmate hydrophoblc blndmg free energy (AG,,) for an
amphipathic heha; by summing the transfer free energy of all hydrophobrc side chains, .

viz.,
AG,= Z(36). 4.3)

From the residues found on the hydrophoblc faces of the structures (Figs. 4 13 and 4. 14)
AGM, was calculated to be 2.8 kcanol for apdE(263- 286) and —-17.6 kcal/mol for
: %apoE(26l 289). Since the fragments are of similar length (24 versus 23 residues), we

.
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atmbute the more favorable AG,,b for apoE(263-286) to- the add:tronal hydrophoblc pa}r of ..~ o
aromatlc remdv?s, W26¢f and- F265. This may explain, in part, why apoE(263-23 6 binds

to DMPC and peE(267-286) (AGM,= -154 kcal/mol) does not (Sparrow et,al 1992)

. . - . . - s t
£, o e SRR A B . 5

Table 4.4; Transfer Free Energles (kcal/mol) for Atoms, Hydrophoblc Slde Chams .

hydrophoblc Palrs and Some Hydrophobtc Clusters T ' .
‘Side chain G, Hydrophobic pair - AG,  Hydrophobic cluster  AG,
w29 T WF- 5.2 WFLV =103 °
F 23 wL 58 WLVV -10.2
L - 29 0 ® LI . <56 e LLLL 16
I 2% . L Talsg e .
M 23 LM f s .
,.» . . ﬁ . . . - i
Y . 16 T ¥F -39 .

f - ' N , ) - ' r o= . - . I
v o 2.2 A 2 5.
A 5 .10 . woo- Y 4a

K N TOI - L g
R & sl \ o S . s

. Y B - S

7c0mponent side chams

: Karplus (l997) Hydrophoblc palrs are’ deﬁned as a palr of resndues ,fthat are adjacent in: sequence such as

hydrophoblc side chams (Section 4.3. 3) AG, and AG are calghlated similar to AG,, by summing the

»> 3 . LS
2 .

\
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.43, 3 Aromatlc-taromatlc mteractmns, hydrophoblc pairs and hydrophoblc clusters

‘are lipid-binding elements

Like cationic side chains, the indole ring of Trp is amphipathic. As can be seen

" from Fig. 4.14, W264 adopts an orientation with the hyarr;phobic six-membered ring

% -

%

o
L

oF

 W264F265 whn[e a hydrophoblc cluster is a lipid blndmg unit charactenzed by the packmg of.a group of



facmg mward and the ﬁve-membered ring outward On the other hand W276 is on the .

hydrophoblc face near the helical bend region, whxch may account for the large negative - - N o

temperature coefficients of the amide p:otons (Fig. 4.8B). A statistical analysis °fr,,‘° . T

membrane proteiris révealed \thatﬁ‘most of the aromatic residues (Trp; Phe, and Tyf) appear
- to prefer the interfacial regions (Lgndolt-Marticorcna et ai,x 1993), where'Trp and Tyr
residues may fouri hydrogen-bonds with the iipid head groups or wd}er (Haliia & Freire, |
1994). Such orientations of Trp side chains are believed to be energetically favorable -
(Jacobs & White, 1989; Cowan et al., 1992) and would explain tho blue shlﬁ in the

-~

fluorescence spectroscopy of apoE peptides (Fig. 4.2).

In proteins, aromatic rings are frequently found toi be perpcndicul“ar} to one
another, approximately 4.5-7 A apart. This is believed to result from favorable partial
charge interactions between &+ hydrogen atoms on the edge of one rmg aud 8- m-
electrons on the face of the other ring (Burley and Petsko, 1985;1988; Serrano et al., -
1991). As can be seen from Fig. 4.14A, the aromatic rings of W264 and F265 in the
averaée structure are oriented more or less perpendicular to each oiher. The distances
between aroruatic'Hs or H* protons of F265 and the six-membered ring ot" W264 were
calculated to be 4-6 A. Such an edge-to-face aromatic-aromatic interaction may explain -
the lower fluorescence for apoE(263-286) than apoE'(267-289)" in SDS (Flg 4.2) owing to
quenching (Siemion ef al., 1994). It caused ring current shift%sifor'Hs HP, and H" of F265.
.(Johnson and Bovey, 1958). A large upfield shift of H" of L268 (l 42 ppm) is also‘
observed These ring current eﬂ'ects are a good- mdncatlon of the packing of hydrophoblc

side chains in the amphipathic helix. Taken together with the NOEs found between
’ W264, F265, L268 and V269, a hydrophobic cluster of these four residues is proposed, |
(AG, = -10.2 kcal/mol) While such aromatxc-aromatlc interactions ( 1 to -2 kcal/mol)
have been fouhd to stabilize protein temary and quaternary structures (Burley and Petsko,
1985; Serrano et al., 1991), we propose that the hydrophoblc cluster, including the
aromatic-aromatic interaction in apoE(263-286) creates .a new hpld binding sxte and
plays a crucial role in ‘the stabllmmon of the amphxpathlc hehx structure at the N- |
terminus of apoE(263- 286) via mtercalatmg the hydrophobic cluster into the hydrophobic
core of SDS micelle (Figs. 4.13 and 4.14). A similar N-terminus stabilization has been
, e & 3
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observed with apoA-I(166-185) in the preserice'of SDS, wherein the terminal Y166
F aromatic ring orients toward theuhfdrophohic face due to interaction v«gth SDS (Chapter
'~ 6). As a consequence of intercalation into the micelle interior, the 'W276 side chain in
both apoE peptide’s“ has very reétricted motion_ (Fig. 4>.‘1 3), resulting in rir;g current shiftsf
of H% H”, and one of the H' of V280 (Tables 4.2 and 4.3). i Hence, W276, hydrophobic |
pair L279V280, and V283 constitute another hydrophobic cluster (AG, = -1b0.2rkcal/mo'l,
Table 4.4). The fact that apoE(263-286) contains two -hydrophobic clustérs whereas
apoE(267-289) only one vi/ould further explain why apoé(263-286) binds to DMPC.
“avidly” and apoE(267-286) does not (Sparrow et ol., 1992).” In additioh, ‘t‘h'e |
hydrophobic packing and forrnation of hydrophobic clusters may be the direet reason fo;,
the curved helix structure of apoE(263-286). Interestingly, a similar ring current effecto"f
the Trp (i) on residue (i+4) has been obser:ied with one of the apoC-I fragments (Rozek et
al., 1995; Buchko et al., 1995). and the LCAT-activatmg pep?iide LAP-20-(Buchko et al.,
l996b) in both SDS and DPC. Therefore hydrophohrc packing mvolvmg aromatic .

resrdues appears to be general. We propose that aromatic and paired hydrophobic :

residues are especraLly important in anchoring apolipoproteins to lipid.

3

4.3.4 Biological Implications

We have elucidated the detailed structures for the primary lipid binding segment
at the C-terminus of apoE (Sparrow er al 1992; Westerland & Weisgraber, 1993 De
Pauw et al., 1995). The molecular basis for hlgh lipid aff'mrty of apoE(263-286) was
‘atributed to several aromatic residues and hydrophobrc pairs in the sequence by forming
) hydrophoblc clusters. Scanning through the entire apoE sequence revealed that there are
onjy two such regions that are rich in aromatic and paired hydrophobic residues. They
are residues 59-40 and 260-290,7’"‘the latter corresponding to apoE(263-286). Therefore,
such a sequence analysrs may be useful in locating strong lipid bmdmg segments in
i apolrpoprotems Indeed, sequence analysrs found that such strong hprd binding domalns )

exist at the carboxyl termini of all human exchangeable apolipoproteins except apoC-II,

Il
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- consistent w1th the deduction from peptlde sfudnes as stated in Warig et aI (l996a)
However, the snmllanty between the C-terminus of apoA-l and that ef apoE is /mere"

- " striking, Deletion of the C-terminal segment from.either pr gin reduces not only the .

lipid affmity but also th&propﬁsity to aggregate in the absence of lipid (Wes't?rl'hnd and
Weisgraber, 1993 Holvoet er al., 1996 Jl & Jonas 1995). In addmon such an apoA‘I
f'mutant has a much higher catabohc rate in vivo than the wild type (Schmidt er aI 1995).
Therefore, the sngmﬁcance of these hydrophobic amphipathic helices may be to anchor
: apolipoproteins‘ to lipid, to siabilizé the lipoprotein structures and to determine the
lifetime of these proteins in metabollsm They may also determme the lipid camer y
" capacity of the protein and particle size of llpoprotems (please also refer to Wang et aI

19962). © .=

2,
4
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CHAP'PER 5: SOLUTION STRUCT URES OF APOA-ll(18-30)+ gN THE
PRESENCE OF SDS N ’

E &

5.1 Introduction

o ™

; : Y
Human apoA-II is the second major g}otem of HDL gartncles Its primary ™
structure contams two 1dentxca* polypeptlde chams of 77 residues eacb linked at Cys6 via
a dlsulﬁde bond (Brewer et al., 1972) The reduction and alkylatlo’of the dlsulf de bond
of apoA-II led to complete conversion of the dimer to the monomer w1thout affectmg the
structure, composmon and partlcle snze dlstnbutlon of HDL3 (Calabresn et al., 1996).
Sucha treatmentzo‘f apoA-II does not impair lts lipid affinity s:gmﬁcantly (Jackson et al.,
1973) Segrest et al. (1974) predlcted that two regions, residues 17-30 and 39-47, of
y apoA-II are amphxpathxc helices. ~ Based on the lipid-binding studies on synthetic
" peptides, segment 50-77 was found to be the minimum C-terminal lipid-binding region |
(Mao et al., 1981). On the other hand, Chen ef al. (1979) found that the N-terminal
synthetic peptide apoA-II(17-31) did not bind to DMPC but apoA-11(12-3 1) or (7-31) did.
’ Thcse data illustrate that the N-terminal lipid-binding domain of apoA-II should be
shghtly longer than predicted. Therefore, apoA-II contains at least two lipid-binding

regnons whxeh are at the C- and N-termini (Sparrow and Gotto, 1982).

In Chapter 4, we showed that aromatic residues and hydrophobic pairs are key .
. lipid-binding elements. . Here we attempt to enhance the lipid affinity of the segment,
apoA-1I(18-30), by adding to.the C-terminus five more residues EWLNS, which contains
a hydrophobic pair WL. ApoA-II(18-30, EWLNS) is herein referred to as apoA-II(18-
. 30)+, where the sign “+” denotes our effort to increase the lipid affinity. _The
amphipathic potential of apoA-11(18-30)+ has been maintained (Fig. 1.2). Introduction of
aTrp Fsidue to the peptide facilitates fluorescence measurement. The binding of apoA-
11(18-30)+ to SDS, DPC, and TMA was also in{;est;gated by CD. Based on CD and
fluorescence spectroscopy, 2D NMR studies of the peg&i_de\yere}:erfonned in the
rd

ks



using NOE restraints and distande geometry calculatlons in cooperatlon thh Dr Buchko

(Buchko et al., 1996a). - - . - ) S
. l £ ) o
4 S o “
5.2 Results i ' . . =
,5.2,1 Optical spectroscopy . ]

S

In the abserice of hpld the CD spectrum of apoA-II(18- 30)+ showéd ei sfrong o

negative band at 200 nm, suggestmg ‘that the major conformatlon is rando,em (Woody,
1995). With the addition of SDS, CD spectra exhibited a strong positive band at 192 nm
and two minima at 208 and ~220 nm, re?pectwely, indicating: the formation of a- helnc

(Holzwarth & Doty, 1965). Similar spectral changes oé’urrgdr upon the addition of

dodecylphosphocholme (DPC) or tetradecyltnmethyl ammoniu f':t'j Aonde (TMA). The

o~

* helix content of apoA- II(18 -30)+ in water and in various hpxgis was analyzed by CCA

_ (Table 5.1). Apparently, the peptide became helical in all three lipids. Table 5.1 suggests

that SDS is most effective and TMA is least effective in the promotion of helical structure

of apoA-II(18-30)+.

The maximum emission of the fluorescence spectrum’ appeared at 350 nm in the
absence of lipid, indicating that the Trp is exposed to water (Jonas, 1992). The addition
of SDS, DPC, or TMA all induced a blue shiﬁ (Table 5.1), illustrating that the Trp in
apoA-lII(18-30)+ rhoves to a more hydrophobie milieu (Lakowicz, 1983; Jonas, 1992) as
a result of helix formation (above). This is reminiscent of apoE peptides, where blue

shifts of Trps correlate with their locations on the hydrophobic face of the amphipathic

helix and intercalation into the micellar interior (Chapter 4). Both CD and fluorescence

spectroscopy suggest ‘that apoA-II(18-30)+ also binds DMPC (Buchko ef al., 1996a),
confirming that our enhancement of the lipid affinity of apoA-1I(18-30) has been

&

successful.

79 .

~ presence of SDS. The solutlon gtructures of the peptnde bound to SDS were determmed




Table 5.1: Helix Content and Wavelength of the Maxlmum Emlsswn of ApoA—lI(lB-
30)+ in. Various Llplds

Lipid Net charge Peptide/ljpid ratio Helix content (%) A e (nM)
- 1:0 - 10 351
SDS ‘ -1 1:40 SS 7 338
DPC 0 1:40 45 336
TMA +1 1:40 39 33

a. Adapted from Buchko et al. (1996a). Helix contents were estimated from CCA analysis (Perczel et al.,
1991). The last column is the wavelength of the maximum emission of the fluorescence spectrum of the
tryptophan in the peptide. - : «

i fﬁ:;:iv‘t~

5.2.2‘ NMR Structure .

.

5.2.2.1 Signal assignment

In aqueous solution at pH 2.6, all backbone amide protons of apoA Il(i8 30)f
showed clear doublets owing to spin-spin couplmg with the a-protons (Fig. 5.1A). The
coupling constants measured rangeﬁfrom 55t0 5. 8 Hz for Y21 D24, E27, and K30 but
7.6-7.7 Hz for T19 and D20. While the terminal re51dues of the peptide have ‘a coupling
constant typical of conformational " averaging, the couplmg constants for the residues in
the middle region indicate some populations of “nascent helical structures” sampled by
NMR (Wiithrich, 1986). Supporting this notion are the weak (i, i+3) NOEs but strong
H",-HN‘F‘l Cross peaks in the reg'ion (Buchko et al., 1995). Increase of pH to 4.8, however,
broughtﬁ about a dramatic broadening;gad shift of signals and those C()upling constants
could no longer Be measured (Fig. S. lB); We attribute this efﬁect to the peptide

aggregatlon (Buchko et al., 1996a). A similar phenomenon was observed for apoE(263-

286) wgggcrease of pH.
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Fig. 5.1: Amide and aromatic proton regions of the NMR spectra of apoA-I1(18-30)+ under different
conditions. Spectra were collected for a 5.0 mM peptide (A) in water, pH 2.6; (B) in water, pH 5.6; ariJ
(C) in the presence of 200 mM SDS, pH 5.6, all at 37 °C (From Buchko et al., 1996a). ‘
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Fig. 5.2: Finggrprini regibn of the TOCSY spectrum of apoA-II(18-30)+ in SDS. The spectrum was
cofhected fér a5mM p.e‘ptidc in H,0/D;0 (9:1, v/v) solution in the presence of SDS-d,s (peptide/SDS, 1:80)
: at'pH 4.9 and 37 °C The spin-locking pulse lengths in the MLEV-17 of TOCSY (T, = 100 ms) were 16.8,
' 25.“1. and 50.2 Hs for 60?.. 90°, and 180°, respectively. The HN-H'; cross peaks of amino acid residues are
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Fig. 5.3: Fingerprint region of the NOESY spectnim of apoA-II(18-30)+ in SDS. The spectrum was

collected at T, = 100 ms for a 5 mM peptide solution (H;0/D;0, 9:1, v/v) in the presence of SDS-dss

(peptide/SDS, 1:80) at pH 4.9 and 37 °C. The H™-H" cross peaks of amino acid residues are labeled.
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Table 5.2: Proton Chemical Slnfts (ppm) of ApoA-II(l8—30)+ in SDS-dM

Hy0/D20 (%1, viv) at 37 °C and pnsoh - .
R;esiduez H" - H* AHd : H ' & ' Others )
Vallg '$.33 704 014 227 v 19 — — >
Thilo 833 442 007 418 LiS . ) o
A20 836 466 002 277 o CoN .
Tyr21 797 438 022 307,294 2,6H 7.13; 3,5H 6.85
- Gly22 824 - 397 . ’
\\ 3.75 -0.11¢ .
Lys23 787 4.08 028 189 T 1541450 HLTLH295
As;;24 821 45 -0.07 |
Leu2s 807 4.05 -0.33 093,089
Met26 828 417 -0.35 He 1.97 -
Glu27 7.99 4.07 032 223,215 253 .
Lys28 275 408 028 205184 1.52 H® 1.72, 1.66, HE 2.95
“a29 819 375 -043 232 07
Lys30 829 393 043 194 171, 144 ;;f. HB;.7O, H° 2.98 &
G30a 808 . 41l 028 226,221 268, 2485 ‘ & .
Trp30b 819 > 437 033 3.41,3.58 ' 2H 731, 4H 7.53,
o . L SH 6.97, 6H 7.10,
- g .
. 4w 7H 7.48, NH 9.92
eu30c 838 391 047 187,159 201 H® 0.93, 0.89
Asn30d 768 4.8l 0.09 291,272 - yH" 6.87, 7.56
Ser30e 753 4.30 02 395391 L Y.

Chemical shifts are relative to external DSS (0.00 ppm). Peptlde/SDS ratio 1:40. ‘caﬁ;ﬁa according
to Eq. 4.2. %From the average measured H” chemical shift. - - ¥



y The pepﬁde sxgnals also shxﬁed and became broad wnth the addmon of SDS (Fxg N
5. 1C) The shift of signals mdmtes confonnattonat change whlle spectrai broadening is - e

consrstent with peptide association with SDS (Lauterwein et al., 1979; szo eta

,-1993;

Henry & Sykes 1994; Rozek et al., 1995). The specu’al lines in SDS" are narrower than
those in the aggregated state as mamfested by the N1 proton of the Trp ring (Fi 1g 5. 1) o

This may suggest that the pepnde m micelles is less restrictive than in the peptrde

| aggregates. In SDS an optimal resolutton in the amide region of the¢ NMR spectrum of

apoA-II(l8 -30)+ was ach;%‘ved at pH ~5 0 and 37 °C. The™2D NMR spectra of apoA-

‘E(w -30)+ were assigned to, a single set of peaks using the 'TOCSY (Fig. 5.2) and

OESY spectra (Fig. 5.3y as demonstrated for apoE peptrdes previously (Chapter 4) The
chemical shnﬁs for the apoA- H(18 30)+in SDS are llsted in Table 5.2

52.2.2 Chemicarﬁ:ifts,

Based dn Table 5.2 "_/the deﬁmtron in Eq. 4.1, the H® secondary shlﬁs of apoA-
11(18-30)+ were calculated and alsp mcluded in Table-5. 2 The secondary shlﬁs (erenez
et al., 1987, Wishart er al 1991) suggest that resrdues 20-30c are helical (Prerens et al.,
1995). The helix content of apoA-II(18-30)+ is 67% estimated by Eq. 4.2. Flg s, 3
depicts the interresidue NOE connectivities for apoA-II(18-30)+ bound to SDS. The

medium to strong HY-HY,,, and medium H%-H",,,.NOEs for residues 20-30d indicate a

helical conformation. This is further supported by numerous weak to medium H%-HY,,,

H-HA HO.HM,, HO: HY.,, and H, H“,,2 NOEs (Withrich, 1986).

"' 5.2.2.3 Three-dimensional structures of apoA-II(18-30)+ in SDS

] . \

The helical conformation can be seen from sthe backbone view of the

superimposed ensemble of 15 structures (Fig. 5,5A). The RMSDs for superimposing llf

I

85 '




R

¥

backbone atoms (N-C%-C=OlJare 0.35 + 0.11 A for the region 20-30c and 0.54 + 0.16 A

for all backbone ator‘nsr, respectivelif.
a2 27 a3
TDYGKDLMEKVKEWLNS

!

—_— <

§

5.4: Graphic representation of interresidue NOEs from the NOESY spectruth of apoA-TI(18-30)+

= in'SDS: The spectrum was collected at T, = 150 ms, Peptide/SDS, 1:40, pH 5.0 and 3%°C. The thickness

of the bar corresponds to the three classes of NOT'-I inten;ities,[From Buchko et al. (1996a)].

- ¥

Fig. 5.5B shows an end-on view of the average ori;entation of side chains. The
hydrophobic resic}ues are at the top and hydrophilic residues at the bottom, indicating that
apoA-II(18-30)+ fadopts an amphipathic helix structure when bound to SDS. The
amphipathic feature of the structures is also evident in Fig. 5.6, where a sltercoview of the

side chains of all structures is given.
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Fig. §8.5: Three—dlmensmnal structures of apoA-11(18-30)+ bound to SDS. (A)isa backbonc\wew
where the backbone atoms (N-C*-C=0) of residues 20-30c of anﬁsemble of 15 out of 20 structures :l&ave
been superposed; (B) is an end-on view from the N—tenmnus of the average helical structure, where éhe
hydrophobic (top) and hydrophilic (bottom) faces are evident from the residue labels. Note that VIS is 0\1

the hydrophlllc face consistent with an unstructured N-terminus (see the text).

b

5.3 Discussion

5.3.1 Factors that stabilize a class A2 amphipathic helix

As apoA-II(18~30)-F binds lipids of different head groups, it strongly suggests that

the hydrophobic effect dominates in the association of apoA-1I(18-30)+ with lipid. In
fact, Reynolds (1982) showed that both apoA-I and apoA-II even bind alkanes in addition
to detergents of different head groups. The importance of hydrophobic interactions has
been discussed in Chapter 4 of this thesns{?

For example, Mao et al. (1981) found that substitution of K54K55 in apoA-1I(50-77) by

also proposed by many other researchers.
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"SerSer did not affect the lipid binding afﬁnity of the peptide. Subbarao et al. (1988)

showed that GALA, a 30-residue peptlde lacks cationic residues but binds lipid.

The proposed intrahelix ion panjs (Segrest e al., 1974) were not found in apoA- -
11(18-30)+ (Buchko er al., 1996a), in aéreemen;'with observations for apoC-I peptides
(Rozekﬂ et al., 1995) and apoA-1(166-185) in t)oth SDS and DPC (Chapter 6). Instead,..
interactions between anionic SDS and cationic side chains of apoA-I peptides have been
observed J(Chapter '6). The electrostatic interactions'between) SDS,,, head groups and the:

cationic lysine side chains may explaind the more helical structure of apoA-II(18-30)+ in

| SD$ than in either DPC or TMA. In the presence of lipid, pH had little effect on the -
conformation of either apoA-II(18-30)+ or apoE(§63-286) (chapter 4). In the absence‘of -

lipid, apoA-II(18- 30)+ aggregated above pH 3.7 but not at pH 2.6 (Fig. 5.1). Also apoC-
I does not aggregate at pH below 3 (Osborne & Brewer 1977) Otter et al. (1988 1989)

showed that salt bridge forms only at physiological pH hut not at acrgrc pH At acidic

~ pH, Asp and Glu side chains are protonated and there is suff gent repulsnon between net”

positive charges to prevent peptide or proteln aggregatlon ( uchko et al., 1996a). The

helix bundle structures fof either apoE(l 191) (WllSOﬂ et al., 1991) or apolipophorin

(Breiter et al., 1991) in the absence of lipid are stabllrzed by both hydrophobic
b
interactions and salt bridges. These interactions have been e\ctrapolated to apoA-I, where

the helix-helix salt bridges stabilize the tertiary structure in llpl""' ‘;_ sms-et al., 1995). The

interaction difference we see for the peptldes in the presence and absence of lipid strongly
indicates that cautlon should be taken in extendmg the observations from the lipid- free to':
lipid-bound states. |

There has been the proposal that cationic side chains “snorkel”, thiat is, the
cationic side chains of the class A amphipathic helice/s bend toward the hydrophilic face
by 90° (Segrest er al., 1990; Epand er al., 1995) (Sectron 1.4). All lysine side chains in
the ensemble of structures were foﬁgﬁ to*:be extended in the interfacial region of

hydrophobic and hydrophilic faces (Figs. 5.5 & 5.6). Similar orientations were seen for

cationic side chains in class Al (Chapter 6) and class A2 (Rozek e al., 1995; Buchko et
" al., 1996a,b) amphrpathlc helices in SDS or DPC, indicating that snorkelrng of catlemc

oo 4

side chains may not be a universal phenomenon (Rozek et al., 1995). =
-
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Fig. 5.6: Stereoview of the side chains of apoA-II(18-30)+ structures in the SDS-bound state.
Hydrophobic (medium grey) and cationic side chains (dark grey), K23, K28, and K30, are labeled.
Hydrophilic side chains (light grey) are D20, D24, E27, E30a, and N30d, respectively, from top to bottom.

However, the participation of cationic side chains in hydrophobic interactions is
evident. Firstly, the 3-protons of arginine side chains of apoA-1(166-185) showed NOE
cross peaks with hydrophobic leucine side chains, indicating that the cationic side chains

are near the hydrophobic face (Chapter 6). Secondly, for LAP-20 in both SDS and DPC
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(Buchko et aI 1996Db), the chemlcal shﬂ}s of KI6 (resndue 1+4) sxde-cham protons all
shifted upfield under the mﬂueﬂce of the aromatic ring of Wl2 (resxdue i), mdneatmg that

the hydrophobxc monetles of the amphlpathlc cationic snde cham of K16 are near the
. hydrophoblc face. A similar Trp (i) ring current effect on lysme i+ 4) il melittin occurs
in DPC micellés (Inagaki et al., 1989) or in methanol (Bazzo etal., 1988),fsuggestfng that .
the cationic side-chain orientation is not purely due to micelle environmenfs Thirdly,
catlomc side chains in class Al amphlpathlc helicés of apoA~I peptldes showed
intermoleclilar NOEs with SDlS alkyl chains, mdléanng that they are sitting on the
micellar surface (Wang et al., 1996b). In conclusion, cationic snde chains may indeed
. enhance llpld bmdmg but do“ not “snorkel” at least it micelles.

P

5.3.2 The lipid efﬁnit); of apoA-11(18-30) is suCce;sfuIIy enhanced by a hydrophobic -

&

- pair

. A Both apoA-II(12-31) (Chen et al., 1979) and apoA-11(18-30)+ (Buchko er al.,
l9§6a) bind DMPC ‘with'a similar increase in helicity. In apoA-II(12-31 ); a YF aromatic
pair was,included by elongation of the N-end of apoA-II(18-31) while in z‘apoA-Iljrl 8-30)+
i . a hvdrophobnc pair, WL, was aﬁ%ended to the C-end of apoA-H(18-30). Mao er»;.al U
(1981) found ‘that substitution of the pair of hydrophobic residues L52I53 of a hpld- )
bmdmg ‘segment of apoA- H ‘with AlaAla totally -abolished llpld binding ability.
Therefore, residues L52153 are essential for llpxd binding. Since mclusnon of the WF pair
in apoE(263-286) led to the formation of an extra hydrophobic cluster \v’FLV (Chapter
4), which greatly enhanced lipid-binding afflmty (Sparrow et al., ,1992), we propose that
the enhanced lipid binding of apoA-II peptides may result from the formation of an
additional hydrophobic cluster; namely Vi9WL at, the C-terminus of apoA-1I(18-30)+
and Y14F15V18§ at the N-terminus of apoz-ll(l2-3l). In the NMR structures of apoA-
11(18-30)+ bound to SDS mieelles (Figs. 5.5B & 5.6), V18 | is not lbcg\e\d on <the:
hydrophobic face, probably not involved in lipid binding. This is reminiscent af the N-
terminus of apoE(267-289), where V269 was found on the hydrophilic face and the
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several residues nearby became flexible (Chapter 4): us, it may be the case that

deletion of a hrydrophobic pair from a-lipid-binding peptide ‘disrupts a potential

hydrophobic cluster. Similar arguments may ‘be applied to many other examp;les
 collected in the excellent review on apolipoprotein peptides of various lengths #Sparrow

and Gotto, 1982). -
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CHAPTER 6: STRUCT URES OF APOA-I SEGMENTS . IN SDS DPC, OR
"LYSOPC. PEPTIDE-LIPID INTERACTIONS

6.1 Introduction
P

ro
As mentioned in Section 1.6.1, the secoridary structure of apoA-Iiigisd matrix is
B

predicted to contain 6-9 helices linked by Aturns (Jonas et al., 1989;; eur elljal.,
1990; Marcel et al., 1991; Nplte and Atkinson, 1992; Calabresi et al., 1993; Segrest et al.,
1994). The putative amphipathic helices (Section 1.4) are proposed to be responsible for
lipid binding (Segrest et al., 1974) and likely other functions of apoA-I (Segrest er al.,
1990; 1992; 1994). In addition, the tertiary structure of apoA-I is proposed to be
stabilized by adjacent helix-helix interactions via formmg ion palrs (Brasseur et al., 1990;
Lms etal, 1995)

As no 3-D structure of apoA-I is available, synthetic peptide analogue, antlbody
binding and srte-dlrected mutagenesis studies have been performed in an attempt to’
confirm the predlcted structure or. to locate the LCAT activation domam(s).v Sparrow and |
Gotto (1982') showed that .apoA-I(197-243) bound to DMPC but did not activate LCAT.
The importance of the C-terminus of apoA-I in lipid binding but not in LCAT ac}ivation
is consistent with limited proteolysis of apoA-I (Ji & Jonas, 1995) and site-directed
mutagenesis studies (Schmidt et al., 1995; Holvoet et al., 1996). Also, the region from
residues 43 to 48 is susceptible to enzymatic hydrolysis (Lins et al, 1‘1993). Th;e
truncation of the N-terminal residues 1-43 from apoA-I was proposed to have little effect
on LCAT activation (Brouillette & Anantharamaiah, 1995; Rogers et al., 1997). Based
“on the finding that the consensus sequence with a Glu residue at the '1'3;h position best
activates LCAT, Anantharamaiah ef al. (1990) proposed that the major LCAT-activating
domain is within residues 66-120 (Banka er al., 1991). Both apoA-I(1-86) and époA-
1(149-243) from CNBr digestion were foufrd to activate LCAT to 25-30% of apoA-I
(Soutar elfal., 1975). suggesting that residues 44-86 and 149-197 may be part of the
LCAT activation domains. Monoclonal antibody studies (Meng et al., 1993; Uboldi er
al., 1996) suggest that several putative helical regions covering residues 96-174 of apoA-I
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are all’ 1mp11cated in LCAT actwauon Although more recenﬁﬁutagenesxs studies also

. 1mply the cntlre mlddle, region, the ,1mponance of residues 7120-187 is more pronounced

(Minnich er al., 1992; Sorci-Thomas et al., 1993; 1997; Holvoet er al., 1995). -
Complementary to the site—directed’mutagenesis studies, synthetic peptides apoA-I( 121-“‘
164) (Fukushima et al., 1980) and époA-I(l45-185) (Sparrow and Gotto, 1980) were both
shown to bind DMPC, to adopt helical conformations and to activate LCAT to-30% and
25% of apoA-I, respectively. These “44mers” are believed to be the paradigm of 'aboA-I
(Nakagawa et al., 1985). In addition to LCAT activation, the region 122-187 was also
shown to play a role in cholesterol efflux (Von Eckardstein ef al., 1993; Fielding ef .,
l994 Sviridov et al., 1996).

Bccause of the potential biological importance, 2D NMR was employed to study
the conformations of peptides within residues 114-187 of apoA-I in micelle models. The
micelles (~50-60 A) are comparable in size with the smallest spherical HDL particle and
thus should be a good approximationi. As anionic detergent SDS is subject to criticisin

for modeling lipoprotein environments, we have also determined the structures of apoA-

~ 1(166-185) and apoA-I(142-187) in zwitterionic DPC. These two model lipids (SDS and

DPC) with different head groups may mimic anionic and zwitterionic lipids, respectively,
to some extent. In addition, the use of anionic SDS provides an excellent chance to test
the role of cationic side chains in the class A amphipathic helices. The peptide-lipid

interactions were investigated by CD, fluorescence spectroscopy, and intermolecular

~ nuclear Overhauser effect. The signal assignment of apoA-I(122-187) was aided by the
lesignment of apoA-1(142-187) and apoA-I(114-142).-

6.2 Results
6.2.1 Circular dichroism

- ApoA-I(166-185) (20mer), apoA-I(142-187) (46mer), and apoA-I(122-187)
(66mer) have net positive charges and are readily soluble in water. Fig. 6.1 shows the

CD spectra of the 20mer (A), 46mer (B), and 66mer (C) in the absence and presence of
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SDS. In water, the CD spectra of all three peptides showed a strqxfg hegative'band at
202-263 nm (Fié. 6.1), suggesting that the maior conformation is random (Wbody, 1 995).
Convex constraint analyéis "gave 15% helix zindr 47-50% random structufes for all»
segments. The CD spectra changed with titration of SDS and no further change was
: ob'served for the 20mef, 46mer, and 66mef above the peptide/SDS ratio of 1:10, 1:40, and
1:20, respectively, suggesting that peptides ‘were predominantly in the bound state
(Bairaktari et al., 1990; Rozek f’ al., 1995; Buchko et al., 1996a,b). The CD curves for
all segments in SDS are manifested by the double minima at 207-209 and ~222 nm and a
"stfong positive band at ~195 nm (Fig. 6.1), indicating helical conformations (Holzwarth
& Doty, 1965). | |
When the SDS titration was performed at pH < 5, all three peptide solutions
became turbid at the peptide/SDS ratio approximately 1:5. As a result, the CD
absorbance dropped significantly. The turbidity disappeared upon raising pH or with
further addition of SDS. A similar phenomenon was observed for apoC-1 fragments
(Rozek et al., 1995), pfobably‘dl—le to salt formation (O’Neil and Sykes, 1989). In the
SDS-bound state, the change of pH from 3.7 to 10 had little effect on the CD spectra of
apoA-1(166-185) (peptide/SDS, 1:40), indicating that the helical ;:onfonnation was.
retained throughout the pH range. - | |
The variation of the molar ellipticity at the 222 nm for aboA-I(l66-18§) (A),
apoA-1(142-187) (B), and apoA-I(122-187) (C).with titration of DPC or SDS at pH 6-7 is
plotted in Fig. 6.2. While the 222 nm band of these peptides changed with the addition of
SDS well below the CMC (8 mM, Helenius er al, 1979), little chénge occurred with
titration of DPC until the DPC concentration was near the‘CMC (1.1-1.2 mM, Lauterwein |
et al., 1979; Cordier-Ochsenbein .ef a}., 1996). A platea(u was reached at about
peptide/DPC ratio of 1:60 for all three peptides (Fig. 6.2), suggesting that one peptide
binds one micelle. The trend of the 222 nm band with titration of a mixture of DPC/SDS
(1:1) to the 46mer resembles that fof SDS, indicating that SDS may initiate binding. The
contents of helix for the 20mer, 46mer, and 66mer at the saturating amc;unts of DPC
(SDS) are 48% (50%), 69% (62%), and 53% (56%), respectively, suggesting that these

peptides adopt similar conformations in the two micelles.
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Fig. 6.1: CD spectra of 0.] mM apoA-1(166-185) (A), 0.035 mM apoA-1(142-187) (B), and 0.035 mM
apoA-1(122-187) (C) in the absence (open squares) and presence (solid squares) of SDS at pH 6-7, 37 =
0.7°C.

95



Moy d
W ¥
i

0O 20 40 60 80 37 47757 67 T7 87

[0]x10 deg cm? dmol

o : : o + ] £ 1 4 s |
o C

5 $
10 +
-15

A, B, & C: Detergent/peptide molar ratio
D: Temperature (°C)

Fig. 6.2 Variation of the»2v22 nm band of the CD spectra of 0.1 mM apoA-I(166-185) (A), 0.035 mM
apoA-1(142-187) (B), and 0.035 mM apoA-1(122-187) (C) with the addition of SDS (solid circles) or
DPC (open circles) at pH 6-7, 37 °C. (D) Change of the 222 nm band of the CD spectra of apoA-1(142-

187) complexed with SDS (solid circles) or DPC (opet; circles), peptide/lipid ratio 1:80, with the increase
of temperature at pH 6-7. |

To compare the stability ;f the helical structure in the bound state, the complexes }
of apoA-1(142-187) with SDS or DPC were heated from 37 °C to 87 °C in steps of 10°C
(Fig. 6.2D). The decrease in the value of the molar ellipticity at 222 nm indicates less
helical conformation with increase of temperature. Linear regression of the molar
ellipticity values at 222 nm against temperature gave the slopes of 327 and 245 deg cm?
dmol™ °C™ in DPC and SDS, respectively, indicating that the stability of the apoA-I(142-
187)/SDS’complexes is greater than the peptide/DPC complexes.
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ApoA-I(142-187) contains-a single intrinsic ﬂuoigécent probe Y166. which is

located in the putaﬁve Bum region. Using Eq.3.1, the relative quantum yields of Y166
in apoA-I(142-187) were calculated at various levels of SDS*oif DPC and the reéults are
plotted in Fig. 6.3. Upon the addition of SDS to apoA-I(142-187) (0.01 mM) the
quantum yield of Y166 doubled from 0.031 in water to 0.059 in SDS (SDS/peptide ratio
320:1), indicating that the peptide associates with the lipid (Narayanaswami et al., 1993).
The addition of DPC to apoA-I(142-187) gave marginal change in the quantum yield.
when the peptide/DPC ratio was below approximately 1:80. However, the quantum yield
increased dramatically at the peptide/DPC ratio of 1:160 or the DPC concentration of 1.6
mM. When the trtration was performed at the peptide concentration of 0.020 mM,’ra rapid
increase in the quantum yield was seen at the peptide/DPC ratio of 1:80 or 1.6 mM DPC.
In both cases, when a rapid increase in the quantum yield occurred, the DPC
concentration was above the CMC. These experiments here and also in previous section
> all demonstrate that one apoA-I(l42-187) associates with one DPC micellé (Lauterwein
et al., 1979; Cordier-Ochsenbein ef al., 1996). |

0.02 I S L S A
0 40 80 120 160 200 240 280 320 )
Detergentpeptide molar ratio , ﬂ(

i

Fig. 6.3: Inciease of the quantum yield of Y166 fluorescence in apoA-K(142-187) with the addition of
(solid squares) at pH 6-7, 20 °C. Quantum yields were calculated by Eq. 3.1
sphate buffer as standard (Quantum yield 0.07, Narayanaswami et al., 1993).

SDS (open squém) orD
using free Tyrin 0.1 M




6.2.3 Structure of apoA-I(166-185) in micelles

" 6.2.3.1 NMR signal assignment

®

Portions of the NOESY spectra,of apoA-I(166-185) iri SDS, at pH 6.6 (A) and at
pH 3.7 (B), in DPC at pH 6.0 (C), and in lysoPC at pH 3.7 (D) are shown in Fig. 6:4. In_
. SDS at pH 6.6, all amide signals were resolved except the overlap between R17l and - )
: Q172. The resonance aSsignment of the peptide at pH 6.6 was achieved similar to the
, apoE peptides (Chapter 4). Due to the degeneracy in amide chemical shifts, the NOE
connectivities to amide protons of R171 and Q172 were confirmed at 27 °C. The amide

A"
¥

Rt

proton signal of S167 was not observed as a result of probably faster exchange with water
at pH 6.6 (Wilthrich, 1986). The a- and Bproton signals were ldentnﬁed in the H"—Hﬂ -
correlatlon region and further confirmed by the H" -HY,;, and Hﬂ —Hﬁ, NOE

comectlvntnes to D168. The chemical shifts of apoA-l(166-185) in SDS at p}# 6. 6 are

were‘assxgned similarly. " The chemical shifts of apoA-1(166-185) in SDS at pH 3 7 are

listed i in Table 6.2 and the chemical shifts in DPC are tabulated in Table 6.3, where the o
H? chemical shifts of apoA-1(166-185) in lysoPC are also included. In the DPC sample, = ,,
impurities in the lipid gave resonances at 8.92, 8.55, and 8.08 ppm at pH 6.0 and 37 °C. h
Occasionally, two sets of such impurity peaks could be seen.

6.2.3.2 Chemical shift change of the ionizable groups in apoA-I1(166-185) with pH

The pH dependence of chemical shifts for the side-chain groups of Y166, D168,
El69, E179 and E183 in apoA-I(166-185) bounde to SDS (A) or DPC (B) micelles is ,
depicted in Fig. 6.5. The solid lines in the Eigure were calculated using the modified =
' Henderson—Hasselbalch equation (Eq 3.4). The calculated pKa values are given in Table = B
6.4. Compared to the pKa values in DPC (Fig. 6.5B), those in SDS, especially at the N-
_terminus of the peptide, are higher. We may attribute this difference to the electrostatic
- effect of SDS head groups causing a decrease in the local pH at the micellar surface. The
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'pKa values of the N-terminal Y166 in the two lipids differ by as large as 2 pHumts (Fig.

6.50), suggeStiﬁg that the ammonium gr*0up'/may form a salt bﬁdgé with the SDS head )
group(lardetzkyandkoberts 1981; Sem&Kasper 1993 Paﬂaghyefal 1995). Usmg r
the equation (Nncholson et al 1991) S |

AG=2. 3RT(ApKa) | o (6))

the free energy (AG) for such a salt bridge was estimated to be 2.6 kcal/mol at T = 310 K.
In addition, the pKa of Y166 in the peptide in a mixture of SDS/DPC (1:1, mol/mol) was
measured to be 8.1, which is closer to the pKa in SDS than the value in DPC (Table 6.4), '
1mply1ng the formation of a possnble anionic SDS domain by the catlomc side chains of

the peptxde.'

L]

l':ig. 6.4: (NEXT TWO PAGES) Fingerprint regions of fhe NOESY spectra of apoA-I(166-185) in
SDS, at pH 3.7 (A) and pH 6.6 (B), in DPC, pH 6.0 (C), and in lysoPC at pH 3.7 (D), all collected at 37
°C. The peptide/lipid ratio is 1:40 except for lysoPC, where 1:11 was used. The sequential assignments in
the fingerprint regions are constructed for the spectra in SDS (A & B) and DPC (C) The NOE constructs
showing the sequential assignments of the amide protons of apoA-1(166-185) in both SDS and DPC can be
found in Wang et al. (1996b) Biochim. Biophys. Acta 1301, 174-184. o
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6.2.3.3 Chemical shifts, NOE connectivities and secondary structures

Chemical shifts are a sensitive probe for conformational change or interaction:

between molécules (Dwek, 1973; Jardetzky & RObeﬂ§, ; 179'81; Sugiura et al., 1987;
" Wishart et al., 1991; Folkers ef al., 1989; Osapay & Case, 1994; Szilégyi, 1995; Shuker

et al, 1996). Most of the residues of apoA-I(166-185) showed H® chemical shif

differences within 0.05 ppm with decrease of pH from 6.6 to 3.7 (Tables 6.1 & 6.2).

However, the diﬂ'eréncgs for residues D168, Bl§9, and G185 are as large as 0.2 ppm.
. From the H® §e.condary shifts, the region Dléi to K182 is suggested to be helical at pH; SR

6.6 (Table 6.1) whereas at pH 3.7 only the region L170 to K182 appears to be helical
"(Table 6.2). Using Eq. 4.2, the helix content for apoA-I(166-185) was estimated to be

71% and 57% at pH 6.6 and 3.7, respectwely Further increase of pH above 7 had little

effect since H” chemical shifts showed little change except that of Y166, which shifts

upfield due to de]ﬁrotonation (Fig. 6.5C). A similar pH effect on the N-terminal .

* conformation of the peptide was also observed in DPC. The helix content, according to
Eq. 4.2, is 79% at pH 6.0 and 67% at pH 3, respectively. Similar chemical shifis in SDS

~ and DPC (Tables 6,1 & 6.3) suggest similar.conformations in the two micelles. The
peptide H* chemical shifts in DPC-changed little with increase of temperature from 22 to -
4'; °C (Fig. 6.6). In SDS, the major set of peaks suggests helical structure evenyat 80°C. s
This is supported by CD, which showed that the helix percentage in SDS decreased -

.. slightly from 55% at 37°C to 49% at 87°C. - } |
EE The sequential NOE connectivitics for apoA-(166-185)'in SDS, at the two pHs, . *
| and in DPC are deplcted in Fig. 6.7. From a combination of NOB ?attem such as the

numerous strong, medium and weak HN-HY,,, HE-HY,, , H%-HY,,,, H%-HY,,,, H%:-H2,,
and H%-HY,, cross peaks, a predominantly helical structure is indicated for the peptide
(Wathrich, 1986). Similar NOE connectivity pattems (Fig. 6.7, A & C) strongly support
that apoA-I(166:185) adopts similar conformations in SDS and DPC at a simgp&
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Table 6.1: Proton Chemical Shifh (ppm) ol' ApoA-l(lss-lss) in sns-d,, n pl-[ ”6.6
PeptldeISDS Ratio 1: Wﬂd 37 ‘C' '

Residue m!i" . H® - AHS ;H‘ - ,

Tyri66 332 028 318,313 26H715,35H681

Serl67 - 448 002 406,392 |

Asplé8 858 451 025 269

Glulé9 839 405 024 20l 232,221

Leul70  7.85  .4.04 -0.34 1.78 1.64 . H*0.90,0.96

Argl7l 799 379 059 201,193 170,163 H'3.22; el 722

G172 796 406  -031 215 244,252  8H“ ’

Argl73 805 409  -029 201,188 168 H®3.17; €H 7.24 B
s Leul74 824 403  -035 18 154 H® 0.86

Alal75 847 396 039 152 | P

Alal76 781 417  -0.18 ° 15

Argl77 774 4.8 020 211,194  1.82,169 H®3.27,3.19; eH"728

Leul’8 815 408  -030 175 1.51 ’H°os9 o .

Gll79 805 393 036 212,205 238223

Alal80 750 417 018  1.52

Leul81 ' 767 417  -021 187 1.67 H* 094 A

Lysi82 762 416  -020 190,182 157,143 H® 1.66; H* 2.94

GluI83 777 423 006 208,201 234,226 | o

Asnl84 809 475 000 285,275 R .

Glylss  7.87 3.78 -0.22¢ 7

372 -

*Chemical shifts are relative to external DSS (0.00). "H® secondary chemical shifts calculated according to o

Eq. 4.1. “Relative to the average H chemical shift 3.75 ppm.

As seen ﬁom Figs. 6.7A and B, fewer (i, i+3) type NOEs were found at the N-
| tenmnus of apoA-1(166-185) at pH 3.7 than at pH 6.6. In addition, the strong H%-H",,,,

connecuvms extend funher to E169, suggesting that the structure at the N-terminus at a

lower pH is more extended (Wiithrich, 1986; Cann ef al., 1994). Therefore, both H*

secendary shifts and NOE connectivities suppoﬁ that the N-terminus of apoA-l(lGG-lSS) -
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Table 6.2: Proton Chelmul Shifts (ppln) of ApoA-l(l“—lBS) in Sl)S-ilu It pl-l 3.7,.

Peptide/SDS Ratio PJO imH'PC‘ - - g
Vet W W aHE W W obem
Twie6 437 023 33,316s 26H724;35H 689
Serl67 846 451 - +001 394 | .

Aspl68 811 475 +001 3.0 - _ :
_Glul69 815 423 -006 203,213 247 . B
Leul70. 8.18 405 -033 183,176  1.69 H*0.92,099 |
Agl7l 809 W84 054 194 171 H*327,3.19;eH"7.10
Ginl72 772 '4‘._"?0 027 216 245,254  §H“727,6.71

Agl73 806 413 025 209,199 190,172  H*322,3.18;H 711
Leul74 833 406 032 18,158 154 08 -

Alal7s 841 395 040 153
Alal76 774 414 021 153 - ‘
‘Argl77 778 421 017 212,196 183,171  H®3.28,3.20;sH"7.29
‘Leul?8 831 410 -028 182,164 153 H* 0.90
GI79 830 399 030 218,210 257,260
Alal80 758 416 019 154 -
Lewi8l 777 417 021 191,18 170 -  H0%4
Lysi82 786 4.11-°-025 196,184 156,147  H°1.70; H*2.99

: | Y743
GlIs3 791 426 003 213 259,253
Asnl84 806 479 ' +0.04 291,282 yH¥7.51, 6.86

_ Glyl8s 800 399  +0.02

*Chemical shifts are relative to extemal DSS (0.00). "H® secondary chemical shifts calculated according to
Eq.4.1. P
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Fig. 6.5: Chemical shifts of the ionizable side chains of apoA-I(166-185) bound to SDS (A) or DPC (B)
as a function of pH. (C) The pKa for the amino group of the N-terminal residue of the peptide measured
in SDS (O), DPC (O), and SDS/DPC (1:1) (A) by following the chemical shift change of H” of Y166 with
pH. In all cases the peptide/lipid ratio is 1:40 at 37°C.
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Fig. 6.6: H® chemical shifts of the residues in apoA-I(166-185) bound to DPC at various temperatures
from 22 to 47 ©C. Data were obtained from 2D NMR spectra collected at pH 3.1 using DSS as internal
standard.
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Table 6.3: Proton Chemical Shifts (ppm) of ApoA-l(l'66-185) in DPC~d,, or lysoPC

at 37 °C*

Residue  H" H® H** Hf H Others

Tyri66 314 326 342,305 2.6H7.11; 3,5H 6.79
Serl67 - 433 445 '4.04, 3.89

Aspl68 866 446 4.58 2.64

_Glul69 852 405 4.13 2.03,1.97 229

Leul70 798  4.02 4.06 .73 1.64 H® 0.93, 0.88

Argl7l 812 3.77 3.87 203,193 1.70,1.59  H®3.24; eH" 7.69,6.92
Ginl72 801 4.06 4.07 2.15 i 541,250  SHM7.27,6.73
Arg173 8.08 412 - 4.15 1.95 1.86, 1.68 H? 3.15; eH 7.63
Leul7d 829  4.02 408 178 1.56 H* 0.83 ‘
Alal7s 836 3.94 3.99 1.51

Alal76 784 41T 4.15 1.49

Argl77 171 4.20 420 204,191 181,167  H®3.19;eH"7.71,6.95
Leul78  8.05 4.09 4.12 1.79 1.62 H0.86

Glul79 7.9 3.96 4.05 2.09 2.38,2.32 )
Alal80 754 422 421 1.48 |
Leul8l 764 417 4.15 1.86,1.73 162 H? 0.90,0.88

Lysi82  7.58 4.15 412 188,182 151,143  H®1.67;H 293
Glulg3 793 423 4.26 207,196 2.33,2.26 |

Asnl84 824 473 476  2.85,2.71 yHN7.53, 6.84

Gly18s 7.8 370 3.80 . _

3.76 3.87 =

a & ‘Sgme 4s in Table '6.2. The peptide/DPC molar ratio is 1:40 at pH 6.0. "The a-proton chémical shlﬁs
of apoA-1(166-185) in lysoPC, peptide/lysoPC ratio 1:11, pH 3.7.

Table 6.4: Ionization Constants (pKa) of Some Side Chains of ApoA-1(166-185) in

SDS-d,, or DPC-d,,’ .
SDS DPC

Residue pKa Oa og pKa 84 P

Y166 8.56 436 3.73 6.69 427 . 3.74

D168 492 " 3.05 2.67 3.80 2.96 2.65

Ei69 521 245 2.27 4.23 248 2.30
_ EI79 5.35¢ 2.59* 2.33 4.95 2.56 2.37

E183 . 5.23¢ 2.55 2.29¢ 5.06* ’ 2.53 2.27*

*Calculated according to Eq. 3.4. The standard deviations of the pKa values is less than + 0.1.

followed by a star are averaged pKa's from two resolvable methylene protons of the side chains (Fig. 6.5).

107

Data



6.2.3.4 Three-dimensional structures of apoA-1(166-185) in SDS-d,,

In SDS, 223 NOE distance restraints, including 101 inter- and 122 intra-residue,
were found for apoA-I(166-185) at pH 6.6 whereas 259 distance restraints (141 inter- and
118 intra-residue) were obtained at pH 3.7. A comparison of the NOE restraint files at
the two pHs revealed that more distance restraints at pH 3.7 than at pH 6.6 stem mainly
from the N-terminus of the peptfde. In Fig. 6.8, we show the NOE build-up curves for a
select group of cross' peaks representing different types of NOEs. Normal build-ups
demonstrate that these NOEs result from proton dipolar interactions and spin diffusion |
plays a minor.role ét a mixing time less than 150 ms (Wiithrich, 1986). The ensemble of
19 out ofA720,A structures, calculated for apoA-I(166-185) ‘in the presence of SDS at pH 6.6
-and 3.7, r'espé:‘:"ti#el%(;is presented in Fig. 6.9. The Brookhaven PDB identification |
numbers for apoA-I(166-185) in SDS are 10DP at pH 6.6 and 10DQ at pH 3.7. The
middle region of the structures is well defined at pH 6.6 while the ends are not due to
dynamic fraying (Shoemaker ef al., 1987) as reflected in the higher RMSDs (Flg 6.10).
As shown in Fig. 6. 10, the RMSDs for residues L170 through L178 are below 0.1 A
except for R173 to A175 in SDS at the lower pH, whose RMSDs are below 0.2 A. The
RMSD:s for the helical region and the entire molecule relative to the average structure are
given in -Table 6.6. The backbone RMSDs of the structures at both pHs for
superimposing the well-defined helical region R171-K182 are below 0.5 A. The N-
terminal structure of the peptlde in SDS at pH 3.7 is better defined than that at pH 6

owing to a larger number of NOEs between Y166 aromatnc protons and the side chains of

<?:a’§'

residues 167-169. 5

-~

£

Fig. 6.7: (On next page) NOE connectivities of apoA-1(166-185) in SDS, pH 6.6 (A) and 3.7 (B), and”
in DPC pH 6.0 (C), all at 37 °C. Classification of NOE intensities into strong, medium, and weak is .

indicated by the height of the bars [From Wang et al. (1996b)).
.
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‘ Fig. 6.8: NOE build:up curves for select cross peaks of apoA-I(166-185) in SD% at pH 3.7 and 37 °C.
Mixing times are 50, 75, 150, and 300 ms. Peak idendity: (on NOE Build-up 1) #9, S167 HY-Y166 H" #5,
A180 HY-E179 HY; #24, E169 H¥-D168 H" #23, D168 H"-S167 H"; #25, R171 H-L170 H #6, A176
HY-A175 HY; #16, A180 HY-E179 H%#15, A176 H"-A175 H"; (on NOE Build-up§ #46, L174 H-R171
H"; #47, L178 HA175 H'; #30, L174 H-A175 HY; #40, L178 H-E179 H"; #14, S167 H-S167 HY; #31,
L170 H’-L170 HY; #26, D168 H’:E_l 69 H™.
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%, . -

* ) - |
Fig. 6.9: Backbone stmcml}&sﬁf apoA-1(166-185) determined in SDS micelles at | «\‘H 3.7 (A), pH 6.6
(B), and in DPC micelles at pH 6.0 (C). The ensemble contains 19, 19, and 29 structures, respectively. Ja
all structures, the middle helical region has been siipcrimposed [Adapted from Wang e al. (1996b)]. |
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————

167 169 171 173 178 177 179 181 183
Residue number

Fig. 6.10: RMSD plots of apoA-1(166-185) structures versus residue number. RMSDs of the structures
in SDS at pH 6.6 (A) and at pH 3.7 (B) were calculated relative to the average structure. Each value was

smoothed in a three-residue window.

~ The main body of the structures at both pHs is helical from residues R171 to

K182., At pH 3.7, however, the helix levels off starting L170 to an almost extended

structure whereas the helical structure extends to D168 at pH 6.6. As a result, the
distance from the amide‘N atom of Y166 to the amide proton of L170 dec?géé, by about
27AatpH6.6 compared to the mean distance at pH 3.7. The more compact N-terminal
structure at pH 6.6 is in accord with the observation of NOEs between Y166.and L170 at
pH 6.6 but not at pH 3.7. The stereoview superposition of side chains of the structures at
pH 3.7 is shown in Fig. 6.11. The ensemble of aromatic rings of Y166 all bends toward
L170 and R171, probably participating in hydrophobic binding. Sucl} aniorientation of

Y166 is similar to but not identical with the hydrophobic-staple motif, where residue i -

interacts with residue i+5 at the N-terminus (Munoz et al., 1995).
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Fig. 6.11: Stereoview superposition of the side chains of the ensemble of calculated structures for
apoA-I(166-185) in SDS at pH 3.7. Backbone atoms have been deleted for clarity. Hydrophobic side
chains are shown in medium grey, negatively charged and polar side chains in light grey, and interfacial

cationic side chains in dark grey [From Wang et al. (1996b)].

6.2.3.5 Three-dimensional structures of apoA-I(166-185) in DPC

Fig. 6.9C shows an ensemble of 29 structures for apoA-I(166-185) in complexes
with DPC at pH 6.0. The Brookhaven PDB identification number for apoA-1(166-185) in
DPC is 10DR. Comparison of the average structures determined for the peptide in SDS
at pH 6.6 and in DPC at pH 6.0 is illustrated in Fig. 6.12A, where the backbone atoms
have been replaced by ribbons and overlaid. The mean structure in DPC (dark)
superimposes nicely with that in SDS (grey) from R171 to K182, a region with well-
defined amphipathic helices in both lipids. As shown, such a similarity in structure even
extends to the majority of the side chains. The most evident Local structural difference

was seen near D168 and E169. The similar structures of apoA-I(166-185) in SDS or
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DPC, regardless of the lipid head group, demonstrate that hydrophoblc interactions

' determine the ﬁnal lipid-bound conformatlons of the pepude

ppm

| | 187
Residue number

Fig. 6.12: (A) Average structures of apoA-l(166-185) in SDS (dark) and DPC (light) micelles with the
ribbons superimposed. (B) Plots of secondary H” chemical shifts of apoA-1(166-185) in}{SDS, at pH 3.7
(O) and 6.6 (@), DPC, pH 6.0 (0OJ). and lysoPC, pH 3.7 (M) against the residue number.

v
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Table 6.5+ D (A) for the Final Sets of sn-ucmm ot ApoA-l(166-185) in sns, at

pH 6.6 and 3%, an mnrcap@ao,mats'l"c T
"sus,épaus.l } DPCpHL&B — ‘
D168-K182 028 £0.07 0.3510.10 0&5 +0.09
Y166-G185 0.83 £0.19 0.77+0.25 "1211039
D168-K182 1.36 £0.10 1.38 £ 0.21 " 1.60+0.17

| " The end-on views of the average structures of apoA-I(I66-185) detenmned m

) SDS and DPC are presented i in Fig. 6.13. All the acxdxc and polar side chains are centered

| on the hydrophilic face at the bottom of the vnew,rgdeﬁmng a hydrophilic arc of 75°,

1 whereas leucine side chains are clustered in a hydrophobic face arc of approximate 110°.

1 Cationic side chains are extended and located between the hydfophilic and the |

| ‘hydrophobic faces. Similar patterns were found in SDS and DPC for the region E169 to |

E183. Such overall orientatioﬁs of the side chains indicate that the helical structures of ‘ [
apoA-I(166-185), determined in either SDS or DPC micelles, fit the definition for class i/

Al amphipathic helices (Segrest et al., 1990). S 4 /
v ~ .. , ]
A B _ . C ' /
, '_m [/k

Lre (8, L Uz List L

//,\/ k\\ )/;:/ = “/ //
;//* _/J':" \ | m\'\mn "-"/"'/..,.;-. |

/f

* y X xm > . 'X*' ot /
X an ] Al'll A
Dis 'K \ . ‘{’ \ ”. ' Am [f
e S 1 ,i“ o ',
) - = i
) E‘x‘p A-" ", . - :’

|

Fig. 6.13: End-onviewof the average structure of apoA-1(166-185) lnSDSat(A) pHG.GInd(B) pH
7, and(C)inDPCatpH60 allv:ewdﬁommec-tenmmlendofﬂlepepnde Onlysnde-chunpeavy
atomsmshown.Mts.anbackboneam-smdsxde-chmnhydmgenshavebecnomnedfuclamy
Alanine methyl carbons are labeled with an asterisk. ﬂwtwotemunalmndwsubothendsm(B)md(C)
arenotshownbecauseofﬁ'aymg[f-'mw:ngetal (1996b)]. - %
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6.2.3.6 Structure of apoA-I(166-185) in lysoPC

L4

Ameng"detergerlts lysdPC is‘ﬁgarded as (me of the best to sélubiliie menibrarle T
proteins (Tanford & Reynolds 1976). To further test model llplds we also mvestrgated

the possibility of lysoPC. The fingerprint regxon of the NOESY spectrum of apoA-I(166-

185) in lysoPC is given in an. 6.4D. As lysoPC was not deuterated, the spectral quality - “

is poor compared to that in deuterated SDS or DPC (Fig. 6.4). The signals were assigned
by comparison with those assignments in SDS and DPC. Similar H" chemical shifts (Fig.
6.12B) indicate that apoA-I(166-185) also adopts a similar conformation in lysoPC as in

| SDS or DPC (Fig. 6.12A). The differences in chemical shift at the N-terminus of apoA-
I(166-185) suggest that this part of the peptide is senSitive to lipid as well as pH (Fig.

6.12B) (Sugiura et al., 1987). Besides the chemical shifts (Tables 6.2 & 6.3), NOE
‘ lconnectivities at the N-ter;ninus of apoA-I(166-185) in lysoPC at pH 3.7 were found to

be similar to those in SDS at pH 3.7. In addition, mtermolecular NOEs were also
detected between the aromatic rmg protons of Y166 and the acyl chains of lysoPC at the
peptide/lysoPC ratio of either 1:1 or 1:11, mdlcatmg that Y166 is involved in lipid

bmdmg
6.2.3.7 Intermolecular NOEs between apoA-I(166-185) and SDS

6.2.3.7.1 Interactions before helix formation
In the absence of apoA-I(166-185), SDS resonates at 4.01 (C1-H), 1. 64 JC2-H),

1.33 (C3-H), 1 24 [(CHz)n] and 0.82 (CH,) ppm (Fig. 6. 14A) at 25 °C. On the other
hand, in the absence of SDS, the proton signals of apoA-I(166-185) display spin-spin
couplings (Fig. 6.14B). l\:irxmg SDS with the peptide’ caused a shift of signals of both
SDS and pepnde The shift of SDS proton signals by 0.04-0.09 ppm to higher field upon
addition of apoA-I(166-185) may be ascribed to hydrophobic interactions (Dwek, 1973).
The arginine eH™ multiplet of the peptide at 7.18 ppm in the absence of SDS split into
three distinct 'siriglets at 7.15 (R173), 7.18 (R171) and 7.22 (R177) ppm in presence of
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SDS. Meanwlule, most of the spm-spm sphmng of the Mude d:sappeared due to the

line. broadening (Fig. 6.14C). The shift of the peptide signals indicates confounanonalfi; L

change while peak broadening suggws the association of apoA-I(166-185) with SDS o
(Dwek, 1973; Henry & Sykes, 1994; Rozek etal . 1995; Buchko etaI l996a,b) Funher .
investigation of the NMR spectrum revealed that the broademng is selectlve It is more
pronounced for signals less than 2 ppm (sxde chains of cationic residues and leucmes) '
than for those between 2 and 2.9 ppm (hydrophilic side chains such as Glu, Gln, and Asp)
| (Fig. 6.14C). Such a selective interaction would- “suggest that amomc SDS has a much
higher probability to interact with hydrophobic and positively chax!ged side chains than
with negatwely charged side chains. ‘
« Fig. 6.15A, bottom, is a pomon‘of the TOCSY spectrum. of apoA-I(166-185) :
(pepti.de,!SDS ratio, 1:1) showing cross peaks between protonated SDS C-1 and other
protons as labeled. The NOESY spectrum (Fig. 6.15A, top) shows intermolecular cross
peaks: SDS C1-H with leucine methyls, alanine methyls, and -, y- and S-ﬁfof ‘all the
arginines. In addition, arginine eH" signals, as well as the aromati¢ ring brotons'of Y166,
showed NOE cross peaks with SDS C-1 and (CH,)n protons (Fig. 6.15B), consistent with
the observation in lysoPC (Section 6.2.3.6). These 2D crgss peaks (Fig. 6.15) and the "
selective _broadening of NMR signals (Fig. 6. !4) all suppoa that SDS interacts
speclﬁcally with hydrophoblc and cationic side chains of apoA;—I(tl66-l 85)

L3 ,"M( §
L

g,‘?‘“‘; K
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ppm 3.5 3.0 2.5 2.0 1.5 4.0

25 2.0 4.5 4.0

Fig. 6.14: NMR spectrum of SDS (A), side-chain region of apoA-I(166-185) in water (B) ’lﬂ In SDS
(C). Note that the signal broadening for the cationic and hydrophobic side-chains in (C) are more

= .

pronounced.
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Fig. 6.15: Portions of the TOCSY and intermolecular NOESY 5spectra of lpoA-l(166-185)h at the
peptide/SDS ratio of 1:1. Shown in (A) is the same H"-side-chain régions of the TOCSY (bottom) and
NOESY (top) spectra. The amide and aromatic side-chain region is given in (B).
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6.2.3.7.2 Interactions after'helix formation
r
Fig. 6.16 is part of the NOESY spectrum of apoA-I(166-185) at the peptide/SDS-
d>s/SDS ratio of 1:5:5 at 25 °C. The 1:10 ratio is the minimum ratio required for apoA-
1(166-185) to adopt a helical conformation as shown in Fig. 6.2. Also, the NOE
connectivity patterns in the NOESY spectra of the pepiide at the peptide/SDS ratios 1:10,
1:40,"and 1:80 are icientical. Although the intermolecular NOEs were also observed at 37
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°C they are clearer at 25 °C By comparison with the NOESY in SDS-dys at 1:40, it was .
found that eH™ of R177, R171 and/or R173 all showed intermoleeular cross peaks with
SDS (CH;)n and C-1 protons.  As well, cross péaks were obscgved between the Y166

aromatic protons and SDS CI-H, C2-H, C3-H and (CH;)p peaks fFig. 6.16). These cross

peaks could be seen at different mixing times rangmg from SO to 150 ms and are,

therefore, due to direct dipole-dipole interactions. The detection of weak intermolecular

NOE peaks indicates that the average distance between SDS C-1 protons and the eH™

protons of arginines is within 5 A (Wiithrich, 1986).

SDS (CH2)n
SDSC3H
1.5
SDSC2H
Y166/ [20 °
~
eH g
) '2-‘5 o
p -
= —
3.0
3.5
_ SDS C1H 4.0
73 12 11 10 W
F2 (ppm)
i L W;mn of the inttrmolecﬁhr NOESY spectrum of apoA-I(166-185) at the peptide/SDS

ratio of 1:10 (peptidclSDSlSDS-du. i’S‘:S) The peptide side-chain signals for Y166, R171, R173, and
RI77 as well as SDS signals are labe!ed Intermolecular NOE peaks are at the cross of the SDS and pepude
signals [From Wang et al. (1996b)]. ’
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6.2.4 Structures of apoA-I(142-187) in SDS or DPC micelles
6.2.4.1 Signal assignment

As shown in Fig. 6.17, the TOCSY cross peaks from H" to side chains for apoA-
1(142-187) in DPC are sparse. This is true of the TOCSY spectrum in SDS. As a
consequence, the essignment of apoA-I(142-187) was achieved by - applying the
sequential assignmeﬁt (Withrich, 1986), the main chain directed approach (MCD)
(Englandet" & Wand, 198‘\D1 Stefano & Wand, 1987) and the peptide-alded signal

assignment strategy (PASA) (Wang et al., 1997ab). The fingerprint (A) and amide .

~ proton (B) regions of the'NOESY spectrum of apoA-I(142-187) in DPC-d;, micelles at 37
°C are presented in ‘Fig. 6.18. The assignment was started from the identiﬁcation of
unique spin systems on the NOESY spectrum (Revingtoh et al.; 1997). For example, the
side chain of the single valine gave two sets of NOE connectivities. The stronger ones
resulted from the H" of V156 to its H*, HP, and H whereas the medium to weak ones
were assngned as the NOE connectivities of V156 to the HN of D157 From D157, A158 :
was deduced using the HF, H",+| connectivities. Other useful starting spin systems were |
Y166 DISO H155, H162, and the alanines. The assngnment of Y166 and histidines was
facilitated by the NOE connectivities of H® to both H" and aromatic ring protons. The
spin systems were then linked using H*-H",,,, H*-H’,;, and H"-H",,, as shown in Fig.
6.18B. The H” and side-chain resonances were confirmed by TOCSY spin pattemsi and
the assignment of side chains was corroborated by DQF-COSY. The very C-terminal
residues such as G185, G186, and A187 were assigned using the zero-quantum dispersive
peaks observed in the NOESY spectrum at 50 ms (Cavanagh et al., 1996). A similar
peak was observed for G185 in apoA-I(166-185) (Fig, 6.4).

As shown in Fig. 6.19A, the spectral overlap in the amide region is heavy at 37 °C
and a higher temperature (50 °C) was necessary to achieve the assignments in SDS (Fig.
6.19B). The spectra of the peptide in SDS were assigned similarly. Shown in Fig. 6.20 is
the fingerprint region of NOESY spectrum of apoA-I(142-187) in SDS. Since H° signals
of D150 and D157 resonated near the water sigtm! at 50 °C in SDS, they were confirmed
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at 37 °C Cpmparisofx of the spectra in SDS and DPC confirmed the assignrhent for
G145, E146, D168 and E189, which are weak or incomplete in SDS. In addition, the
~ side-chain eH™ signals of arginines of apoA-I(142-187) resonate between 7.49-7.83 ppm
in DPC (Fig. 6.17) but 7.08-7.26 ppm in SDS. These side-chain signals in SDS do not
overlap with amide proton resonances of the peptide, thus verifying the assxgnments in
DPC. Table 6.6 lists the chemical shifts of the peptide in SDS and the chemical shifts of
apoA-1(142-187) in DPC micelles are tabulated in Table 6.7. In both SDS and DPC, two
sets of peaks were found for residues E183 and N184 (Tables 6.6 & 6.:7), indicating tﬁat
the C-terminus of apoA-I(142-187) is flexible and exists in at least two conformers

(Cavanagh et al., 1996).

Fig. 6.17: Fingerprint region of the TOCSY spectrum of apoA-1(142-187) in DPC. The peptide/DPC
ratio is 1:60, pH 4.9 and 37 °C. The boxed region contains predominantly the TOCSY relay peaks from the
eH" of arginines to side-chains. Note that these peaks in SDS do not appear in the amide region (cf., Fig.

6.10).
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Table 6 6: Proton Chemical Shifts (ppm) of ApoA-I(l42-187) Bound to SDS-dz, at’
the Peptide/SDS Molar Ratio of 1:60 at pH 4.9 and 50 'C'

2N

Residue | HM H* . .csL & W' H Others -
Seriaz - 309 -1 —3.79
Prol43 T - as0 0 - 241 210,198  HP3.84
Leulds 7.1 426 -l 1.72,1.64 - H® 0.96, 0.91
Glylas 795 378 -l © '
Glul46 804 404 - -l 212 245 )
Glul47 813 422 - ’2'.2{%2:1‘3‘5 249 G
Meil4s 819 422" o /,,fz’.‘fi, 203 268,259 ¢CH, 2.03 ‘
Argl49 3.0 17 202,192 182,159  H*3.24,3.20;
= B | eH" 7.08, 6.65
AsplSO 811 445 d . 289,280 & i
Arglsl 804 414+ - 1.98 1.87, 1.75
Alals2 838 412 -1 1.49 ,
Argls3 832 3.96 a1 201 1.83,1.72 -
AlalS4 774 422 140 |
HislsS 788 475 0 335323 2H 8.77; 4H 7.46 |
valls6é 804 377 -1 228 111,104
AsplST  844° 445 -1 2.84,2.79 | .
Alalsg - 7.81 426 -1 160 ‘
Leul59 800  4.15 -1 191,180 - H? 0.96, 0.92
Arglé0 847 9 3.90 -1 208,200 187,167  H*3.24;eH7.12
Thrl61 798 4.5 q . 421 1.20 |
" Hisl62  7.86 459 -1 f 335330 2H 8.76; 4H 7.45
Leul63 799 459 189,169 - . HOS2 -
Alal6d - #1775 431 0 156 | "
Prol65s - 435 0 215,107 185 H®3.67, 3.41
Tyrlé6 769 471 +1 3.33,2.86 - 2,6H 7.15; 3,5H 6.91 .
Serl67 798  4.53 0 3.97,3.83 ‘
Aspl68 833  4.5] -1 2.77,2.70
Glul69 795  4.18 -1 226,218 2.57,2.48
Leul70 826 406 . -l 1.85 1.67 H® 0.91
Argl7l 833  3.84 -1 2.02 182,162 H?®3.26;eHM 7.13, 6.64
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Ginl72 7.85 " 4.10 -1 2.19 2.56,2.46 SHM7.21,-

Argl73 - 805 414 - -1, 208191 178 H’ 3.20; eHM 7.13, 6.64

Leul7d 831 407 . 1.84 159 H* 0.90

Alal75  8.42 3.99 1l 154

Alal’6  7.72 4.17 - 1Sl

Argl77 175 4.20 1 215,194 184,173 H*3.26, 3.19; .
eH" 725 666

Leul78 828 4.09 1 1.82 1.68 H' 091

Glul79 813 4.00 1 219,212 253

Alal80 756  4.16 1 1.53 ‘ i

Leul81 7.72 4.18 -1 1.89,1.83 1.69 H0.93

Lysl82 780  4.14 N 192,186 159,147  H' 1.69; H 2.97 -

Glulg83  7.82  4.28 -1 216,200 254,245

Glulsy - 434 216,203 2.52,2.46

Asnl84 8.01 4.74 0 2.92,2.85 , MY -

Asnl84"  7.84 457 2.84,2.77

Glyl85s  8.06 3.97

Glyls6é  8.14 3.95

Alal87 422 1 1.35

a. Chemical shifts are rqnffrenced to internal standard DSS (0.00).

Table 6.7: Proton Chemical Shifts (Pplh) of ApoA-1(142-187) in DPC-dss at the
Peptide/DPC Molar Ratio of 1:60 at pH 4.9 and 37 °C *

Residue H¥ H” CSI H’ H’ Others

Serl42 - 4.03 1 - .

Prold3 . - 4.50 0 241,210 205,198  H'383,3.77
Leuld4 8.34 426 -1 1.70, 1.64 - H’ 0.95, 0.90
Glylas 839 3.78 .|

Gluld6 8.1 4.02 1 2.07 2.45,2.35

Glula7 833 421 a0 219 2.43,2.36

Metl48  8.38 4.20 1 2.23 269,259  €CH,2.03
Argl49 818 386 -l 193,184 180,154  H*3.23;eHM7.49
Aspl50 821 4.44 1 2.85,2.75

ArglSl 817 420 1 200191 186,171 H323;¢H7.78
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Alal5s2
Argl53
Alal54
His155
Vall56
AsplS57
Alals8
Leul59
Arglé60
Thrl61
His162
Leul63
« Alal64
Prol65
Tyrl66
Serl67
Aspl68
Glul69
Leul70
Argl71
Gl;\172
) Argl73
Leul74
Alal757
Alal76
Argl77
Leul78
Glul79

te]

Alal80 -

Leul8l
Lys182
Glu183

Glul 83

Asnl84

Asnl184’

8.42
8.29
7.79
7.85
8.02
8.53
7.89
8.04
8.53
8.09
7.94
8.05
7.86

7.69
7.90
8.48
8.12
8.32
838
8.03
8.18
8.27
8.36

781

717
8.25

8,08

7.60
7.71

7.75

8.03

8.04 .

825

.
7.96

4.09
3.87
421
4.80
3.72
4.45
430
4.11

3.86.

4.01
4.58
4.60

424

4.36

473

4.50
4.17
4.02
3.83
4.1l
4.02
398
398
4.17
4.24
4.11
4.04
4.22

*-4.19

414
4.26
4.32
475
4.51

1.49

203

1.38

332,

2.28
2.73
1.61

1.93,
2.12,

4.20

3.29,

1.89
1.5

o7,
332,

3.96
271

2.25,
1.89,

2.07
221

1.93,

1.83
1.55
1.53

2.0s,

1.81

2.12.

1.52

1.93,
2.14,
2.15,
291,

2.83,

3.14

1.77

2.00

324

1.02
2.83

2.11
1.86

1.87

1.95

1.87
2.04
1.97
2.83
2.75
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1.84, I.71

1.10, 1.03

1.83, 1.67
1.17

1.63

)

1.87,1.83

12.46
1.63
1.63
2.57,2.45
1.60

s

“363

1.85
1.65
245

1.55, 1.46
247,2.39
2.39

H’3.27;eAY 7.59 .

2H 8.60; 4H 7.21

H’0.94,0.90
H®3.26; eH" 7.61

| 2H 8.69; 4H 7.94

H* 0.91

H3.71,3.38 _
2.,6H7.15; 3.5H 6.91

H’0.91

H® 3.26; eH" 7.55
SHY 7.25,6.76
H® 3.26; eH" 7.68
H0.92,'0.88

H*3.26,3.21; eH" 7.83
H*0.96.0.90 -

s
2

H® 0.94
H* 1.71; H 2.97

-



Glyl8s 827 398 )

3

Glyl86 820 3.94 0
 Alal87 7.76 4.17 133
A187° 7.81 4.19 -1 1.34

a. Chemical shifts are referenced to internal standard DSS (0.00).

e

6.2.4.2 Chemical shift index, NOE pattern and secondary structure

Using Tables 6.6 & 6.7 and the H" reference chemical shift table. (Wiithrich,
1986), the CSIs for ap;)A-I(l42- 187) ‘in SDS and DPC were obtained and are also
included in the respective tables. A dense | grouping of *“-1”s indicates helic;l
conformation while a dense grouping of “+1”’s suggests B-strand. Zeros are indicative of
random coil. Thus, in both DPC and SDS the regions corresponding to residues 144-162
and 168-183 were predicted to be helical. The extension of the first helix to at least T161
is consistent with the observation that the H* chemical shiftAis less than H’, different from
the unstructured terminal threoninés in apoE(267-289) (Table 4.2) and in apoA-II(18-
30)+ (Table 5.2) (Doak et al., 1996). A compaﬁson of Tables 6.6 & 6.7 revealed that,
eXcept for residues S142, R153, A164, R173, and L174, whose H” chemical shifts differ
by 0.12 ppm or less; the differences in H;' chemical shifts of the 46mer in the two micelles
are within * 0.05 ppm, suggesting that apoA-I(142-187) adopts similar conformations in

the two lipid environments.

Fig. 6.18: Fingerprint (A) and amide proton (B) region of the NOESY spectrum of apoA-1(142-187) -

- (5 mM) in DP€-dy (H;0/D;0, 9:1, V/¥) (t = 80 ms) at peptide/DPC ratio 1:60, pH 4.9, and 37 °C. H'-

H"; cross peaks for each residue (A) are labeled and the HY-H",,, cross peaks (B) are labeled. For clarity,
only the segucntial connectivities for the region 166-173 (B) are shown (From Wang et al., 1997b)
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Fig. 6.19: NMR spectrum of apoA-I(142-187) (5 mM) (pep;ideISDS, 1:60) in'SDS at pH 4.9, (A) 37 °C

and (B) 50 °C.

Fig. 6.20: Fingerprint region of the NOESY spectrum of apoA-1(142-187) (5 mM) in SDS-d)s
containing aqueous solution (H,O{D,O, 9:1, viv) (x, = 100 'rlis) atapemdelSDS ratio 1:60, pH 4.9, and 50

v P ————

ppm 85 8.0 75 70

°C. The H%-H", cross peaks for each residue are labeled.
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Fig. 6.21: Summary of interresidue NOE connectivities of apoA-I(142-187) bound to DPC (A) and
SDS (B) micelles. Strong, medium, and weak NOEs are depicted with the height of the bars (From Wang
et al., 1997b). N
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The interresidue NOEs for apoA I(142 187) in DPC (A) or SDS (B) mlcelles are
summanzed in Fig. 6.21. In both micelles, a combination of the NOE pattern such as
medium to strong H"-H",,,, weak to medium H%-H"_,, weak to strong H- H”., and H®-
HY.,, and weak H%-H".,, indicates helical structure in regions corresponding to residues
146-164 and 168-182: The H" signals of both Y166 and A164 showed NOE cross peaks
with the H’ of P165, indicating a trans conformation for the proline (Withricher al.,
1984). A similar proline conformation has been four}d in apoE(263-286) (Chapter 4). :

6.2.4.3 Three-dimensional structures of apoA-I1(142-187) in SDS or DPC

Fig. 6.22 sh;ws the backbone? view of the structures of apoA-I(142-187) in the
presence of DPC calculated using 450 NOE distance restraints (227 intra- and 223 fﬁter-
residues). The Brookhaven PDB identification number is 1IGW3. Superimposing the N-
terminal helix (146-162) led to a “fraying”» of the C-terminal helix (168-182) (Fig. 6. 22A)

-
-and.pie ,‘awersa illustrating the interhelical structure is not uniquely defined. The RMSD

for supenmposmg the backbone atoms of the helical regions 146-162 is 0.98 + 0.27 A
Supenmposmg the backbone atoms of the helical regions 168-182 (Fig. 5B) gave a_

3‘,.;* Ty

RMSD of 1.99 + 0.42 A. The better defined N-terminal helix can be attributed to higher

resolution of proton resonances (more NOE restraints). Finally, when 29 structures of the
hinge region, residues 163- 168 are supérimposed (Fig. 6.22C) a helical-like stm;:ture can’
be seen. The RMSD for superimposing the, backbone atoms of the’ interhelical reglon
residues 163-168, is 1.11 + 0.39 A. h a
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Fig. 6.22: Backbone view of an ensemble of 29 structures of apoA-I(l42:18‘7) in DPC at pH 4.9 and 37
°C (A) with residues 146-164 superimposed; (B) C-terminal helical structures, residues 169-183 with
residuo;s l70-181\ superimposed; and (C) the interhelical sﬁuctures, residues 161-169 with 163-168
" Superimposed (Form Wang et al., 1997b).
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Fig. 6.23: Backbone view of an ensemble of 29 structures of apoA-1(142-187) in SDS at pH 4.9 and 50
°C (A) with the N-terminal helix, residues 14}3-164 suvpe'rimposed; (B) The C—tegniﬁal helix, residues 169-
183 with residues 170-181 superimposed; and (C) The interhelical structures, residues 161-169 with
residues 163-168 superimposed (From Wang et al., 1997b).
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_Fig. 6.24:. Ribbon representations of tlhie structure most resembling the average; of apoA-1(142-187)
in DPC (A) and SDS (B). For clarity, only hydrophobic side-chains are shown (From Wang er al., 1997b).

Presented in Fig. 6.23 are similar structural regions of apoA-I(142-187)
determiniéd in SDS micelles based on 397 NOE distance restraints (195 inter- and 202
- intra-residues). The Brookhaven PDB identification numbér for the 46mer in SDS is
1GW4. The RMSDs for superimposing the backbone atoms of the helical regions 146-
162 (A) and 168-182 (B) are 2.43 +0.23 and 2.02 0. 21 A, respectively. Superimposing
the interhelical region, residues 163-168 gave a RMSD of 1.84 + 0.20 A (Fig. 6 23C)
Therefore, the N-terminal helix in SDS is not as well defined as in DPC This may relate
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- to the temperature at which the NOESY spectra were collected. More NOEs were
obtained in DPC at 37 °C (450 NOEé) than in SDS at 50 °C (397 NOEs).

| . Fig. 6.24 shows the average structures of apoA-1(142-187) determined in DPC
" (A) and in SDS (B) micelles, respectively. Both are ;curve'd structures with the
hydrophaobic side chains on the concave face. It can also be Eseen that the aromatic ring of
Y166 stacks with the ring of P165 with its hydroxyl :group pointing toward the
hydrophilic face. This local hydrophobic packing may explain'why one of the H” of
P165 shifted upfield by approx. 1 ppm. Further investigation of the average structures
showed that the dihedral angles ‘i((b and V) for the residues 146-162 and 168-182 in
fgeneral fall within the helical reglon (Fig. 6.25). However! the dihedral " angles f;)r «
resldues from L163 to Y166 have the structural pattem of ﬂayﬂ in DPC, whlch has been
classified as a half-turn (Efimov, 1993) A half-tum drPfers from a - tum in that the
former changes the helix direction by 90° while the latter changes it by 180°. In SDS, the’
same region was found to have p’aaa structural pattern based on dihedral angles, which

may be referred to as a helical bend.

Phi or Psi angle

1‘42 147 152 157.162 167 172 177 182 187
- Residue number

Phi or Psi angle

142 147 152 157 162 167 172 177 182 187

Residue Number
Fig. 6.25: Plots of the dihedral angles of the average structure of apoA-1(142-187) in SDS (A) and

DPC (B). The solid and open circles correspond to phi and psi respectively.
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Fig. 6.26: Intermolecular NOEs between apoA-1(142-187) and SDS. The peptide/SDS-d,,/SDS ratio is
1:5:5 at pH 4.9, 37 °C. The SDS (CH2)n frequency is labled horizontally whereas the peptide signals such

as H155, H166, and Y166 are labled: vertically. At the cross are intermolecular NOEs. Intermolecular

NOE peaks between SDS and arginine eH" signals are labled directly along the SDS (CH,)n frequency.

.(

6.2.4.4 Intermolecular NOEs between apoA-1(142-187) and SDS
In Sections 6.2.3.6 and 6.2.3.7, we showed that Y166 in apoA-I(166-185)

interacts with lysoPC acyl chains and SDS alkyl chains, respectively. In Section 6.2.2,
the fluorescence spectra of Y166 in apoA-I(142-187) suggest that Y166 moves to a
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hy_drophobié environment. fo substantiate the lipid binding of ;he interhelical region of
-apoA-I(142-187) and to elucidate further structural infon'nation',rinterm_ol;cular nuclear
Overhauser effect observations were performed by adding protonated SDS to the apoA-
1(142-187)/SDS-d,s sample. Fig. 6.26 shows a portion of the NOESY spectrum of the
sample at pH 4.9 and 37 °C. Intermolecular NOEs from the side chains of arginines,
M148, H155, H162, Y166, and K182 to SDS alkyl chains were identified. The
identiﬁcation and assignment of these; intermolecular NOE peaks were possible since side -
chains of those residues have well-resolved proion resonances from other peptide signals.
These NOE cross peaks were observed at a mixing time of 40 ms and we;e clearer at 80-
120 ms. The NOEs of M148 and Y166 with SDS indicate hydrophobic interactions. In
addition, the NOEs between Y166 and SDS confirmed the lipid binding of the
interhelical region (Fig. 6.3). The NOEs between SDS and His, Arg, and Lys indicate
that these amino acid residues z;.rg located in the int;:face of the apoA-I(142-187)/SDS

comblexes.
" 6.2.5 NMR study of apoA-1(122-187)
6.2.5.1 Signal assignment

As with apoA-1(142-187) (46mer), very few cross peaks from the amide protons

“to side chains appeared in the TOCSY spectrum of the 66mer. The fingerprint region of
the NOESY of the 66mer is shown in Fig. 6.27. By comparison with the assignment
achieved for the 46mer (Fig. 6.18), the signals for residues 146-182 were assigned as they
appearedv at the identical spectral regions. These assignments were subsequently
confirmed by the identical NOE patterns. The assignment of residues 122-144
commenced with H135, which is readily récognized due to resonating to lower field of
the water signal. From H135, residues Q132, E136, L137, and Q138 were assigned based
on NOE connectivities. 1144 and ‘Sl42 were assigned siﬁce both amide protons showed
cross peaks with the H® of P143 just as the NOE pattern formed by A164, P165, and
Y166 (Section 6.2.4.2). - Such a similarity indicates that P143 is also in a trans
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conformation like P165. Some residues such as A124 and A130 weré assigned l;y
comparison with apoA-I(114-142) (Section 6.2.6) or by the process of elimination (POE).

In this manner, approx. 90% H” and 80% amide proton signals were assigned (Table 6.8).
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Fig. 6.27: Fingerprint region of the NOESY spectrum of apoA-I(122-187) in SDS-d,,-containing
aqueous solution (H,0/D,0, 9:1, v/v ), peptide/SDS ratio 1:60, pH 4.9 and 50 °C. For clarity and
comparison with Figs. 6.18 & 6.20, only residues 168-184 are labeled. ~

Table 6.8: Proton Chemical Shifts (ppm) of ApoA-1(122-187) bound to SDS-d,, at
the Peptide/SDS Ratio of 1:60, pH 4.9 and 50 °C*

Residue HY H® cst  H H Others

Leul22 432 0

Argl23 NA 430 0

Alal24 8.37 427 0 1.38

Glul12s 8.29 431 0 -
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Leul26
GIn127
Glu128
Gly129
Alal30
Argl3l
Ginl132

i Lys133

Leul34
Hist33
Glul36

Leul37

GInl38

Glul39

Lys140
Leui4l
Serl42
Prol43
Leul44

-Gly145

Glul46
Glul47
Met148
Argl49
Aspl50
Argl5l
Alal52
Argl53
Alals4
His155
Vall 56
Aspl57
Alal58
Leul59
Argl60
Thrl61

NA
NA
NA
NA
NA
NA
7.99
NA
NA
8.12
8.07
NA
8.26
7.76
NA
NA

'7.88

7.63
7.20

NA |

8.17
8.21
8.15
8.09
8.13
8.37
8.29
7.76
7.90
8.04
8.42
7.81

8.01

8.45
7.97

.

3.86
4.05
NA

NA

4.07
3.85
4.14
4.18
4.08
4.55
4.12
4.14
3.80
4.05
4.06

4.40

4.43
4.49
4.34
3.77
NA

4.22
422
3.91
4.46
4.18
4.13
3.97
4.22
4.73
3.76
4.47
4.25
4.15
3.91

1 4.06

1.49

- 344

2.14

1.61
4.06,4.12
2.39, 2.06
1.87,1.73

2.88,2.7%

1.50
2.00
1.41
3.34,3.25
228
2.82,2.78
1.59

. 422
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2.46,2.34

1.97, 1.84 H® 3.84, 3.59

H% 0.99, 0.91
2H -; 4H 7.46
1.10, 1.04
H? 0.90
N H®3.24
1.21



His162

Leul63
Alal64
Prol65
Tyrl66
Serl67

Aspl68
Glul69
Leul70
Argl7]
Ginl172
A_rgl73
l;eu174
Alal75

Alal76
Argl77
Leul78
Glul79
Alal80
Leul8l
Lysi82
Glul83
Asnl84
Glyl185
Gly186
Alal87

7.88

199
177

7.67
8.00
8.31
8.13
826

8
7.86

gho
831
8.42
7.73
7.77

. 827

8.13
7.56
7.72
7.80
791
8.01
8.04
8.12

4.58

4.58

4.32
4.35
4.69
NA

4.51
4.18
4.06
3.84
4.10
4.13
4.07

3.99

4.17
4.20
4.10
3.99

4.16

4.18
4.12
4.25
4.74
3.93
3.97
420

-1

+1

337,330
1.88, 1.69
1:56
2.16, 1.12

-3.30,2.89
4.01,3.78
272

2.18,2.12
154
1.88, 1.83

292,285

=

1.34

1.85

2.56,2.45

1.61

1.68

1.69

H® 0.91

H’3.67,343
2,6H 7.16; 3,5H 6.89

H® 0.90

H®0.91

H®0.92

a. Chemical shifts are referenced to internal standard DSS (0.00). NA = not assigned or not available.

6.2.5.2 Secondary structure of apoA-1(122-187)

183. These helical segments are supponed by the NOE pattern although sparse in the

%
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Fig. 6.28 sh:c:)ws;the CSI plot of apoA-1(122-187). As a comparison, the CSI for
residues in apoA-1(166-185) (A) and (142-187) (B) are also included. Fig. 6.28C
suggests that apoA-I(122-187) contains three helical regions, 126-140, 145-162, and 168-
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region of 122-140 as a r;sult of spectral overlap (Fig. 6.28D). The H? ch\emical shifts for
residues 166-185 in apoA-I(166-185), apoA-l(l42-187), and apoA-l(12k2;1'87)' in-SDS at
50 °C are plotted in Fig. 6.29. It is evident that helix (168-182) found iﬁ_the' ZOﬁ)er
(Section 6.:2.3.3) is maintained in the 46mer (Seétion 6.2.4.2) and 66mer. It can also be -
seen that the chemical shift similarity, especially for amide protons, between the 46mer

and the 66mer is more striking thanépetweén the 20mer and eithgr of the longqxqpepﬁg% o
)87, Rosek *

v

(Fig. 6.29A). We may attribute this gf?ggtto end fraying (Shoemaker et al.;jig

et al., 1995), which is more pronouncedwin»gshorter peptides than in longer ones.
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Fig. 6.28: H® Chemical shift index plots 3f'apoA-l(l6&185) (A), apoA-1(142-187) (B) and apoA-1(122-
187) (C) in SDS at pH 4.9 and 50 °C. CSIs were obtained relative to the random chemical shifts collected
by Wishart et al. (1995). (D) The NOE connectivities of apoA-I1(122-187) in SDS.
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Fig. 6.29: Chemical shifts of amide (A) and a-protons (B) of residues 168-183 in apoA-I(166-185)

(black squares), apoA-1(142-187) (solid triangles), and apoA-I(122-187) (open circles) bound to SDS at
pH4.9.50°C.
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 6.2.6 Structure of apoA-1(114-142) in SDS
6.2.6.1 Circular dichroism -

| In ordet to further confirm the helical structure for residues ' 124-140 in apoA-
1(122-187), Dr. Sgarrow also synthesized apoA-I(114-142) on out request based on our
" finding of the pep;ide-ajded signal assignments (Figs. 6.28 & 6.29). The segment 124-
140 was extended by eight residues to L114 to include a,tyrosine for qu‘antiﬁcatioﬁ‘ of the‘
peptide. ApoA-I(114-142) is predominantly random in water as evidenced by the strong
negative CD band at ~200 nm (Fig. 6.20). The addition of SDS caused dramatic change
in the CD spectrum. At the peptide/SDS ratio of 1:60, the helix content of the peptide
was found to be 53% according to th;222 nm band (Eq. 3.3‘)'. - However, the peptide
appears to have lower affinity for DPC. It bound to DPC above the CMC and was not
saturated until the peptide/DPC ratio of ~1:120. At the peptide/DPC ratio, the helix

content is merely 41%, 10% lower than that in SDS.

4.0008+04

(ol

Fig. 6.30: CD spectra of apoA-1(114-142) (0.08 mM) in the absence and presence of SDS at pH 6 £ 1,
37 °C. The SDS/peptide ratio is 0:1 (solid), 5:1 (dash-dotted), 10:1 (dotted), and 60:1 (dashed).
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6.2.6.2 NMR of apoA-I(114-142) B

Based on the CD data, NMR studies of apoA-I(t 14-1;12) were performed in the
presence of perdeuterated SDS. The signal-assignment was achieved like apoE peptides
(Chapter 4) and the chemical shifts are listed in Table 6.9. The armde signals for Y115
and Rl 16 were not found probably due to fast exchange with water (Wiithrich, 1986)

‘Based on the chemical shifts of H% the chemical shift indexes (CSI) (Wishart et al.,

1992; 1995) were assigned to all residues (Table 6.9). Except for VG‘129,~residues 122-140
have “-1” CSls, thus supporting the helical structure of residues 124-140 observed in the
66mer (Fig. 6.28). Residues 115-119 have alternative CSls of 0 and -1 but all shift
upfield relative to the random shifts (Wishart et al., 1995), suggesting a less helical
structure (Rizo et al., 1993; Chupin et al., 1995). The residues in the middle of the

sequence showed very weak or no TOCSY cross peaks from the amide proton to side

- chains whereas -the residues at both ends, 117-119 and 139-142, have clear cross peak

relays (Fig. 6.31), suggesting that only the middle region of the peptide is associated with
the micelle. In addition, S142 gave two sets of peaks (Table 6.9). The helical region is
supported by the strong HY-HY,, cross peaks in the NOESY spectrum (Fig. 6.32)
(Wiithrich, 1986). The cross peaks between the amide proton of E120 and the d-protons
of P121 indicate that P121 is predominantly in a frans confonnatlon (Withrich et al.,
1984). Similar proline conformations were observed previously for P143 and P165 in

apoA-1(122-187) (Section 6.2.5), and P267 in apoE(263-286) (Chapter 4). Although this

_peptide contams only 29 residues heavy degeneracy occurred in the NOESY spectrum.

For example L134 & L137, A130 & K133 have almost the same H” chemical shifts. As
a consequence, NOEs of the (1 i+3) type are not available between these residues. The
distance geometry calculation was thus not performed to prevent misleading structures..
The difficulty met in the 29mer illustrates that residues 122-142 in the 66mer is a difficult
set‘quencefor homorruclear NMR studies. \
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Fig. 6.31: Fingerprint region of the TOCSY spectrum of apoA-I(114-142) in SDS."'i)eptide/SDS ratio
1:60, pH 4.9, 37 °C. Several peaks (R123, L126, R131, K133:E136, and L137) in the middle of the amide
region are not labeled for clarity yet lack of TOCSY relay peaks is evident.
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Table 6.9: Proton Chemical Shifts (ppm) of ApoA-I(114-142) in SDS-d,, at the -

Peptide/SDS Ratio of 1:60 at pH 4.9 and 37 °C*

.

Residue . H° csl W H Others

Leulld -- - - -

Tyrl15 . 434 -1 3.18,3.10 26H7.16:3,5H6.84
Argll6 - 433 0 1.97 1.63 H? 3.2 eHM 7.10 7
Ginl17 835 416 -1 201 © 240 SH™ 7.44,6.76

Lys118 816 430 0 .84 1.52, 1.43 HE 171, HE 3,03 -
vall19 762 403 -l 2.18 | 0.96

Glu120 792 439 0 2.08,2.17 2.36

Prol21 - 439 0 2.35, 1.87 2.00,2.07 H® 3.72, 3.65

Leul2? - 767 422 -l 1.83 167" H 72 /
Argl23 813 385 -1 1.98 v 167 H? 3.16; eH™ 7.22 ~
Alal24 793 419 -1 1.46

Glul25 785 421 -l 219,223 251

Leui26 810 421 -1 1.85,1.71 1.71 H*0.90

Gln127 822 - 397 -l 2.20 2.34,2.52 SH™ 7.28, 6.71 .
Glu128 801 417 -1 212 242 | o
Gly129 834 398 0

) 3.89

“Alal30 851 402 -1 149

Argl3] 809 385 - 1.91, 1.82 1.62 H?® 3.23; eHN 7.9

Gln132 801 412 -1 221 2.49 - SHN 7.55, 6.78

Lys133 .11 406 -l 2.10 - -

Leul34 832 408 -l 1.87,1.82 o2 H? 0.92

His135 810 455 -1 3.42 2H 8.6; 4H 7.25

Glul36. 809 420 -l 2.01 242 |

Leul3? 810 407 -1 177 1.68 .

Gin138 823 388 -l 223 2.48,2.32 SHY 7.12, 6.67

G139 7.78 405 -l 227,2.37 2.62 g

Lysi40 779 418 -l 2.00 1.59, 1.54 HS -

Leuldl 755 439 0 1.79, 1.73 1.73? H? 0.88

Ser142 745 429 -l 3.90 s
Serld2' . 762 424 -1 3.84

*Chemical shifts are relative to internal DSS (0.00).
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6.3 Disc;lssion

6.3.1 Comparison of conformations of apoA-I peptides in SDS and DPC micelles

We have determined the structures of apoA-I(166-185) and apoA-I(142-187) in
both SDS and DPC. The conformation of the N-terminus of apéA-I(l66—185) is pH
dependent. It becomes moré helical at pH 6-7 (Figs. 6.7 & 6.9), where the acidic side
chains are jonized according to pKa measurements (Fig.‘6.5). The ac‘idi‘c side chains of '
D168 and E169, when ionized, tend to stay away. from each other due to i;otential
electrostatic repulsio;. Altem_atiVely, this pH effect may be interpreted by the so-called
chafgi;?lélix dipole interaction (for a review, see Chakrabartty & Baldwin, 1995). Such
an interaction refers to an electrostatic interaction between a charged group and the partial
charges on theA peptide backbone on NH and CO groups. The a-helix has a positive ~
dipole at the N-end of the peptide and a negative dipole at the C-end. A typical example
in the literature is the model peptide (Glu),,(Ala),,, which adopts a helical conformation
more stable than that of (Ala),,(Glu),, (Ihara et al., 1982).

In the early amphipathic helix model, ion pairs were proposed between basic and
acidic side chains (Segtest et al., 1974). The N--O distance is within 3.5 A when ion-
paired (Baker & Hubbard, 1984). ApoA-I(166-185) has three potentia! ion pairs, D168-
R171, E169-R173 and E179-K182. Distances measured between these pairs in the
average structure in SDS or DPC are all greater than 6.5 A in either SDS or DPC at pH 6-
7. Thus, intrahelix ion pairs may not stabilize the amphipathic helical structures of apoA-
[(166-185) bound to micelles. W

The average amphipathic helix domains of apoA-1(166-185) determined in SDS
and DPC micelles could be superimposed as shown in Fig. 6.12A. Similar results were
obtained for LAP-20 (Buchko ef al., 1996b). In addition, apoA-I1(142-187) was found to
have similar curved helix-hinge-helix structures in both micelles (Fig. 6.24). These
structures determined by different researchers for different peptides of different lengths
strongly support that the hydrophobic effect dominates in the stabilization of the
peptidef’ﬁpid complexes (Buchko er al.,, 1996a,b; Wang et al., 1996a,b; 1997b). In

&
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addition, we demonstrated that SDS or DPC is a good mimic of lysdPC., It thus
‘ reinforees théhotiroq_thatboth SDS and DPC are useful as model lipids to study surface-
active peptides (Inagaki et al., 1989; Chupin ef al., 1995; Rozek ef al., 1995; Buchko et
al., 1996b; Dunne et al., 1996; Seibal e al., 1996a,b). 7
Local structural differences by D168 and E169 were observed at the N-terminus
of aqu-I(l66-185) in SDS and DPC micelles. Such a structural difference (Fig. 6.12A)
could be true since differences in pKa values were also observed for D168 and E169
(Table 6.5). Moreover, the average structure in the interhelical region of apoA-I(142-
187), residues 163-167, in the two micelles also showed difference, a helical bend in SDS
and a half-turn in DPC. Hence, there might be electrostatic repulsion between anionic
SDS head groups and the acidic residue pair, D168 and E169. Such potential electrostatic
interactions may cause a preference of D168 and E169 for zwmenomc lipid DPC, thus
leading to lipid selectivity. This speculatlon may explam the fact that peptlde/SDS/DPC
(1:40:40) complexes are more stable: toward heat than either peptide/SDS (1:80) or
peptide/DPC (1:80) complexes. The potential repulsions between SDS head groups and
the acidic side chains in the interface of the amphipathic helix of apoE(263-286) may
explain the fact that the peptide/SDS complexes are less stable toward heat than the
peptide/DPC complexes. Indeed, there have been reports that protonation of interfacial
acidic residues of a membrane-bound protein enhances lipid binding (Amold & Cornell,

1996; Hanakam er al., 1996).
6.3.2 Cationic side chains initiate and enhance anionic SDS binding

Sequence analysis revealed that the region 122-187 of apoA-I is rich irrfirginines
but contains few aromatic residues and no hydrophoFlc pairs (Refer to Chapter 4)
Peptides ranging from 20 to 66 residues in the reglon 122 187 assocnated with anionic
SDS below the CMC while they bind zwitterionic DPC near or above the CMC (Figs. 6.2
& 6.3), suggesting electrostatic interactions between anionic -lipid head groups and
cationic peptide side chains méy initiate binding. Frank et al. (1997) also showed that

A

deletion of either 122-165 0P144-1 86 from apoA-I decreases the initial association rate of
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the protein mutants with lipid. These observations differ from the proposal that resid.ues
44-65 and 220-241 in apbA-l initiate lipid binding (Palnugachari er al., 1996).

| ln the solution structures of apoA‘IQ 66-185), we found that cationic side chains
cluster in the mterfﬁ'ce of the amphlpathlc hehx (Fig. 6.13). The intermolecular NOEs
-between the cationic side chains of the peptide and SDS alkyl chains indicate that cationic
side chains enhance SDS binding. The intermolecular NOEs between SDS C-1, C-2, C-3
and (CH,), protons and the aromatic ring protons of Y166 confirm the solution ‘structure.
at pH 3.7, where Y166 bends toward the hydrophobic face to participate in lipid binding.
The pKa difference observed in SDS and DPC supports salt bridge formation between
Y166 and SDS (Fig. 6.5C) (Jardetzky & Roberts, 1981; Sem & Kasper, 1993; Pallaghy et
al., 1995). Since intermolecular NOEs between SDS C-1 protons and arginine eH"
protons were observed, we may extend the notion to other cationic side chains. Salt
bridge formation between cationic side chains and SDS is further supported by several
.lines o% eviden_&:e. First, these apoA-I peptides precipitated only at acidic pH during SDS
titration but ‘not during DPC titration. Second, apoA-I(142-187) complexed with SDS
‘has a higher thermal stability than its complexes with DPC (Fig. 6.2D). Similar

phenomenon was observed for apoA-I.(Surewicz et al, 1986) or synthetic peptide

analogs (Mishra et al., 1994) bound to lipidé with different head groups. Third, the eH" ’

resonances of the arginine side chains in SDS showed upfield shifts by ~0.45 ppm
relative to those in DPC (Tables 6.1, 6.3, 6.6, & 6.7). Fourth, SDS binds to apoA-I(166-
' 183), apoA-1(142-187) or apoA-I(122-187) well below the CMC whereas DPC showed
detectable binding only around the CMC (Fig. 6.2). Fifth, selective signat broadeni;ié
was observed for apoA-I(166-185) upon addition of SDS (Fig. 6.14). The selective
promotion of helix formation by anionic lipids has been observed for other membrane
peptides (Backlund e al., 1994; Johnson and Comell, 1994). In some instances even
anions of salts were found to be able to stabilize helix conformation of certain peptides
probably due to charge neutxalization- (Riz’o el dl 71993' Agou et al., 1995) Taken
together, we propose that salt bndges as ‘well as the hydrophobic interactions between
cationic/hydrophobic side chains of apoA-I peptldes and anionic lipid are the major

interfacial stabilizing forces in the complex.
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6.3.3 The curved helix-hinge-helix structure, lipid} binding and a model for apoA-
1(142-187)/lipid complexes | '
~ ApoA-I(142-187) associz:tes with - SDS and DPC as shown by -CD and
fluorescence spectroscopy. It appears that a micelle is required for apoA-I(166-185),
apoA-1(142-187) or apoA-1(122-187) to bind DPC (Figs. 6.2 & 6.3). Other researchers
have shown that the complexes of peptides or protein (< 20 kD) with SDS or DPC are.
only slightly larger than the micelle itself (Lauterwein et al., 1979; Samsé er al., 1995;
Kallick ef al., 1995) |
The NMR H® secondary shifts of apoA-1(142-187) in both micelles suggeést two'
helical regions: residues 146-162 and 168-182. These residues in helical regions
correspond to 74% helix, which is similar to the values estimated by CCA (62% in SDS
and 69% in DPC). The conformation of apoA-I(142-187), elucidated by distance
geometry calculations, is a helix-hinge-helix structural motif ranging from the extended
to the curved. In other words, the angle between the two helices is not fully determined.
Hence, we use the term hinge as a general description of the interhelical structures in SDS
and DPC. The fefxson for'poorly defined interhelica;ﬁ structure may be attributed to fewer

and weaker NOEs in the region (Fig. 6.21) and lack of>long range NOEs as normally

" observed in globuAlar proteins. In the average curved ‘conformation, the hydrophobic

residues of both amphipathic helices and the hinge are located on the concave face (Fig.
6.24). suggesting lipid-binding sites. Intermolecular NOE cross peaks between SDS
alkyl chains and the arginines, hlstldmes M148, Y166, and K182 of the peptide
confirmed that cationic side chains on both sides of the amphipathic helices are located in
the interface of the peptide/SDS complexes. The mvolvement of Y166 in lipid binding is

consistent with fluorescence spectroscopy (Fig. 6. 2) Thus these intermolecular NOEs
substantiate that both amphipathic helices as well as the hinge structure all interact with
the hydrbphobic core of the micelle (Figs. 6.2 & 6.3). Taken together, we propose a
model for the peptide/lipid complexes, wherein the amphipathic helix-hinge-helix

straddles the micelle.
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In the proposed structures for, thc tandem hchcal repeats found in apoA-I the
* motifs are, almost without e‘(ceptlon anti-parallel linked by B-turn (Jonas et al., 1989; A
Brasseur ef al., 19?0). Sparks et al. (1992) showed that apoA!I conformation varies with
the shape of the HDL particle. HoWevcr, the parallcl.arrangemcnt of helices is believed
to be maintained from discoidal to spherical particles (Brasseur ef al., 1990; Talussot &
Ponsin, 1994; Lins er al., 1995). Since micelles with a diameter of ~50-60'A are
comparable in size to the smallest HDL;, they may be regarded as a good mimic of the
sphérical HDL. In either SbS or DPC micelle models, no interhelix NOE was found in
the spectrum of apoA-1(142-187), indicating that helix 146-162 and helix 168-182 may
not be closely packed The’ adjacent helix-helix interactions, which have been proposed
_to be additional stabilizing force in apoA- -1 (Brasscur et aI 1990; Lins et aI 1995), do
not occur in apoA-I(142- 187) bound to micelles. This i is consr§’tent with the fact that both
helices in the peptide are typlcal class A1 amphipathic helices (Figs. 1.2 & 6.13) (Segrest’
et al., 1994). These hefices, if tightly packed, would place catio}nic side chains in_the
interhelical region, suggesting electrostatic repulsions rather than salt-bridge formation.
In fact, these interfacial cationic side chains all interact with lipid. Our straddle model
thus provides an alternative helix packingmodc&fol" helical repeats 5 & 6 of apoA-I in
lipid. ‘

.

6.3.4 Biological implications

We found that prolines P121, P143, and P165 are all in the frans conformation
and located in the hinge ’reg.ions; P209 agd P220 also adopt trans oonfonnations (Wang,
Sparrow & Cushley, uhpublished data). We predict that P66 & P99 in.apoA-l have
similar conformations (Fig. 1.1). The hinge structure near P165 is, op average, a helical
bend or half-turn and also participates in lipid binding (Figs. 6.3 & 6.25). Hence, the
major function of the proline may be to introduce a bend to the local sequence so that the
hyd;ophobic faces of the two adjacent helices could be on the same side (Fig. 6.24), thus
better conforming to the surface of the spherical HDL 'particics. Indeed, the P165R

mutant of @oA-l is defective in promoting cholesterol efflux (von Eckardstein et al., -
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1993). Our structural model for apoA-I(142-187) suggests that an' arggnine vsUbsti'tutionr '
would destroy the hydrophobic packing, e.g., between P165 and Y166, in the hinge
structure (an 6.24). As a censequence the helnt-hmge—hehx motif in apoA 1(142-187)
may become a longer hehx as proposed by others (Epand et al 1995) If this is the case,
the long helix, being unable to conform to the curvéd HDL surface as well as the helix-
hinge-helix motif, would leadio an increased clearance of apoA-I and explam the lower
HDL-cholesterol level in patnents (Epand et al., 1995). Similar confognatlon change m'
the hinge of the P143R mutant of apoA-I (Utermann et al., 1984) or P143E mutation in
hedgehog apoA-I (Sparrow et al., 1995) may explain in part the lower LCAT activating
ability of these mutants. We propose that the bend introduced by the proline may
facilitate the transmission of the lipid-binding signal from helix i to the adjacent helix j
via the hydrophobic residues in the hinge. Such a cooperative mode.does not occur in the
helix-break-helix motif when ﬂ1e break contains more than fouf hydrophilic or helix-
 breaking residues. Further research may be conducted to see whether the number of .
Belix-breaking residues such as glycines between two helices influences biological
functions such as LCAT activation. .

It has been shown that the activity of LCAT also depends on the reconstituted
HDL particle size, where the lipid ratio and number of protein molecules vary (Wald et
~al., 1990; Jonas, 1992). Recently, Calabresi et al. (1997)‘fouﬁd that apoA-I;,.., where
R173 is replaced by C173, promotes LCAT acti\;ity'onlyAO to 70% of the wild type.
They proposed that LCAT actfvity is triggered by a specific conformatio; o‘f apoA-I
 regulated by the environment (lipid, protein, size,-pH, etc.). The flexibility offered by the
hinge may be essential for apoA-I to adapt to the surface of HDL with various sizes and
to achieve the active conformation. We shéwed that hydrophobic and cationic side
chains are responsible for lipid binding. In addition, the cationic side chains do not form
ion-pairs with acidic side chains in the same helix (Rozek et al., 1995; Buchko et al.,
1996a,b). The binding and formation of helix led to a specific orientation for acidic side
chains as noticed by Wang er al. (1996b). If the hydrophilic residues are involved in
direct interaction with LCAT (Labeur et al., 1997), the flexibility in the hinge may induce
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a fit between the convex hydrophilic face of th;helix-hinge-helix of apoA-I and LCAT,
leading to decrease in flexibility of the hihge of apoA-I yet ihcrease in LCAT activity |

Not a[I putatlve helices in human apoA-I are punctuated by prolines. As the C-
~terminus of apoA-1(142-187) is unstructured in enther SDS or DPC micelles (Figs. 6. ZZB
and 6.23B), such flexibility may not be due to purely end effects but may be due to G185
and G186. The flexibility in this region of apoA-I may explain why it is most susceptible
to proteolysis (Jl & Jonas, 1995) As these glycines are highly conserved in the
homologous sequences"of' ap‘oAT‘from other species, it seems that glycmes signal an
7independent structural domain at the C- terminus of apoA-I, which is essential for rapld
and strong lipid binding, but not for LCAT_ activation (Sparrow and Gotto, 1982; Ji &
“Jonas, 1995;_.Schmidt ef al., 1995; Holvoet ef al., 1996). The C-terminal strong lipid
anchor of aapdA-l, not directly involved in LCAT activation by itself, may chilitéte; the
relatively weakly bound segment 122-185, an arginine-rich region, to interact soméhow
with LCAT. Interestingly, the LCAT-activating domain in apoE has been located at the
C-terminal region 200-299 (De Pauw et bl.', 1995’), which can be divided into two
- functional domains: apoE(263-286), a strong lipid-bindingQ segment (Chapter 4), and
residues 200-262, an arginine-rich region. The arginine-rich regibn, having low -lipid
affinity (Sparrow et al., 1992), may ’interaci with- LCAT simil’af to apoA-I(122- 1”87)
(above). Such a similarity in sequence betw_éen apoA;l and aPoE may make it possible
for apoA-I to play the role of apoE in chickens since apoE has not been found there

(Lamon-Fava etal., 1992).
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~ CHAPTER 7: FT-IR BAND ASSEGNMENT OF APOLIPOPROTEIN
F RAGMENTS IN LIPID-MIMETIC ENVIRONMENTS

7.1 Introduction : o,

In previous chapters, we showed that apoA-l(l66-185_); “apoA-Il(18-30)4l—, and
apoE(267-289) adopt class Al, A2, and G* ampﬁipathic helices, “respectilvely, in the
presence of SDS. These hehcal structures are also supported by CD. In this chapter, we
Areport the FT-IR study of these three peptides in the same mlheu The FT-IR work was
done in cooperation with Drs. R.A. Shaw and H.H. Mantsch at the National Research
Council (Shaw et al., 1997). NMR-aided IR band assignment led to a new assignment
for the IR band at ~1635 cm™. '

7.2 Results
7;2'.1 IR band assignment

F%. 7.1 shows the amide I region (1600-1700 cm™) of the IR spectra of apoA-
" 11(18-31)+, apoE(267-289), and apoA-l(l66-l8§) gn SDS. The spectral -envelopes for
apoA-I and E peptides are much broader than that of apoA-II(18-30)+, indicating that the
conformations for the apoA-I and E peptides are more heterogeneous than the apoA-II
" peptide. The broad amide envelopesAwere deconvoluted into component bands and the
deconvoluted bands were curve-fitted to the original spectra (Shaw et al., $1997). Except
the bandé at 1673 cm™ from TFA and below 1630 cm™ from peptide side chains (Shaw ef
al., 1997), two bands were found for apoA-lI(»l 8-30)+ at 1649 (80) and 1632 (20) cm’,
respectively. Three bands were found for 560A-I(l66-185) and apoE(267-289) each at
1654-1656 (40), 1645 (20), and 1636 (40) cm”, respectively. The numbers in the
brackets following the wavenumbers are intensity of the band. The IR band at 1649-1656
cm” is usually assigned to helical conformations (Susi, 1972; Byler & ‘Susi, 1986;
Surewicz & Mantsch, 1988; Harris & Chapman, 1995; Zhang et al., 1995). The band at
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1645 cm’' in only apoA-I and E peptides was ass}gned to the random structure. This
assignment is in accord with the temperature studies (bel(;w) and the IR spectrum’ of '
» :

- apoC-I(7-24) in water (Shaw er al., 1997), where it is unstructured (Rozek et al., 1995).

There is no consensus assignment for the band at 1632-1636 cm’’ (Surewicz & Mantsch, | |

1988;1996; Azpiazu et al., 1993; Wolkers et al., 1995; Zhang etal., 1995).

apoA-11(18-30) +

o~
[}
©
-

1600 1620 1640 1680 - 1680

Wavenumber (cmr')

Fig. 7.1: FT-IR spectra and the deconvoluted bands of apoA-II(18-30)+, apoE(267-289), and apoA-
1(166-185) bound to SDS in D50 solutions (From Shaw et al., 1997).

7.2.2 Effect of temperature

The temperature dependence of the IR spectra of the three peptides is depicted in
Fig. 7.24. Little change occurred for apoA-II(18-30)+ upon raising temperature from 15 to
80°C whereas the 1632 band of apoE(267-289) decreases accompanied by an increase in
intensity of the 1645 cm™ band. From Fig. 7.3, it is evident that the increase of the
random stru;:ture of the apoA-I peptide at 1645 cm™ is at the expenses of the 1635 band
while the 1654 band decreases only slightly.
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Fig. 7.2: Effect of temperature on the amide 1 band of the IR spectra of apoA-11(18-30)+, apoE(267-
289), and apoA-1(166-185) in the SDS-bound state (From Shaw et al., 1997).
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7.2.3 Effects of pH on the IR spectra of apoA-I(166-185)

The IR spectra for apoA-I(166-185) at different pHs are presented in Fig. 7.4,
The band pattern at pH 6.5 is similar to that at pH 10 but differs from that at pH 3. At |
and above,pH 6.5, the 1638 band is more pr'oﬁoﬁnced while at the acidic pH the intensity
of 1642 band increases, indicating that the conformation of apoA-I(166-185) is pH-
dependent. 3

- - /\
” )
e ) :
2 5

pH 6.5 o :

"N / 8 \/»

pH 3 7 \/\( .

¥
1

¥ ¥ ] 1] L}
1580 1600 1620 1640 1660 16[80 1700

wWovenumber, cnm

Fig. 7.4: IR spectra of apoA-1(166-185) at different pHs (From Shaw er al., 1997).

7.3 Discussion

7.3.1 A novel assfgnment for the IR band at ~1635 cm”

Traditionally, the ~1635 band was assigned to f-sheet (Byler & Susi, 1986;
Surewicz & Mantsch, 1988; Hirsh er al., 1996). Based on this assignment, both apoE and
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absorption coefficient. Such an assignment, however, is not consistent with the NMR

~ structures nor chemical shifts for these two peptides, where helical structures were found

to be dominant (Chapters 4-6). Hirsh e al. (1996) found 30% - sheet based on the 1634

cm’ ~band for an antimicrobial peptlde 'magamm by FT-IR. However both high

resolutlon and solid-state NMR indicate that the peptide is ‘all helical in 11p1d (Gesell et
al., 1997). A similar IR band was observed in the spectra of apoA-I/DMPC complexes
(Yané et al., 1991) and in helical proteins such as hemoglobin and myoglobin (Byier &
Susi, 1986). Recently, Zhangﬁet al. (1995) also noticed this IR band for a transmembrane
helical peptide in organic solvents, micelles, and bilayers and proposed an interconverting
helix model to ;explainf*"'*’the absorption. Consistent with Zhang et al. (1‘595), the ~1635
: band\_jin lipoprotein modzl systems was shown to be neither lipid nor solvent dependent
(Ctrshléy et al., 1994; Shaw.et al., 1997). With increase of temperature, the content of
random structures (the 1645 cm™ band) was’ found to increase for both apoE and A-I
| peptldes whereas the band at ~1 635 cm’ decreased (Figs. 7.2 & 7.3), indicating that the
latter may stem from one of the structured components in the peptide. Furthermore, the
change of the IR spectra of apoA- I(166 185) with pH (Fig. 7.4) is reminiscent of our
’A NMR study of the same peptide (Chapter 6). Both techniques 1nd1cate conformational
changecof ap0A~I(166-1§5‘) ~frorn pH 3 to 6.5 whereas further increase of pH from 6.5 to
' IO“has ~littlc£ffect *Such a correlatien led us to"'assign the IR band by comparison with
NMR structures we determined. Accordmg to NMR, apoA- I(166 185) is more helical at
physiological pH than at acidic pH regardless 15f llprd (Chapter 6). It appears that the
more pro_nounced ‘structured component at ~ 1635 cm™ at pH 6 is coupled wrth the more
- helical conformation at the same pH We propose that the band at ~1635 cm™' may arise
from the solvent-exposed helices, Wthh form bifurcated hydrogen bonds w1th water or
water and the peptlde (Baker and Hubbard, 1984). Increase in temperature breaks up
such hydrgen bonds, thereby leadmg to random structure. These solvent-exposed helices
Mare evrdent at the N—termmus of apoE(267 -289) NMR structures-(Fig. 4.11B). In apoA-

1(166- 185) they are located at the term1m 3-4 residues each, and therefore are less
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A-I peptides would contain 40% S-sheets, assuming that all IR bands have the same



obvious to see (Fig. 6.9). This new assngnment suggests that caution should be taken i m

mterpretmg the IR bands, especnally when lacking high resolution protem structural data

i

¥ F

7.3.2 FT-IR and lipid-binding affinity

The 1649 cm™ helical band of apoA-11(18-30)+ is 5-7 cm™ lower than the similar

bahds of the apoE and'apoA-Irpeptides, so is the band at 1632 cm™, which is.4 cm™ less. !
The‘;;osx ion of the amide I band reflects the strength of the hydrogen bond between the
amide proton and the carbonyl group. Thus, it a;)pears that the hydrogen bonds in apoA-
[l(18-30V)+ are stronger than those in either kapoi‘i(267-2§9) or apoA-I(166-185). As
_helical conformations result from lipid association (Chapter\s 4-6), we propose that the A-
I peptide binds lipid more tightly than either apoA-I(fl66 185) or apoE(267-289).
Further support for this argument comes from the temperatu:e experiments (Fig: 7.2). As
both apoC-I(7-24) and apoC-1(35-53) (Shaw et al., 1997) have the same IR spectra-as
apoA-1I(18-30)+, these three peptides may be grouped together as the IR-group I. ApoA-
1(166-185) and apoE(267-289) form the IR-group II. In the Segrest clasgification, apoA-
11(18-30)+, apoA-I(i_66-185) and apoE(267-289) belong te class A2, Al, and G*
amphipathic helices, respectively (Segrest et al., 1990; 1994). Both molecular
hydrophobicity potentlal calculations (Brasseur etal, 1992) and peptide analogue studies_
by optical spectroscopy (Mishra and Palgunachan 1996) suggest that the class A2 helices
have a higher lipid affinity than class Al or G* helices. These component helices appear \‘
to determine the protein'broperties For example, apoA-I binds most weakly to DMPC
~ compared to apoA A1, apoC I, or apoC-III (Rosseneu et al., 1976). In addition, apoA-I
was shown to be displaced by apoA-II from the surface of lipoprotein particles (Lagocki
and Scanu, 1980; Rosseneu et al.. 1981) whereas apoE can be displaced by apoC-I
(Swaney and Weisgraber, 1994). ’ |

The weaker intensity of the ~1655 band for IR-group II further suggests that the
~ lipid-binding helical domains in the IR-group II may be shorter than those in the IR-
group L. Suppo;'ting this are the ratios of the molar ellipticity at 222 nm to that at 208 nm
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of CD spectra. The values range from 0.88 to 0.93 for the IR-group I (Rozek ethél;, 1‘995;: .
Buchko er al., 1996a,b) and 0.81-0.82 for the IR-group II (Wang & Cushley, unpublished
data). A %reater ratio corresponds to a more helical confc;rm@tian (Rizo et a‘l.: 1993;.
Fasman, 1996). The short lipi{i-binding domain lies in the middle region of époA-I(166-
185) (Chapter 6) but at the Cjenninus of apoE(267-289) (Chapter 4). In Chapters 4-6,
we showed that aromatic residues, hydrophobic pairs, and cationic side chains are \
important in lipid binding. Indeed, these elements are more abundant in the IR-group I
than in the IR-group II. We, therefore, propose that the difference in the IRLbaﬁd
position, relative intensity, and thermal stability may be utilized as an indicator for lipid
-affinity of apqlipoprotein peptides (Shaw et al., 1997). Str;)nger bands at shorter wave
numbers and high thermal stability indicate longer ampﬁipathic helices with higher lipid
affinity. Therefore, a combined use of IR, CD, and NMR provides a more corﬁplete

picture for the amphipathic helix model.

L
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CHAPTER s HIGH RESOLUTION NMR SPECTRA bF HUMAN APOA-I AND
APOA-II IN THE PRESENCE OF SDS : S

8.1 Introduc}ion -

In Chapters 5 & 6, we reported the NMR structures for apoA-II and apoA-I
fragments in SDS. In this chapter, we present the NMR spectra of intact apoA-II and .

apoA-I in the presence of SDS. :Some resonance assignments for intact apoA-I were

" made using the peptide-aided signal assignment strategy (Chapter 6).-
8.2 Results

8.2.1 Isolation and purification of apolipoproteins

Fig. 8.1 shows that apoC-I, apoA-II in the reduced form; and apoA-I are eluted

' from PBE-94 at pH 7.7, 5.8, and 5.5, respecuvely The proteins are pure as judged by

SDS- PAGE (Fig. 8.2A).

o
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17
g l¢
& Is
- 04 + .
30" . 14 %
g0y apo A-IT
o2t ) T3
2 ]
< Q1 2
0 it | - Q‘
ad o 0 « 0 10 1 10
Number of tube '

Fig. 8.1: Chroillatogmm of delipidated HDL on PBE-94 column. The pééi'ks for pure proteins, apoA-l.
reduced apoA-II and apoC-l, are labeled. Each tube contains 4.5 mL fraction collected at a flow rate of 25

mL/h. From 88 mg apolipoproteins loaded, 1 mg apoC-I, 8.6 mg reduced apoA- II and 18 mg of apoA -1
were obtained.
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Fig. 8.2: SDS-PAGE of apolipoproteins. (A) Lanes 1, HDL; 2, washed HDL, reduced; 3, washed HDL,
not reduced; 4, protein ladder (molecular weights from top to bottom are 66, 29, 14.3, 6.5, and 1.6,
respectively); 5 & 6, apoA-I; 7, apoA-Il, reduced; 8, apoA-II; 9, apoC-I; The protein gel was Coomassie
blue stained. (B) Lanes 1, protein ladder; 2, apoA-II sample (peptide/SDS ratio, 1:80), prepared as
described in Section 3.5.1; 3, NMR sample of reduced apoA-II (peptide/SDS ratio, 1:40). The gel was

silver stained.

8.2.2 Apolipoprotein aggregates detected by SDS-PAGE

Purified apoC-I in polybuffer gave only one band (Fig. 8.2A, lane 9). However,
three evenly spaced bands of almost the same intensity were observed after running
through a HTP column. A similar gel pattern was observed for the reduced apoA-II (1.0
mg/mL) in 0.5 M sodium phosphate buffer (pH 6.8) containing 0.5% SDS. They were
assigned as monomer (M,), dimer (M>), and trimer (M3) of apoC-I or reduced apoA-II
according to the estimated molecular masses. Teng et al. (1978) reported the same
aggregation model for reduced apoA-II based on sedimentation studies. However, the
dimer of apoA-I was not detected under the same conditions. Hence, the propensity to
aggregate is:

ApoC-I = reduced apoA-II > apoA-IL. R.1)
Fig. 8.2B (lane 3) shows the SDS-PAGE for one NMR sample of reduced apoA-

II, where aggregates of reduced apoA-II, ranging from M, to Ms, were detected even in
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the presence of SDS (protein/SDS, 1:40) after storing the »sample at room temperature for

40 days. M, was not detected probably due to the formation of the disulfide bond

However, only one band was detected for the NMR sample of apoA-II prepared usmg the\ v

procedure descnbed in Section'3.5.1 (Fig. 8.2B, lane 2).

8.2.3 NMR spectra of apoA-11

=

Fig. 8.3 shows the NMR spectra of apoA-II in SDS before (A) and after (B)

;‘eduction of the disulfide bond. Over the envelope of the amide fegio}l,‘a few peaks
showed clear splitting (Fig. 8.3A). The coupling constants, *Jynua» Were measured to be
7.7 Hz (8.02 ’ppm, T76), 7.3 Hz (7.88 ppm, Q77) and 6.7 Hz‘y('7.72' ppm, T72),
respectively. These values are typical of} conformational averaging (Wiithrich, 1986).
The addition of B-mercééptoethanol caused spectral change mainly in the amide region
near 8 ppm, suggesting that reduction induces a local conformational change. Most
eﬁdently, a new peak appeared at 8.35 ppm.

L

A

Wy

ppw 8.5 8.0 7.5 7.0 6.5
f‘ig. 8.3: NMR spectra of intact apoA-l1I (A) and reduced apoA-Il (B) in the |iresence of SDS
(protein/SDS, 1:80) at pH 5.7, 37 °C. Intact apoA-II was purified using- FPLC in cooperation with Dr.
Buchko (Mezdour et al., 1987) from delipidated HDL, isolated from human blood plasma by the author
(Section 3.1.2). Both spectra are the average of 128 scans over the spectral width of 6250 Hz.
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Flg 8.4A shows the fmgerprmt region of the 2D TOCSY of apoA-II a protem of ‘ -
17 kD consnstmg of two 1dent1ca} pepude gams The broad lmes and spectral overlap

made it impossible to fully assngﬁ*{ﬁe spcétmm yet terminal residues Ql, AZ,JG and

T72 to Q77 were assigned since they gwe very»strong TOCSY relay peaks. ‘The same
spectral region of apoA-II in SDS unaic?;he reducing condition is given in Fig. 8.4B. As
xmtié'ipéted the TOCSY peaks for the:iréd‘uced apoA-Il (Fig.8.4B) are much narrower shan

those for the intact apoA-II (Fig: 8.4A) as a result of the decrease in molecular weight.
' Superposing the TOCSY spectra of apoA-II before and after reductxon revealed that all
the peaks ifthe spectrum of intact apoA-II -recurred in the same spectral positions of the
reduced apoA-II. This is strong evidence for symmetry of the native dimer. Such
symmetry explains the observation that reduction of apoA-II influences neither structure
nor lipid binding (Jackson et al., 1973; Calabresi et al., 1996). Some extra peaks can be‘
_ seen upon reduction. Most evidently, a single peak appeared at (8.35, 4.74) ppm in Fig.
8.4B. Conespondiﬁg to this peak a pair of H” protons at 3.21 and 3:13 ppm was clear.
Thus, this new peak is assigned to Cys6 as the set of chemical shifts matches the rzindom

chemical shifts for this residue (Table 2.1), indicating Cys6 is unstructured. This

observation is consistent with early electron épi;}-wsomnce (ESR) spectra, which indicate
that this region of apoA-II is not involvéd in lipid binding (Jackson er al., 1973). We
attribute the extra peaks to the increased flexibility because of breaking up the disulfide
bond. - l o |

; Portions of the NOESY spectra of apoA-II in SDS are shown in Fig. 8.5. Most of
the H" signals resonate upﬁeld of the water signal at 4.6 ppm (Fig.-8.5A), indicating a
predommgnt helical conformation. This is supported by NOE connectivities such as H-
HY,; (Fig. SSA) and HY-H",,, (B). Some resonances at the border of the spectrum were
tentatively assngxged, for example, Y14 (8.27 ppm) and F15 (8.66 ppm). In addition, the
(i, i+4) NOESs of these aromatic side chains with the side chains of another hydrophobic
pair L10V11 were found. These interactions are reminiscent of those between
W264F265 and L268V269 observed for apoE(263-286) (Chapter 4), indicating the
formation of a hydrophobic cluster and local helical structure.
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Fig. 8.4: Fingerprint regions of the TOCSY spectra of apoA-II in SDS before (A) and after (B)
reduction, pH 5.7, 37 °C, ail protein/SDS molar ratio of 1:80. For both (A) and (B), 640 increments were

collected in t; with 32 scans each over the spectral width of 6250 Hz.
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Fig. 8.4 (Continued)
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- Jﬁg 8.5: Fingerprint (A) and amide proton (B) regions of the NOESY spectrum (T, = 100 ms) of

apoA-Ilin SDS at pH 5.7, 37 °C, protein/SDS molar ratio 1:80.

e

P

: };ﬂm
AT

168

4,
)
P



i

L

Py

pom EXEX
Fig. 8.5 (Continued) ' .

8.2.4 NMR spectra of apoA-I

IS

Fig. 8.6 shows the NMR spectra of apoA-I in the absence (A) and presence (B) of
SDS. In the absence of SDS, NMR lines are very broad..and more than four Trp

resonances were observed (Fig. 8.6A), suggesting protein aggregation. In the presence of -
SDS, three Trp N1 proton signals at 9.62, 9.82 and 9.89 ppm were found in Fig. 8.6B."
Two-dimensional NMR spectra at 25°C confirmed that the absorption at 9.82 ppm results’

from two Trp N1 protons. Thegfour Trp N1 resonances are consistent with the notion that
apoA-l is in the monomer state at the saturating level of MSDS (Reynolds, 1982). Several
valiﬁe spin systerr;s were found in the TOCSY spécff‘um withﬁH'z below 4 ppm. Relative
to the randqgl‘:chemical shift (Table 2.1), the H‘?Of these valines all shifted upfield:by
greater than OLI ppm, suggesting locations in helical regions. The NOESY spectrum of
intact apoA-I, M,,;-: 28,083, in SDS at pH 6.4 and 37 °C is shown in Fig. 8.7. Most of-the
H’ signals of apoA-I in SDS appear to higI; field of water at 4.6 ppm, indicating that the
main secondary structure is helical. This is supported by CD, which suggests 50% helix
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in SDS. Two. prolmes were found to have H"r chemical shifts of ~4. 7 ppm As these
shifts differ from those found for prolines in the interhelical regions, where H"cherrucal
“shifts are ~4.4 pPpm (refer to Section 6.3.4), they may suggest the existence of B- E -

* structures, most probably at the N-terminus of apoA-I, residues '1-7.
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JFig. 8.1'5:‘ NMR. spectra of ‘a;-poA-l in the absence (A) and preserice (B) of SDS. The :)rotein‘
cdncenqaﬁpn—wss' 0.36 mM in aqueous solution and 3.0 mM in SBS (protein/SDS, 1:140), pH 6.4, 37 °C.
The spedtrum in water is the average of 2000ﬁscans over, spectral width 8064.5 Hz'whereas 32 scans were
collected forkﬁ;e spectrum in.SDS. ' < - c e ) :
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Fig. 8.7

NOESY spectrum of human apoA-I in the presence of SDS at pH 6.4, 37 °C, protein/SDS ratio

of 1:140.
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Fig. 8.8: Portions of the NOESY spectrum of (A) apoA-1(142-187), peptide/SDS molar ratio 1:60, at pH -

6.9 and 50 °C (1= 150 ms), (B) IPOA-I(122-187) peptide/SDS ratio 1:60, at pH 6.2 and 50 °C (ta =300

ms), and (C) apoA-l, protemlSDS ratio 1:140, at pH 6.4 and 37.°C (ta=
NOE connectivities for R153 V156 A164, P165 and A175 were labeled (From Wang et al., 1997b).
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: Based on the assignments for apoA-I(142-187) and apoA-I(122-187) (Chapter 6),
several resonances were found in the similar region of the apoA-l spectrum, where '

overlap is not sevefe (Fig. 8 8C) As shown, the chemncal shifts for R153 V156, A164

~ P165, and A175 (labeled) are essentially-identical to those measured in peptldes under

) snmllar conditions. Such a351gnments suggest that the hellx-hmge-hellx motlf found in

apoA- l(142 187) and apoA-l( 122 187) is very likely maﬁﬂamed?ﬁ' mtact apoA -1

Fig.+8.9 shows the same spectral regions of the TOCSY spectra of apoA -1201-
243) in'DPC (A) and intact apoA-I in SDS (B). Although the spectra were recorded in
dlfferent model hplds at different pHs, the three C1ermmal reSIdues N241, T242, and

-Q243, appear at similar spectral regions. Hence, these resndues in intact apoA -1 were

assigned using peptide-aided signal ~assignment strategy (PASA) (Fig. 8.9). Both the
strong TOCSY peaks and the chemical shifts indicate that these three residues do not

form helical structure and probably not participate in lipid binding.

' // ’ -
g .

8.2.5 Heteronuclear apoA—Laspectra

- Y

~ As only limited information is available from 2D 'H-NMR spectra as-a result of
severe spectral overlap (Fig. 8.7); the laboratory is currently switchiné to heteronuclear
multidimensional NMR techniques in cooperation with-other laboratories that produce 7
isotope-labeled apoA-I or its fragments. The heteronuclear 2D (‘H, "N) HM(jC. |
spectrum of intact apoA-I is giyen in Fig. 8.10. A preliminary 3D (‘H, *"N) HMQC-
NOESY- spectrum is shown in Fig. 8.11. A brief mvestlgatlon of 2D slices shows that
even in the “N-edited 3D ‘spectra there is stlll significant peak overlap and missing
signals. The difficulty can be attributed to the large srze formatlon of complexes with

SDS and predominantly helical conformation of apoA I N
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Fig~8,0: HMQC spectrum of N-labeled apoA-I (+2 mM), protcinlSDS-c;z_s ratio, 1:140, at pH 6.4,
37°C. The carrier frequency for 'H is set at 600.1300 MHz while it is 60.8100 MHz for ’N. Tl;e spectral

width is 12 ppm for 'H and 50 ppm for '*N. The J-modulated coherence transfer time between between 'H
and "N is set to 1/(21), where J = 95 Hz for TH.5N. 2K data points in =} and 512 increments in ) were

‘collectedh : - .

Fig. 8.11: 3D (‘H, “N) HMQC-NOESY spect?\m of apoA-I. The protein contains 11 more residues at
the N-terminus, MRGSHHHHHHM, to facilitate purification (Bergeron et al., 1997). This spectrum was
collected with the aid of D.G. Naugler under the same conditions as in#Fig. 8.10. The data size is 128 (t1) x

¢

64 (12) x 1024 (13). The water signal was presaturated-prior to data collection.
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8.3 Discussion .
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K ApbBlipoproteins have a strong tendency tq self~assoclate or aggregate (Gwynne et
al., 1974; Osborn: & Brewer, 1977 .Scanu, §78 Teng et al 1978; Donovan et al.,
- 1987). Agdgregation is usually aceompamed by mcrease in hellctty of the protein but

decrease in the ability to bind llpldS suggestmg hydrophoblc mteractlons between -

protems (Scanu 1978). We showed that aggregates could be momtored by SDS-PAGE
“plus silver-staining. The aggreganon trend descnbed in Eq. 8.1 is correlated with
apolipoprotein‘lipid-‘binding affinity observed oy others (Lagocki & Scanu, 1980;
Rosseneu er al., 1981; Swaney & Weisgraber, 1994). In Chapter 4, we proposed that
aromatic residues and hydrophobic palrs are important lipid anchors. It appears that these

elements also play an important role in protemiaggregatxon since removal of the strong -

lipid-binding C-terminal segments from apoA-I or apoE greatly inhibited aggregation o

- (Westerlund & Weisgraber' 1993; Ji & Jonas, 1995). In fact the ollgomenzatlon of
apoE(263-286) was observed. This correlation remforces our notion that synthetlc
peptide studies and -site-directed mutagenesis studles may provide complementary
information about the protem (Section 1.4).

It has long been known that the NMR sample preparatxon is crucral for membrane.
protein studies (McDonnell & Opella, 1993; Opella & Marassi, 1996). The problem of
apolipoprotein aggregation is more serious here s!nce the protein concentrations in NMR
sarnples.are much higher than those used in biochemical studies. Previous studies did not
offer a solution'to the aggregation problem (Osborne & Brewer, 1977: Scanu, 1978).
Because it'is extremely difficult to remove the aggregates once formed, the best policy is
to block their formatron The main strategies employed by the author to prepare
ap,ohpoprotem NMR samples without detectable aggregates include keeping the protein
in a dilute,solution (< 1 mg/mL) and at pH < 35 minimizing the storage time, adding

sufficient amounts of detergents so as to saturate the hydrophobic domains, and |

- ¥

-
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. vlyophilizﬂing the solution for storage. For apoA-II t'h'"ere:"is Aa gi'ea: advantage to pre‘pare ..
the apoA-H sample first and then reduce the disulfide bond to 1mprove resolution of
~ NMR spe.c?raﬁ(Flg 8.2B). ApoA -1 and apoA-I samples prepared in this manner are' 1n‘-
the monome; - state and are stable for at least three months a; room temperature. The high
quallty of apoA-I and apoA-II spectra presented in the thesls 1Ilustrates that NMR studies
_of apohpoprotem conformatlons in lipid-mimetic enwronments are promlsmg The final,
assignment of apoA—l (243 residues):spectra would reqmre 1sotop1cally labeled samples
enriched with “C, "N, and/or ’H (Zhang et al., 1994; Shan et aI 1996 Garrett et al.,
'1997). Deuteratlon suppresses line broademng drising from spm-spm interactions and

impro»es sensitivity due to a longer T, relaxation times (Markley et aI 1968 Torchia et ‘

al., 1?88 LeMaster & Richards, 1988; Venters et al., 1995)‘

8.3.2 Peptide-aided signal assignment of apoA-I

Before we had access to isotope-labeled samples, we studied several
apolipoprotein segments of potential biological importance (Chapters 4-7). We found
that the assignment of apoA-1(166-185) was useful in the assignment of apoA-1(142-187)

since the same conformation was found for residues 168-182 in the two peptldes (Chapter o

6). The chemical shift identity for residues 146-182 between apoA- I(142~187) and apoA-
1(122-187) is striking (Fig. 8.8:A & B). Using the general similarity of chemical shifts,
the author was able to assign several resonances in apoA-I (243 residues) (Figs. 8.8 8:
' 8.9). We, therefore, propose that such a peptide-aided signal assignment (PASA) may be
'useful in NMR studies of apoA-I and other members in the exchangeable apolipoprotein
family (Wang et al., 1997ab). A similar strategy has also been proposed for modular
proteins (McEvoy et al.,, 1997) at approximately the same time. We believe that a
combined study of intact p;otein and the segments by NMR will ultimately lead to a

complete structural understanding of apoA-I. '

I3 -
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8.3'3 The structural and functional domains of apoA-I

" In Section 434, we proposed to locate s:trong lipio-b'mding regiohs based on*the
density of hydrophoblc parrs and aromatlc resndues in the protem sequence. Here we
have plotteﬂ the hydrophobnc resndue marks against the residue number in apoA-I
sequence. Although simple, soffie key features of this hydrophobic plot are interesting
- since they appear to explain rrrany, experimental data of apoA-I. ,

(1) Each verticalgbar stands for_avhydrophobic*residue_, which appears regularly in
the seouence separated by every 2-3 resiriues, suggesting helical structure: Note that such
a perioriicity can encompass prolinejcontai'ning regions (Section 634) " Also, three
hydrophobic resndues V]9 L44, and V227 uin the vicinity of hydrophoblc pairs, are
predicted to be on the hydrophlllc face and thus may not partncnpate;ﬁn lipid binding. The

potential helical structures in such regions remain to be proved Except at the termini,

only four helix-breaking regions were found; namely resrdues 23-28, 34-37, 76-81, and,

182-188 (Fig. 8.12). The helix-breaking regions have four or more hydrophilic residues

in a row. Therefore the putative helix 0, residues 7-34, in Fig 1.1 rhay be-a helix(7 22)- .
‘ break(‘73 28) helix(29-34) motif rather than a ¢ontinuous hel‘ix The putative hellx 2 may

be another hellx(66 75)-break(76-81) helix(82-98) motif.." The breaks near G35 and
&

G185G186 may form loop regions, which separate the independent structural and

functional domains at the C- and N-termini from the central domain of apoA-I (Ji &

Jonas, 1995; Rogers et al., 1997). This may explain why both regions nearby are highly

susceptible to proteolysis as mentioned in Sections 6. | and 6.3.4.
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Fig. 812w A herophobic plot of human apoA-L. l(; the hydrdphobic plot, residues Y, L, V. M, and A
have been assigned a hydrophobic mark of 1°’s while aromatic residdes, F and W, are given.2‘s,and
hydr‘ophobi(;' pairs. such as VY, VL, LL, FW, YL, and FL two 1.5’s. The higher arbitrary marks for the
hydrophobic pairs and aromiatic residu:',s reflect their impertance in lipid binding (Chapter 4). Alanines’ wﬁH
be assigned ‘as_hydrophobic onfy when there are no other larger hydrophobic residues in the viginity.

Examples are and may be A130, AfSZ, A196, and A207.

" (2) As depicted by bars with 1.5’s aad 2’s in Fig. 8.12, ther'e;':;rje five regions in ’
apoA¥I (helices 0, 1, 2, 3, and 8 in Fig. 1.1) that are relativély rich in aromatic residues
and hyarophobic pairs. Srinivas et al. (1991) showed ihat apoA-1(1-33) (helix O in Fig.
1.1) assace:iated'Wi_th DMPC but apoA-I(8-33) did not. Palgunachari et al. (1996) found
that among the eight ;putative helices (helices 1 to 8 in Fig. 1.1) only the first'dnd the last
bound to DMPC but all associa{ed with lysoPC except helix 2. The failure of the helix 2
in binding lipid may be due to synthesizjng’ only residues 66—87' inétead of complete
‘repeat residues‘66-99. Therefore, ‘all nine putative helical r'egions will bind lipid, in
agreement with the hydrophqbic plot (Fig. 8.12). Frank et al. (1997) showed that he‘lix 3
is important in stabilizing protein-lipid complexes. The importance of the C-terminus of
apoA-I in lipid binding has been demonstrated by several studies (Sparrow & Gotto,
1982; Schmiidt eft al., 1995; Holvoet et al., 1996; Davidson et_al.. 1996). Sorci-Thomas et
al. (1997) showed that substituting residues 143-164 by another copy of residues 220-241
~ increased the stability of protein-lipid complexes. Therefore, thé major role of these

aromatic-rich regions is to stabilize the ‘structure of apoA-I in lipid (Chaptér 4). The N-
“terminal helices 0-3 may alsb play a role in stabilizing the structure of apoA-I in the lipid-
. free state (Palgunachari er al., 1996; Davidson et Val., 1996; Rogers et al., 1997), probably

Py
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by forming a helix bundle structure similar to apoE (Wilson et,.:al‘., 1991). “Finally,

different fro’r}\ th_e region [22-187 (below), these aromatic’ region§ are accomp_aniedl

mostly by lysines rather than arginines. As the side chains of lysines are more

~hydrophobxc than arginines, these lysmes may be an extra determinant for the structural -

and functlonal role of these aromaac domains of apoA-L.

- (3) The region covermg residues 122-185 is very smooth in the hydrophoﬁic plot
(Fig. 8. 12) as a result of containing neither aromatic residues (W & F) nor h):drophobic
pairs. It is anticipated that such a region will not bmd lipid tightly. However the
implication of this reglon in LCAT activation is evndent ‘(Sparrow & Gotto 1980
| Fukushlma et al., 1980; Mmmch et al.; 1992; Sorcn-Thomas et t{l 1993, 1997, Holvoet
et al 1995). The ‘"helix-hinge-helix-hinge- hehx secondary structural pattern of apoA-
I(122-187) (Fig. 6.28) corresponds exactly to the sequence penodlcnty. indicating that

helix-hinge-helix motifs are structural units m apoA -I (Fig. 8.8).

i

-
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CHAPTER 9: CONCLUDING REMARKS .

*

conformatlon of apohpoprotem segments.  Optical techmques are not capable of
prqudmg structural details at atomic level.: They, however, are usually not limited by

_ protein size or lipid type. The data obtamed in the same lipid model by - various

techniques (Chapter 7) or m different llpld madels by the same technique may provide

'fcomplementary information (Cann et al., 1994, Sejbal et al,, 1996a). For example,
apoE(267 289) does not bind DMPC but associates with SDS or DPC. NMR structural
drfferenees between apoE(263-286) and atpoE(267-289) suggest that one hydrophoblc

,cluster is sufficient to .bind tc micellesahut two or more are required to bingd vesicles
(Chapter 4): The similar behcal conformations and blue shlfts of apoE(263-286) in beth

SDS (Chapter 4) and DMPC (Sparrow et al., 1992) suggest that the hydrophobic packing
“found in micelles may apply to the peptide/DMPC complexes._ In ‘micelles, the

determmed interhelical structures for apoA-I(142-187), are in support of lipid binding of

* Y166, which is further substantlated bv intermolecular NOEs between SDS and Y166.
The ﬂuorescence of Y166 has been observed in both SDS and . DPC for apoA- I( 142- 187)

(Chapter 6) and also in DMPC for apoA-1(145-183) (used for quantlfymg the peptlde) _

(Vanloo et al., 1995), indicating that the 1nterhellcal region by P165 is bound to lipid
regardless of lipid models. - ? T ) ' a

e

I —
H

9.1 General structural features of apolipoprot—ein segments
The amphipathic helix (Segrest e al., 1974) is characterized by clustering of
hydrophobic side chains on one face and hydrophilic side chains on the opposite face.
The hydrophobic face of the helix was proposed o interact with the acyl chains of lipids,
thus explaining why these proteins serve as Vehicles in human blood to transhort water-
* insoluble lipids. Although the hypothesis is supported by many facts (Sp;arrow & Gotto,
1982; Segrest et al., 1994), there was no detail;d structure in the l’ipi.ti-bound state. Thus,

this thesis represents one of the first high resolution structure determinations of
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. apollpoproteln fragrnents in llpld mimetic envxronments The features of NMR structures

for the peptides of 18-24 residues reported here can be summanzed below:

(1) According.to Segrest’s: classu'tcatton (Segrest et al., 1990 1994), apoA I( 166-1"85) 7
o apoA-11(18-30)+, and apoE(267-289) belong to class Al, A2, and G* amphipathic helices . >
(Fig; 1.2), respectively. The NMR structures (Figs. 6.1_1‘, 56,& '4.13B) for those thr,ee v

-

peptides are consistent with such a classification and also revealed additional new . *
q structural features (Chapters 4-6). Other examples of class A2 amphipathic_helical &,
. structunes deterrmned by NMR are from apoC-1 and LAP-20 (Rozek et al., 1995; Buchko

@lal 1996b). We conclude that amplupathlc helices are 1ndeed a common structural

sfnot»xf in exchangeable apolipoproteins, at least in micelles. .

(2) ApoA-I(166-185) possesses 51mtlar conformatlons in SDS, DPC or lysoPC with
localized dlfferences at the N- termlm (Chapter 6). Similar conformatlons _were also
" found for LAP 20 in either SDS or DPC (Buchko et al., 1996b). We, therefore, conclude
that hydroBhobic interactions dominate in’ determining the lipid-bound conformation. As
- SDS and DPC mimic lysoPC well, we propose that both can be used to model !ipid
\\environments for conformational studies of apolippprotein peptides (Rozek et al., 1995; -
Buchkd etf'al., 1996b; Dunne et al., 1996; Sejbal et t’;l., 1;96a; Opella et al., 1997). R
(3) Contrary to the proposal made by Segrestet ai. (19}24‘),?cationic side chains in both
 “class Al“an“d A2 ampbhipathic helices are extended in the interface and, therefore, do not
*  preferentially “snorkel”, at least in Ymicelles (Chapters 5-6) (Rozek er al., 1995; Buchko er
al,199%6ab). - | ‘:

. _ (4) Contrary to<an earller proposal of ion pair formation between acidic and basic side
8 15

=

’%‘nams in llpoprotetns (Segrest et al., 1974) the intrahelix ion pairs do not occur in the
NMR structures of the peptldes in assocnatlon with either SDS or DPC (Chapters 5-6)
(Rozek et al., 1995; Buchko er al., 1996a,b). Instead it is more likely that cationic side

chams form ion pairs with anionic lipid head groups (Chapter 6).
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9.2 Important ‘apoA—i fragments ’ .

-

~

In this thesis, the author Kas investigated segments of different lengths from the h

same protein apoA-I We showed that the helix 168-182 fpuh‘dlin apoA 7[(166-‘1'85) .a

20mer, is retained m apoA-1(142-187), a 46mer and in apoA-I(T22 187), a 66mer .

(Chapter 6). In addition, the hehx-hmge-hehx motif found ip apoA-I(142 187) is retamed
in the 66mer and most likely in intact apoA-I (Chapter 8). These sstructural motlfs lend
support to the predlcted secondary structures of apoA-I (Segrest et al., 1994) except the
hinge near P165, which_is; on average, a helﬁ:al bend or half-tum rather than a B-turn.
The ‘predominance of helical structures is in agreement wrth the NOESY spectrum of
apoA-.I (243 resrdues),(Frg. 8.7). The NOESY spectra of human apoA-II (154 residues)
in SDS (Fig. 8.5) and apoC-III (79 residues) in DPC (Buchko et al., 1997) also suggest
predommant hehjal conformations. The preliminary NMR structure of apoCI (57

* residues) was shown to contam two helrces separated by an extended lmker region

é (Rozek et al., 1996). All these NMR studies strongly support the predlcted secondary
structures of apolipoproteins.  This is fortunate because, unlike hydrophoblc
transmembrane helices, wl}ich can be predicted quite accurately (Engleman et al., 1982;
Aloy et al., 1997), segu’ertbes with the periodicity df an arfiphipathic helix ‘'have been

found in 3-sheet proteins (Parker & Stezowski, 1996).

9.3 Lipid-binding elements

It has long been proposed that hydrophobic interactions are responsible for lipid-
binding (§toffel et al., 1974; Assmann ef al., 1974; Sparrow & Gotto, 1982; Subbaro et
al., 1988). From the NMR structures we found that aromatic- aromatlc and aromatic-
- hydrophobic side-chain- 1nteract10ns led to formatlon of hydrophobic clusters provrdmg
lipid-binding sites (Chapter 4). In addition, while electrostatic interactions between
apollpoprotem segment€ and DPC play little role (Chapter 6), consistent with earlier
. observations (Stoffel er al, 1974; Assmann et al, 1974; Reljngoud et al., 1982),

interfacial cationic side chai “interact with anionic SDS (Chapter 6). The functions
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of the cationic side chains are two-fold. First, cationic side chains may initiate anionic

lipid bindjng to pcptides pr proteins. Second, upon fo’r’matior‘! of the helix, cationic side -
chains further enhance anionic hpld btndmg by (l) hydrophoblc mteractlons betwgen'
SDS alkyl chains and the cationic side chams and (2) salt bridges between SDS head

groups and positively charged monetles of the cationic srde chains (Chapters 5& 6).

"In conclusion, our NMR structures (Chapters 4-6) illustrate that there are three

_]Ol' hydrophoblc lipid- bmdmg elements: hydrophoblc sutg chains, hydrophoblc pairs,

and catlomc 51de chams and one llpld affinity modulator: acrdlc or polar 51de chamsa A

e

‘semi-quantitative assessment of the llprd afﬁmty is to’count the number of hydrophoblc

parrs aromatic re51dues and cationic snde chains (in the interface).  We ‘may, therefore,
establrsh a new- classnﬁcanon jof amphipathic helices based on these lipid-binding
elements. An amphnpathlc helix consists of any combination of the three classes of

hydrophobrc clusters listed below:

: Class l,‘l-(\y;drophoblc residues, hydrophobic pairs, very few or no cationic side
‘chains;‘ Q,l ,,t )
| ‘Cl‘ass ll, h&érophobjc residues, no hydrophobic pairs, several cationic side chains

(mainly argl;r;ines) : :
. Class III, hydrophobic residues, hydrophobic pairs, several catiorllc, side chains

(mainly lysines) R

The concept of hyarophoblc clister may be hameissecl as a new tool in search for lipid-
binding segments in afpol_ipoproteins land in de novo peptide design. Such an NMR-
structure-based classiﬁeation adds to our lmowledge on amphipathic helices, especially in
binding lipids. From such a classification, it is evident that hydrophobic interactions
dominate according to class l,’wh\re usually aromatic residues and h_)}drophobic pairs
exist, which are good lipid anchors. Examples are segments near the C-terminus of

- apolipoproteins such as apoE and apoA-I (Chapters 4 & 6).

A typical example for class II $$~apoA-I(166-185). The four leucines in this
pcptide have a AG,, = -11.6 kcal/mol, equjvalent to only one hydrophobic cluster (cf.,
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Table 44). It g;%thus not surprising to observe that the hydrophobtc moieties of the

catiohic side chains partncnpate in lipid binding (Chapter 6) Class IlI, corresponding to

IR-group I peptides (ChaptEr 7), binds lipid tlghtly since they contain all llpld -binding
elements above. Examples are segments in apoA-II, apoC - and apoC- -IIL The potential
lipid-binding afﬁmty (Chapter 7) may be a good parameter in judging the possnble
B blologlcal function. ngh lipid afﬁmty would mainly limit the function of the segment to
lipid binding (Chapters 4—5) whereas segments with weak to medium lipid afﬁmty may

be potential candldates for other functlons such as hpolysns enzyme activation.

9.4 Structural.,rhodels for the peptide/lipid ?complexes

Amphipathic helices, proposed for apolipoproteins by Segrest ef al. (l9.7:4) have

now been recognized as one of the key protein- structural units in nature (Perutz et al.,

. 1965; Segrest et al., 1990; McDonnell e al., 1993 Pg_‘:vome et al., 19% Haltla &
Freire, 1994; Dunne ef al., 1996). Based on*:the NMR",“vtructures mtermolecular NOEs-

between apoA-I peptides and SDS, and lipid-binding s“fﬁdles._ we propose two modelis for

- apoA-1 peptldes/SDS comblexes (1) the paddle model, where a single amphlpathlc hglx
is bound to the micelle and (2) the straddle model, where the helix- hinge-helix structural
motif straddles the mlcelle. The paddle model applles if the helix is a class A
amphipathic helix since the “palrs of cationic side chains in the mterface of the class A
helix resemble pairs of paddles on, a canoe. It differs from the snorkel model (Segrest et

al:; 1 990' 1994) in at least two aspects. First, the ensemble of 1nterfac1al cationic side

chains is ‘extended in the interface in the shape of cone. rather than preferentnally

“snorkeling” (Chapter 5). ‘Secend, our model is deduced from NMR data whereas the

snorkel model remains a hypothesis. i

The helix-hinge-helix structures found in apoA-I(142-187) would conform to the
curvature of a spherical particle well and provide an alternative mode for helix packing’
on I‘ipoprotein particles (Chapter 6). A prominent feature of our models is the

complement of both hydrophobic (SDS alkyl chains with peptide hydrophohic and

cationte side chains) and electrostatic interactions (anionic SDS with peptide cationic side
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) chains) in ‘the interface. The significance of the straddle modetl may be thatrthe'
amphipathic heli)gfhingthelix (Chapter 6) or helix-berid-hélixﬂ (Chapter 4) structural

motif could have been one of the major determinants for the formation of spfﬁ;jcaj

particles of lipoproteins. As lipoproteins are good model systems to study protein-Jipid

- interactions (Morrisett e-al., 1977), our mdaels not only contribute to the imderstaﬁding

of lipoprotein systems but also to other membrane binding peptides such as antibacterial

“peptides, peptide horm;nes, and lytic pgiati,des (Kaiser & Kézdy, 1984; Segrest ef al.,

1990). - R .
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