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Apolipoprotein B-100 (Apo-B100) is a major protein component for low density lipoproteins (LDL). A number 
of mimetic peptides of Apo-B100 were screened from the phase-displayed random peptide library by utilizing 
monoclonal antibody (B9). Mimetic peptide for B9 epitope against apo B-100 was CRNVPPIFNDVYWIAF (pB1). 
From the BLAST search, the mimetic peptide pB1 had 40% homology with apo B-100. As a result of the 
structural determination of this mimotope using homo/hetero nuclear 2D-NMR techniques and NMR-based 
distance geometry (DG)/molecular dynamic (MD) computations, DG structure had low penalty value of 
0.3-0.6 A2 and the total RMSD was 0.5-1.5 A. Moreover, pB1 structure included a weak 310-helix from Ile7 to 
Trp13.
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Introduction

Plasma lipoproteins are water-soluble particles composed 
of lipids and one or more specific proteins called apoli­
poproteins.1 There are three main lipoprotein classes 
according to density : very low density lipoproteins (VLDL), 
low density lipoproteins (LDL), and high density lipopro­
teins (HDL).2 Studies relating to the structure and metab­
olism of LDL are important because of the direct correlation 
between atherosclerosis and high LDL levels in human 
plasma.3 LDL is the end product of VLDL catabolism and 
the major cholesterol-transporting lipoprotein in human 
plasma.2 The majority of LDL particles contain a single 
apolipoprotein called apo B-100.3 After the elucidation of 
the role of apolipoproteins in the regulation of lipoprotein 
metabolism, it became apparent that improvements in the 
characterization of apo B-100 were needed to facilitate the 
development of the linkage between LDL and atheros- 
clerosis.2

Apolipoprotein B is the largest and one of the most 
important proteins that cover the lipid surfaces of lipo­
proteins. Apo B exists in two forms, apo B-100 and apo B- 
48.4 Apolipoprotein B (apo B) is the major protein 
component of plasma LDL. It plays functional roles in 
lipoprotein bio-synthesis in liver and intestine, and is the 
ligand recognized by the LDL receptor during receptor- 
mediated endocytosis.5 Apo B-100 which consists of 4536 
amino acids has a molecular mass of 513 kDa and its levels 
of both LDL-cholesterol and plasma apo B are correlated 
with coronary heart.6

The profile is different from that of a typical apolipoprotein 
which has a high 演"helical content and almost no ^-sheet. In
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most apolipoproteins lipid binding occurs through amphipathic 
演"helical segment.7-9 The structure of human apo B has been 
analysed in term of its functions in lipid binding, lipoprotein 
assembly and as the ligand responsible for LDL clearance by 
the LDL receptor pathway.9 In apo B-100 few of the predicted 
◎■helices are truly amphipathic in terms of charge distribution 
on the polar surface7 except for one extended region 
(residues 2,000-2,600) which contains good examples of 
amphipathic ^-helices, and may contribute to lipid binding. 
The secondary structure of apo B-100 has been suggested to 
consist of 43% ^-helical, 21% ”-sheet, 16% ”-turn and 20% 
random structure.10-12 The ^-structure of apo B-100 is 
thought to be responsible for its interaction with lipids, due 
to its high hydrophobicity,13 but is not confined to a 
particular region and various sections of the protein are 
buried in the lipid moiety.14,15

Recent computer modeling studies based upon bio­
chemical analyses16 have shown that large segment of the 
apo B backbone have a high amphipathic structure predicted 
to bind lipid. If these amphipathic ^-sheets and 演"helices are 
not folded and associated with lipid in the proper temporal 
sequence, the structural model predicts that the hydrophobic 
surfaces would become unstable in the aqueous environment 
of the ER lumen, leading to improper folding of nascent apo 
B and eventual degradation.17

Conformational studies for mimetic peptide CRNVPPI- 
FNDVYWIAF (pB1) recognized by the monoclonal anti­
bodies will be discussed from computer simulation analysis 
in this study. 1H, 13C, DEPT and 2D NMR (COSY, TOCSY, 
NOESY) experiments were performed using peptide, signal 
assignments were accomplished from experimental spectra. 
On the basis of these distance data from NOESY experi­
ments, Distance Geometry (DG) and Molecular Dynamics 
(MD) were carried out to obtain the tertiary structure of 
mimetic peptide pB1.
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Experiment지 Section

Preparation of sample. Similar sequence of inherence 
antigen, peptide was obtained ffom Bio-Synthesis, Inc. Peptide 
was synthesized using solid-phase method (FMOC chemistry). 
For NMR experiments, peptide was dissolved in 350 卩L 
DMSO-d6.

NMR measurements. All NMR experiments were 
performed by using the Varian Mercury 300 MHz and Unity 
500 MHz NMR spectrometer. Two-dimensional NMR experi­
ments included correlated spectroscopy (COSY) and such as 
the phase sensitive total coherence spectroscopy (TOCSY), 
nuclear Overhauser enhancement spectroscopy (NOESY) 
experiments were performed with a 256 x 2048 data matrix 
size with 16 scans per t1 increment and spectra were zero 
filled of 2048 x 2048 data points. TOCSY spectrum was 
collected with a mixing time of 50 msec, MLEV-17 spin 
lock pulse sequence. Data were processed and analyzed on a 
SGI Octane workstation using Felix and NMRView 4.0.18 
NMRView was also used for sequential assignment of each 
amino acid.

Determination of solution state structure. Structure 
determinations were carried out using HYGEOMtm, 
HYNMRtm. Sequential assignments of amino acid spin 
systems were made using COSY, NOESY and TOCSY. 
Most important, direct way for secondary structure determi­
nation based on qualitative analysis of NOESY spectrum.19 
The structures were calculated from the NMR data 
according to the standard HYGEOMtm simulated annealing 
and refinement protocols with minor modifications. NOE cross 
peaks were grouped according to their intensity into four 
categories: strong (2.0-3.0 A), medium (2.0-3.5 A), weak 

(3.0-4.5 A), and very weak (3.5-5.0 A).
Most of distance geometry (DG) algorithm accepts the 

input of distance constraints from NOE measurements.20 (1) 
The set of distance restraints or bounds obtained from NOE 
data are determined by planarity restraints derived from the 
primary structure. This involves the selection of the possible 
intervals between lower and upper bounds consistent. (2) 
Embedding. The values of the distances from within the 
bounds obtained by bound smoothing are guessed at 
random, and the atomic coordinates are generated which 
represent the best-fit to this guess. (3) Optimization. The 
deviations of the coordinates from the distance bounds, as 
well as the stereospecific assignments, are minimized. 
When additional conjugate gradient minimization (CGM) 
was unable to further reduce the penalty for a particular 
structure, 2D NOESY back calculation were performed, and 
new distance restraints dictated by discrepancies between 
the experimental and back-calculated spectra were added to 
the experimental restraint list. Freshly embedded DG structures 
minimized with the modified restraints list generally 
exhibited penalty values lower than those of the previously 
refined structures and the new DG structures generally gave 
back-calculated NOESY spectra that were more consistent 
with experimental data.21 The structure was calculated using 
the DG algorithm HYGEOMtm, and 10 separated structures 
were generated using all the constrains and random input. 
No further refinement by energy minimization was carried 
out on the output of the DG calculations. RMSD (root-mean­
square distances) deviations between the NMR structures 
were 0.4 A for the backbone.20 Back-calculation were 
assigned to GENNOE calculation in order to generate the 
theoretical NOEs. A consecutive serial files, obtained ffom 

Table 1. 1H-NMR chemical shift of pB1

Residue nh aH 班 沮 Others
Cys1 8.278 4.479 2.420, 2.335
Arg2 7.917 4.251 1.64 1.475 5H : 3.015 sH : 7.453

NH2 : 4.297 NH : 7.535
Asn3 8.350 4.502 2.386 NH2 : 6.856, 7.324

2.356
Val4 7.597 4.259 1.855 0.825, 0.750
Pro5 4.489 2.061 1.839, 1.735 足:3.456
Pro6 4.489 2.061 1.839, 1.735 足:3.618
Ile7 7.619 4.04 1.563 0.924 7CH3, 서CH3 : 0.632
Phe8 8.132 4.502 2.455, 2.376 Ring : 7.131
Asn9 7.874 4.502 2.722, 2.610 N£ : 7.131, 6.867
Asp10 8.114 4.502 2.594, 2.455
Val11 7.452 3.996 1.854 0.629, 0.616
Tyr12 7.814 4.353 2.760, 2.590 2, 6H : 6.523

3, 5H : 6.879
Trp13 7.917 4.536 3.015, 2.923 NH : 10.650

2H : 7.02
Ring : 7.234

Ile14 7.774 4.113 1.598 0.935 7CH3, 서CH3 : 0.704
Ala15 7.874 4.251 1.097
Phe16 7.949 4.357 2.949, 2.851 Ring : 6.879
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GENNOE calculation, were incorporated into HYNMR™ to 
generate NOE back-calculation spectra which can be 
directly compared with experimental NOESY spectra.22

Results and Discussion

Assignments using sequential NOEs can be obtained for 
proteins with natural isotope distribution. The 1H-1H 
connectivities that identify the different amino acid type are 
established via scalar spin-spin coupling, using COSY and 
TOCSY. Relations between protons in sequentially neigh­
boring amino acid residues i and i+1 are established by

F1 (ppm)

8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 
F1 (ppm)

Figure 1. Intraresidue cross peaks labled in the NH-C«H region 
(upper), NH-NH region (lower) of the NOESY spectra of pB1 (t = 
300 ms).

NOEs manifesting close approach among daN, Inn, d倒. 
Table 1 lists the correlating signals of adjacent residues on 
the basis of dipolar connectivities obtained from 2D spectra. 
Dipolar connectivities from amide protons to a- and amide

1 5 10 15
CRNVPPIFNDVYWIAF

dNN ----- ----- ---------- ----------

daN

dpN ----------- ---- ---------------------------------------

daN (i, i+2) ———---------=

daN (i, i+3)-------------- :_______ :

Figure 2. NOESY connectivities involving backbone protons for 
amino acids i and j. The height of the bars symbolizes the relative 
strength (strong, medium, weak) of the cross peaks in a qualitative 
way.

Table 2. Important NOE connectivities used for the structure 
determination of pB1

Residue 5(ppm) NOE connectivities

Cys1N^ 8.278 C1a(w), V4nh(w), R2NH(vw)
Cys1a 4.479 C\s(s), V4nh(w)
Arg2NH 7.917 R2a(w), R2 从w), R^w)
Arg2a 4.251 R2 从m), R2『(m), R2)(w) , N3a(w), N3nh(s)
Arg% 3.015 R2 从m), R*m), R%(w)
Asn3NH 8.350 N3a(w), N3”(w), R2 从w), R2Y(vw), V4nh(w)
Asn3a 4.502 V4nh(s), N侦s)
val4NH 7.597 N侦w), V4a(s), V侦m), V4y(w), R2”(w)
Val4a 4.259 P%(m), V4”(m), VY(m), I7nh(w)
Pro5a 4.489 P5 从m), P5，(m), P*m)
Pro% 3.456 P5 从m), P5，(m), V4®
Pro6a 4.489 P6 从m), P%(m), P6Mw)
Pro% 3.618 P6 从w), P6，(m)
Ile7NH 7.619 P6a(m), N9nh(w), I7a(s), I7”(m), I项m), I项m)
Ile7a 4.040 F8nh(w), I7 从m), I7 YH2(w), I^w), I7*w), Nnh(w)
Ile7” 1.563 I7YCH2(m)
Phe8NH 8.132 F8a(m), F8 从m), I7 从vw)
Phe8a 4.502 N9NH(m), F8从s), D10NH(m), V11nh(vw)
Asn9NH 7.874 D10nh(w), N9서(m), N9 从m), I7”(w)
Asn9a 4.502 D10nh(s), N9”(s)
Asp10NH 8.114 V11NH(m), D10a(s), D10”(m),［项w), N9”(w)
Asp10a 4.502 V11nh(s), D10”(s), V11a(w), Y12nh(w), W13nh(w)
Val11NH 7.452 Y12NH(m), V11a(m), V11 从m), V^m), D10从w)
Val11a 3.996 Y12nh(s), V11a(s), V117(s), W13nh(w)
Tyr12NH 7.814 W13nh(vw), Y12a(w), Y12 从m), V11 从m), V^w)
Tyr12a 4.353 W13NH(m), Y12”(s), I14nh(w)
Trp13NH 7.917 W13a(m), W1侦m), Y12”(w)
Trp13a 4.536 W13”(m), I14nh(s), A15nh(w)
Ile14NH 7.774 I14a(m), I1侦w), W13 从w), I14Y(w), I14Mw)
Ile14a 4.113 I1侦w), I14Y(w), A15NH(m), F16nh(w)
Ala15NH 7.874 A15a(w), A15 从m), I1侦w), I14y(w), I14^w)
Ala15a 4.251 A15 从m), F16NH(m)
Phe16NH 7.949 F16a(w), F16 从w), A15”(w)
Phe16a 4.357 F16 从w)
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Figure 3. Comparisons of back-calculation and experimental NOESY 
spectrum of pB1 collected at 300 ms mixing time.

protons were also used for sequential signal assignments, 
and the fingerprint region of the NOESY spectrum that 
contains these connectivities is shown in Figure 1. Due to 
the ambiguity arising from degeneracy or signal overlap, the 
chemical shifts of ring protons were marked with italic font. 
Although there are some identical chemical shifts, but the 
ambiguity arising from severe signal overlap may be over­
come by advanced NMR signal enhancement techniques.23,24 
From the NOESY connectivity table of Figure 2, it was 
apparent that the protein had a tendency to form weak 310 

helices from amino acid Ile7 to Trp13 as throughout the core 
and basic regions.

For helical structures, one needs to observe only a small 
proportion of all potentially available short distances to 
characterize the main body of the helix, whereas accurate 
identification of the two ends of a helix can be more difficult 
and may require additional data. In the 310 helix, short 
distances prevail between residues i and i+3, and between 
residues i and i+2. Observed medium-range NOEs 
connectivities, such as dNi, i+2), d^i, i+3), are indicated 
by lines connecting the one and two residues that are related 
by the NOE. dM, i+2) connectivities observed from Ile7 to 
Asp10 and fom Asp10 to Phe16 Also, d^i, i+3) connectivities 
are found from Ile7 to Trp13. Numerous sequential and dM, 
i+3) NOEs provide additional information for resolving 
possible ambiguities in the interpretation of the dNN 

interactions. Structure calculation was used to many inter­
residue and intra-residue NOE connectivities. Table 2 
indicates the important NOE connectivities used for the 
structure determination.

In order to determine the DG structure, several variable­
velocity simulated annealing and conjugate gradient 
minimization steps were used in the refinement scheme. 
Addition of restraints to account for minor differences

Figure 4. Stereoviews of pB1 showing best-fit superpositions of all 
atoms (excluding protons).

between experimental and back-calculated spectra enabled 
the generation of new DG structures with substantially 
reduced penalties. To determine which of the DG structures 
most accurately reflect the experimental NOESY data, 2D 
NOESY back calculations were carried out. As illustrated in 
Figure 3, back-calculated spectrum of the pB1 was generally 
consistent with the experimental NOESY data. Ten final 
superpositioned DG structures are shown in Figure 4. 
Pairwise RMSDs obtained upon superposition of all atoms 
were in the range 0.5-1.5 A. The final result of a structure 
determination is presented as a superposition of a group of 
conformers for pairwise minimum root mean square 
deviation (RMSD) relative to a predetermined conformer. 
Although there is no clear evidence for the possible 
dimerization arising from the N-terminal cysteine in the 
NMR signal assignment and through space NOE connectivities, 
but the possibility of dimmer formation cannot be exempted.

Recently, monoclonal antibodies have been used to prove 
the structure of apo B. In most apolipoproteins lipid binding 
occurs through amphipathic ^-helical segment. In apo B- 
100, few of the predicted ^-helices are truly amphipathic in 
terms of charge distribution on the polar surface. Simply, as 
Compared to first arrangement of amino acids using BLAST 
search, the homology of 40% was identified between apo B- 
100 and pB1. Generally, the conformation of apo B-100 in 
apo B-100-containing particles is crucial to its recognition 
by LDL receptor. Extensive studies have been carried out to 
determine the conformation of apo B-100 in LDL using 
monoclonal antibodies.
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