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ABSTRACT. The structure of human apolipoprotein C-Il (apoC-Il) in the presence of dodecyl phosphocholine
(DPC) micelles has been investigated by NMR spectroscopy. The resulting structural information is
compared to that available for apoC-Il in the presence of sodium dodecyl sulfate, revealing a high level
of overall similarity but several significant differences. These findings further our understandings of the
structural basis for apoC-Il function. The interactions of the protein with the detergent micelle are probed
using intermolecular nuclear Overhauser effects (NOESs) and paramagnetic agents. These interactions are
seen across almost the full length of apoC-II and show the periodicity expected for an amphipathic helix
interacting with the amphipathic surface of the DPC micelle. Furthermore, we observe specific contacts
between lysine residues of apoC-Il and protons near the phosphate group of DPC, consistent with the
predictions of the so-called “snorkel hypothesis” of the structural basis for the apolipoprotein/lipid interaction
(Segrest, J. P., Jackson, R. L., Morrisett, J. D., and Gotto, A. M., Jr. (1974) A molecular theory of lipid
protein interactions in the plasma lipoproteiREBS Lett 38247—258.). These findings offer the most
detailed structural information available for the interaction between an apolipoprotein and the phospholipids
of the lipoprotein surface and provide the first direct structural support for the snorkel hypothesis.

Apolipoprotein C-1l (apoC-IB is a 79 residue exchange- binding regions involved has led to the generally accepted
able apolipoproteinl) that plays an essential role in plasma hypothesis that exchangeable apolipoproteins associate with
lipid metabolism as the requisite cofactor for lipoprotein lipid surfaces by means of class, Amphipathic helices
lipase (LpL) @). LpL hydrolyses triacylglycerol during the  predicted to be present in all members of the family A,
metabolic remodeling of chylomicrons and very low-density amphipathic helices are defined ashelices in which the
lipoproteins, releasing fatty acids and glycerol to surrounding hydrophobic and hydrophilic residues are segregated onto
tissues for cellular uptake3). Activation of LpL by apoC- opposite faces of the helix with positively charged residues
II'is determined by the capacity of apoC-Il to bind LpL and at the interface between the polar and nonpolar faces and
stabilize a ternary complex with the lipoprotein substrate by the negatively charged residues occupying the center of the
means of the apoC-Il lipid binding regiond)( ApoC-II polar face 7). It has been proposed that the affinity of these
binding may also induce a change in LpL conformation to amphipathic helices for lipid surfaces is the result of a
expose the active site to substrate in a manner analogous t@ombination of hydrophobic interactions with the lipid tails
the interaction of pancreatic lipase with its protein cofactor, and ionic interactions with phospholipid headgrougs. (
colipase b). However in the absence of detailed structural Specifically it is proposed that the zwitterionic headgroups
information on the interaction of apoC-Il with LpL or the of phosphatidyl choline interact with this structural feature
lipoprotein particle, this model remains poorly defined and with the positively charged choline moiety interacting with
controversial. the acidic residues in the center of the hydrophilic face, while

As with the other exchangeable apolipoproteins, apoC-Il the basic residues interact with the phosphate group. This
binds reversibly to the polar lipid surface of plasma lipo- hypothesis has been dubbed the “snorkel hypothesis”, after
protein particles in vivo and associates with a range of naturalthe proposed conformation of the long basic side chains,
and synthetic lipid surfaces in vitro with a concomitant reaching out of the hydrophobic region of the lipid monolayer
change in secondary structure. Analysis of this conforma- to interact with the phospholipid headgroup.

tional change and the amino acid sequence of the lipid A number of studies provide empirical support for the

snorkel hypothesis. In particular, peptides designed to form
T This work was funded by the National Health and Medical Research class A amphipathic helices associate strongly with phos-
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motif is altered in various ways add significant support to stored at room temperature and found to be stable over
the snorkel hypothesis. Peptides in which the conventional several months, as monitored #y,°N heteronuclear single
charge distribution is reversed show reduced lipid affinity quantum coherence (HSQC) experiments.

(10, 25, 26), as do peptides in which the basic residues lysine  NMR spectroscopy was performed on a Varian Inova 500
and arginine are replaced with the much shorter side chainMHz NMR spectrometer equipped Wita 5 mm?H, 1°C,

of homoaminoalanine2(7). 5N single z axis gradient probe. Chemical shifts were

Despite this abundance of indirect evidence, direct struc- referenced against 2,2-dimethyl-2-silapentane-5-sulfonic acid.
tural support for the snorkel hypothesis is lacking. Further- All experiments were run at 30C. Typical acquisition
more, a number of alternative models exist to explain the parameters were as follows: two-dimensiottaf°N HSQC
apolipoprotein/lipid interaction with at least one study Spectrag5) were obtained using a spectral width of 6255.4
suggesting that specific charge interactions between theHz and 1024 complex points in thél dimension and a
protein and lipid do not have a role in lipid binding behavior Spectral width of 1200 Hz in th&N dimension with 128;
but rather that the charge distribution on the helix results in increments*H,”®N nuclear Overhauser effect spectroscopy
favorable hydration properties of the protein/lipid complex (NOESY)-HSQC and total correlation spectroscopy (TOC-
(28). Furthermore, Gursky and colleagues have analyzed theSY)—HSQC spectrad6—38) were acquired with spectral
thermal and chemical denaturation of apolipoproteins in the Widths of 5599.9, 5000.0, and 1350.0 Hz in FHN), F2
presence of lipid and suggest that lipoprotein stability has (*H), and F3 {N), respectively, with 512, 128, and 32
kinetic rather than thermodynamic origin@9-31). This complex points. Carrier frequencies were 4.58 ppm for proton
conclusion casts into question the equilibrium thermodynamic and 118 ppm fof*N. Mixing times were between 65 and
approach used to analyze much of the previous work on 100 ms for the NOESY experiments and 65 ms for the
apolipoprotein/lipid interactions. These ongoing controversies TOCSY. Three-dimensional sensitivity enhanced HNHB and
establish the need for a detailed understanding of apolipo-HNHA experiments 9, 40) were performed with carrier

protein/lipid interactions in terms of high-resolution structure frequencies of 4.58 ppm in the proton dimensions and 114
as well as thermodynamics. ppm in the'>N dimension and spectral widths of 5602.2,

2500.0, and 800.0 Hz in FEHN), F2 (H), and F3 {°N),
respectively, with 512, 72, and 28 complex points.

For paramagnetic line-broadening experiments, the protein
concentration in each sample was0.6 mM with the

Previously, we 82) and others ¥3) have used NMR
techniques to characterize the structure of apoC-Il in the
presence of sodium dodecyl sulfate (SDS) micelles. These
studies indicate a well-ordered helical conformation for the i . ) .
N-terminal half of the protein with the exception of the first (l:or?sposmon otherw_lse identical to that described above.
12 residues, which are unstructured. The C-terminal half is H™N HSQC experiments were recorded for each sample
also helical, though some regions are less well constrainedbemre and after addition .Of e|_ther 0.5 mM MnQr 2.5
due to a lack of NOE data. While several features of these MM 5- or 12-DOXYL-stearic acid. 1BH spectra were also
structural data are of interest in relation to the activation of recorded to assess the effect of the paramagnetic agents on

LpL and the lipid-binding interactions of apoC-Il, the lack DPC resonances. . . .
of similarity between the SDS micelle and lipoprotein Dat@from all experiments was processed using NMRPipe

particles make the interpretation of these data problematic,(41) ?n L”;!IUX workstatlipnsfrllJlnning REDHAT 6.'0 or 73
particularly in terms of lipid interactions. In the present study, Aso \é_ef['td' ter Wgs”app ied g Ong b); processing using a
we have employed similar techniques to investigate the 70°-shifted sine-bell squared window function. Data were

structure of apoC-Il in the presence of dodecyl phospho- zero filled prior to Fourier transformation and baseline
el b o~ e .
choline (DPC) micelles. In addition, we map specific protein/ c0rection. Linear prediction was applied*fiN as appropri-
DPC contacts by means of intermolecular nuclear Overhausete: The soitware packlagesl XI.EASZYZI and SPARKY 43)
effects (NOEs) and assess protein exposure to the aqueou@’ere L_Jsed or spectra analysis. :
and micellar environments by means of the effect of ASsignment of chemical shifts to the ll_;ackbone amide
paramagnetic agents on the apoC-Il backbone NMR reso-9roups of apioCl;II was achieved using #&'*N NOESY-—
nances. DPC is a detergent that shares the phosphocholin&!SQC and’H,®N TOCSY—HSQC spectra. Due to the

headgroup with the phosphatidyl choline class of biological @-Neélical nature of the protein, SIEEPSQ sequential N
phospholipids, and by exploiting this similarity, we are able CONNectivities were observed in tftg, "N NOESY-HSQC

to infer details of the apoC-Il/lipoprotein interaction. spectra, facilitating assignment by extended ami@ide
walks. Assignment of aliphatic side-chain protons was

MATERIALS AND METHODS achieved using théH,lSN TOCSY—HSQC, HNHA, and
HNHB, spectra, and sequential NOEs in th'>N NOESY—
N-enriched human apoC-Il was bacterially expressed andHSQC spectra involving side-chain atoms were used to
purified as described previousIgZ, 34). Samples for NMR confirm the backbone assignments made on the basis of
spectroscopy were prepared by solublizing lyophilizeéd amide—amide connectivities. No attempt was made to assign
apoC-Il in 100% TFE and then evaporating the solvent under the four prolines of apoC-ll, side chain NHyroups, or
a flow of dry air. Final traces of TFE were removed under aromatic protons. Secondary chemical shiftsafetand NH
vacuum. Protein prepared in this manner was then dissolvedprotons were calculated using the random coil chemical shift
in 500 uL of 85 mM DPC, 20 mM sodium acetate, 0.1% values of Withrich (44).
sodium azide, pH 5.0, and 50 of D,O was added. The The software package DYANA4E) was used for the
final protein concentration of samples for all experiments collation of structural constraints. NOE cross-peak intensities
used for spectral assignment and collection of structural from the 'H,*5>N NOESY—HSQC spectrum was converted
constraints was approximately 1.8 mM. These samples wereto upper limit distance constraints calibrated such that the
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P o . 9| similar conditions (compare Figure 2 in r8R), though a
A2 Qo @ ! number of significant differences are observable. There is a
. 112 slight increase in dispersion in both the proton &fid
'y R @% - dimensions in the DPC spectrum, while the line widths in
T3 Tes %mo - DPC are slightly broader than those in SDS. Furthermore
? I there is sufficient movement of individual peaks to require
s23 9, 14 complete reassignment of the spectra acquired in DPC. In
035? | common with théH,’>N HSQC acquired in SDS, the spectra
08 1 | in DPC shows a slight excess of backbone amide peaks above
Sﬁ@ | 116 the 74 expected on the basis of the primary sequence of
524 5%~ 16 i apoC-Il as well as a small number of very weak peaks,
M@ | . consistent with some level of slow conformational exchange.
K30y e k3o : zZ Spectral assignment of backbone amidegrotons, and
-] more than 80% of the observable nondegenerate aliphatic
s I 32 side-chain protons was achieved over residues7e8 No
g4 s I de to assign the aromatics or side chain
‘a8 | attempt was made ig _
VIT_ 065 120 amides. Residues—112, which could not be assigned, are
oy proline-rich and exhibit a paucity of interresidue NOEs. The
ASO Q. I assignment of qunek et aB3) in SDS sh_ows this region
{_;1 Y41 to be structurally ill-defined and the major source of the
- 122 conformational heterogeneity inferred from th&>N HSQC
-5 spectrum. It appears likely that this is also the case in DPC,
o o I as the unassignet,'>N HSQC cross-peaks are generally
o I weak and the corresponding spin systems display only a few,
0 042 124 weak inter- and intraresidue NOEs.
0/329ET9 | Sequential and medium-range NOEs were assigned from
YR 8%’”-‘53 e theH,5N NOESY—HSQC experiment based on the proton
’ ' : ' chemical shift assignments. These NOE data are presented
H' (ppm) in Figure 2, together with NOEs that cannot be unambigu-

FiGURE 1: TheH "N HSQC spectrum of apoC-Il in the presence  OUSly assigned due to peak overlap. The data are broadly
of a 1:60 molar ratio of DPC in 20 mM sodium acetate, pH 5.0, at Similar to those determined from samples containing SDS

30 °C. Asparagine and glutamine side chain Ngtoups (blue)  with a strong general helical tendency shown by strong
are identified as paired high-fielH with identical >N chemical equential HN-HN NOEs and many medium-rangei +
shifts. Backbone amide resonances are labeled with their assignecg .. :
residue. Unassigned residues are colored red. The resonances wit andi—i + 4 NOEs _throughout the sequence. Me_dlum_-
dashed contour lines (A29 and G77) are “folded” in tH#l range NOEs are particularly prevalent in large regions in
dimension. Their true chemical shift is as labeled. The side chain the N-terminal half and C-terminal third of the molecule.
indol resonance of W26 (at 10.64 ppm, 129.1 ppm) is omitted for The detailed distributions of these constraints do show some
clarity. differences between the structure of apoC-Il in DPC and that

i i ) ) i in SDS. In particular, the N-terminal helical region appears
average sequential amidamide distance constraint over the 5 e longer in DPC, as indicated by the longer stretch of

region of residues 2635 was 2.8 A. Only NOEs from 65 e 4iym-range NOES in this region. in SDS, medium-range

ms mixing time gxperiments were used in the calgulation of NOEs are particularly numerous through the residues 16
distance constraints, and all NOEs that were ambiguous duezg \\hile in DPC this is extended to residues-¥4 . There

to potential peak overlap or ambiguous'side chain assignment, o 4150 a number of medium-range NOEs across residues
were excluded from structure calculations. 42—-52 in the DPC spectra, whereas there are very few such

The resulting unambiguous constraints served as input toNOEs observed in the presence of SDS. A final difference
structure calculations using torsion angle dynamics simulatedpatween the DPC and SDS constraint data lies in the
annealing in CNS 0.94@). One hundred trial structures were sequential HN-Ho. NOES, which are stronger and more
calculated from extended chain starting conformers with .\ merous in the presence of DPC than in SDS, particularly
different randomly assigned initial velocities. In the final ;. the region C-terminal of residue 52. NOESs of this type
Cartesian dynamics refinement step force constants of 505y typically strongest in extended backbone conformations
keal/(mokA?) for NOE constraints and 200 kcal/(mid) and are usually weak in stable helical regions. Their presence
for dihedral angle constraints were used. A final family of here may indicate conformational exchange between a helical
structures was selected from the trial set by selecting thoseynformation and one more extended in nature, perhaps as
structures without NOE violations greater than 0.35 Aand 5 resylt of weaker interactions between apoC-Il and the DPC
with Lennard-Jones energies less tha5 kcal/mol. micelle. Overall the number of NOEs unambiguously as-

signable is similar in each case.
RESULTS As was the case with the SDS dat2(33), we were

Spectral Assignment and Collation of Structural Con- unable to unambiguously assign any long-range NOEs
straints. The 'H,’®N HSQC spectrum of apoC-ll in the consistent with tertiary interactions. Their absence cannot
presence of DPC micelles at 3& and pH 5 (Figure 1) is  be considered a conclusive indication of the absence of such
broadly similar to that observed in the presence of SDS underinteractions because interactions of this type are likely to be
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distance constraints are represented as solid bars with height indicative of the strength of the corresponding NOE with open bars indicating
NOEs that are ambiguous due to resonance overlap and have not been included in structural calculations. Medium-range constraints are
represented as solid lines with dotted lines indicating ambiguous constraints.
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dominated by side chairside chain contacts, which cannot osit A
be detected by the experiments performed here. Rather, the [ ]
absence of this type of NOE means that no information is q *WMV Y ]
available from this study on the global conformation of apoC- 0 [ i \/’ \!

II. On the other hand, the failure to detect any long-range “F ]

NOEs in a total of three separate NMR investigations (the
current study and ref82 and 33) suggests that there are
unlikely to be significant tertiary interactions in the detergent-
bound structure of apoC-Il. In this respect, apoC-Il appears
to be similar to other apolipoproteins of similar size and
function, such as apoC-K{). Consistent with this idea,
Zdunek et al. 83) find the helices of apoC-II to have distinct
dynamic properties and to be orientated in an open U-shaped
conformation lacking long-ranged proteiprotein contacts
but rather stabilized through interactions with the detergent
micelle.

Secondary chemical shifts foroHand HN residues have
been calculated and are shown in Figure 3A. The patterns
observed are strikingly similar to those seen in SDS (compare
Figure 4A in ref32). Storjohann et al. also found a strong
similarity between these two detergents when considering
the chemical shifts of a C-terminal fragment of apoC4B)(
Storjohann et al. interpreted this similarity as indicating the i 1
functional equivalence of SDS and DPC as mimetics of the T N —
lipoprotein environment; however, poor spectral quality in Residue
DPC prevented a more detailed examination of this claim. pgure 3: Panel A shows secondary chemical shifts fom H
The observation does, however, support the notion that the(— — —) and HN ) of each residue. H shifts are presented as
structure of apoC-Il is not substantially different in the a three-point running average. In panel B, the number of distance

presence of DPC as compared to SDS. On the other handconstraints per residue is presented with white bars representing
there are a number of potentially sianificant structural Intrares_ldue constraints, pale gray bars representing sequential
P y sig constraints, and dark gray bars representing medium-rangg (

differences in apoC-Il in these two detergents, which are < 5) constraints. The average angle (C) and associated order
detectable from further analysis of the NOE data, and theseparameters (D) of the backbone torsion angfe—) and y
differences will be discussed in the following section. (= — —) for each residue over the family of 18 calculated structures

The Fold of ApoC-IICNS calculations using constraints are also presented.
derived from measured NOE connectivities as summarized constraint violations and Lennard-Jones energies. A summary
in Figures 2 and 3 and Table 1 were used to determine of the structural statistics for this family of structures is
detailed structures of apoC-Il. Of 100 calculated structures, presented in Table 1. The backbone torsion angbeand
18 were selected for further analysis on the basis of distancey) for the calculated structures are presented in Figure 3C

.nlnII!nnI!!!I!n!!!!!nnl!!!! I !I!n!In!!nI!!n!!!!nnn!!!n!nn!!l

nnii

No. of Constraints

Torsion Angle

Order Parameter
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precision for this region is low with an average pairwise
RMSD for the backbone heavy atom coordinates of 1.4 A
across these residues. Closer examination reveals that the

Table 1: Statistics for the Accepted Structures of ApoC-l

No. of Unambiguous NOE-Derived Distance Constraints
total 444

intraresiduei(= j) 101 lack of precision is centered on the two distortions of ideal

sequentiali(—j = 1) 181 helical conformation at residues 24 and 32. Figure 3D shows

medium-rangei(=j < 5) 162 that the torsion angle order parameters for these residues are
Constraint Violations slightly reduced and the backbone atomic RMSDs for the

intervening regions (1424, 24-32, 32-39) are all below

average besk
5. of distance violafions 0.2 A 092 05 0 0.2 A (Table 1). Resonance overlap obscures a number of
largest distance violation (A) 0.19 0.09 0.12 medlum—range NOEs near to residues 24 gnd 32, gnd it is
RMSD from distance constraints (&) ~ 0.0260.004  0.021 likely that the consequent lack of unambiguous distance
: constraint data is the cause of the apparent lack of order at
Structural Energies (kcal/mol) h id
total 28+ 14 5.4 these residues. _
bond 2.8+0.7 1.9 As observed from the torsion angle order parameters, the
angle 36k 2 33 C-terminal half of apoC-Il is comparatively less ordered than
Lennard-Jones —36+9 —52 the N-terminal helix, although a clear helical tendency is
distance constraint 287 15 . .
seen throughout most of the region. The most ordered helical
_ Backbone Atom RMSDs (&) region of the C-terminal half of the molecule spans residues
residues 1439 13 63—77, and this helix is capped at the extreme C terminus
residues 1424 0.17 . .
residues 2432 0.18 by an unusual turn-like structure also seen in the SDS
residues 3239 0.19 structure 82) and in other work 48, 49). In this structure,
residues 6478 0.29 G77 bends back, redirecting the peptide backbone in the

a Average values: standard deviation calculated for the 18 accepted Opposite direction to the helical twist of the preceding
structures? Best values for the 18 accepted structufebverage residues and projecting E78 and E79 back along the
pai_rwise RMSDs of atomic coordinates of CoCand N for indicated hydrophilic face of the helix (Figure 4). The central region,
residues across 18 accepted structures. comprising residues 4065, is substantially disordered

3 despite having a significant role in the activation of LpL.
,} Fewer NOEs are assignable within this region than can be
”'“‘ ~ ¥ 31 3§ assigned over the rest of the molecule. Examination of Figure
“‘ 1 0 2 does reveal a number of ambiguous NOESs over this region,
w#’ owing to chemical shift degeneracy impeding NOE assign-
' ment. Because of this it is not possible to determine whether
N-terminal helix the observed disorder reflects genuine structural heterogeneity
or whether it merely reflects the lack of unambiguous data.
— > Separating the N- and C-terminal halves of the apoC-lI
: ® = molecule is a short, highly unstructured region centered on
\ P43. Both in the current data and in the data acquired in
SDS, this region lacks medium-range NOEs. On this basis
PN and on the basis of the relaxation measurements of Zdunek
79 et al. 33), it appears that this region might form a flexible
FiGurRe 4. A representative calculated structure of apoC-ll, nonhelical hinge that separates the functionally distinct halves
presented as am-carbon trace with line width drawn to represent  of the apoC-Il molecule, allowing them to adopt a loosely

angular variance of the torsion angle over the family of 18 : :
calculated structures. Narrow line width indicates well-defined antiparallel arrangement on the detergent micelle.

structure, while broader line width indicates more poorly defined ~ APOC-Il/Detergent Interactionsintermolecular NOEs
structure. The helical axes of regions of well-defined helicity are between apoC-Il backbone amides and the protons of the

indicated with cylinders. The N- and C-terminal helical regions DPC aliphatic chain were identified in thE,'>N NOESY—
are labeled, as is the position of significant residues (see text for HSQC spectrum, and these NOEs are summarized in Figure
details). 5A. All NOEs detected are to the broad resonance at 1.32
with the associated order parameters in Figure 3D. Theseppm, corresponding to methylene groupsl13i of DPC or
torsion angles are consistent with helical structure over mostto the resonance at 1.63 ppm corresponding to methylene 2
of the sequence, and order parameters close to unityof DPC (see Figure 6). Interactions with the detergent
(indicating well-defined local structure) are observed for molecule appear in general to display the-43residue
residues 1539 and 63-77. periodicity expected for a helix lying parallel to the surface
A representative backbone conformation selected from the of a detergent micelle. In particular such periodic contacts
calculated structures is shown in Figure 4. In the N-terminal are seen over residues 129, 45-52, and 56-63. Ad-
half of the molecule is an extended helix over residues 13 ditional contacts, which show no obvious periodicity, are
39 interrupted by small kinks in the helix at residue 24 and seen in the regions 3642 and 73-77. It is interesting to
residue 32. This region is believed to be the major lipid- note that the regions 452 and 56-63 do not correspond
binding domain of apoC-Il, and as noted previously, this to helical regions that are well defined by the distance
region is amphipathic with the characteristic charge distribu- constraint data; the observation of periodic detergent contacts
tion of a class Aamphipathic helix. Helical structure is seen in this region, together with the other suggestions of helical
across the family of accepted structures, though the overallconformation such as the sequential HNN NOEs (Figure

C-terminal helix
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with the lipoprotein surface, lysine residues within class A
amphipathic helices are predicted to “snorkel” out of the lipid
monlayer such that their positively charged primary amine
can interact with the lipid phosphate moiety. In such a
conformation, the backbone of the lysine residues will be
exposed to contacts with the lipid fatty acid chains. If a
similar conformation were adopted in the interaction of apoC-
Il with DPC, then NOESs such as are observed for K19, K39,
and K48 would be expected. Thus, these NOEs demonstrate
that DPC molecules are interacting with these lysine residues
in a manner similar to that predicted by the snorkel
hypothesis.

To gain a more detailed picture of the interactions between
apoC-Il and DPC, we have collectéd,'®N HSQC spectra
in the presence of paramagnetic agents expected to partition
within particular regions of the micellar DPC sample. Initially
one-dimensionalH NMR spectra of DPC were recorded in
the presence of each of the paramagnetic agents. Each agent
selectively broadened signals from the expected part of the
DPC molecule (Figure 6), confirming that each paramagnetic
species broadened NMR signals in a spatially selective
Ficure 5: NOE intensities (A) between backbone NH resonances fashion: M+ broadened only those signals originating from

of apoC-Il and the acyl methylene groups of DPC and (B,C.D) nrotons of the phosphocholine headgroup, while 12-DOXYL-
broadening of apoC-Il backbone NH resonances by paramagnetic teari id affected onl t | to th f th

agents. Peak height for each resonance in the presence of ppS ,ear'c acid aftected on y'pro O,ns close 1o the core ot the
and Mr?+ (B), 5-DOXYL-stearic acid (C), and 12-DOXYL-stearic ~ Micelle. 5-DOXYL-strearic acid broadened resonances

acid (D) are expressed as a fraction of the peak height in the throughout the DPC molecule in an approximately equal
presence of DPC alone. Positions corresponding to hydrophobicfashion. On the basis of these findings, we can conclude that
or aromatic residues in apoC-Il are shaded. backbone amide resonances of apoC-Il that are preferentially
broadened by Mt are preferentially solvent-exposed under
our experimental conditions, whereas those preferentially
broadened by 5-DOXYL-stearic acid or 12-DOXYL-stearic
acid are exposed to the DPC micelle. The degree of line-
broadening induced by each paramagnetic agent was quanti-
fied by comparing the peak height of each resonance in the
presence of the agent to that measured from the same sample
prior to the addition of the agent. The results of these
experiments are presented in Figure-9B.

Ajsuay]

1

0.8

0.6

0.4

0.2

0 1 1 1 1 1
328 429 388 163 132 091

Chenmical shift (ppm) Mn?* causes a significant reduction in peak height for alll
resonances of apoC-ll, indicating that the entire protein is
to some degree exposed to the aqueous environment. This

_ is consistent with a reversible protein/detergent interaction

/\/o\?/o s_imilar to the reversible interactipn of apo(_:—!l with the
>ril lﬁ Y YR Y 0 lipoprotein surface. A local 34 residue periodicity can be

detected throughout much of the molecule that corresponds
FiGure 6: Broadening of DPCH resonances by paramagnetic Wi.th the periodicity Observe.d for f[he intermqlecular NOEs
agents. Peak height for each resonance in the presence of 0.5 mMFigure 5A). Many of the resu_jues involved in intermolecular
Mn2+ (—), 2.5 mM 5-DOXYL-stearic acid€ — —), and 2.5 mM NOEs show greater protection from Knthan do nearby
12-DOXYL-stearic acid{-) are expressed as a fraction of the peak residues that do not show NOEs to DPC. Furthermore the
height in the absence of paramagnetic agent. The resonances oppserved periodicity of Mit exposure follows closely the
protons on carbons-3L1 of the aliphatic chain are not clearly pattern of hydrophobicity in the apoC-1l sequence with most
resolved in the 1D NMR spectra. . . HT .
peaks in Figure 5B (indicating protection from RKij

2) and the average torsion angle values (Figure 3C), suggestgorresponding to hydrophobic residues. This provides further
that despite the lack of unambiguous distance constraint datagvidence that apoC-Il interacts with DPC as a series of
these regions do adopt a helical conformation in the presenceamphipathica-helices lying flat on the micelle surface. In
of DPC. addition, two regions of apoC-II, residues422 and 64

Of particular note are the interactions between the protons 79, show significantly greater solvent exposure than the rest
on carbon 2 of the DPC aliphatic chain and the backbone of the molecule, as indicated by their reduced normalized
amide of K19, K39, and K48. These three lysine residues peak height relative to other residues. Interestingly both
are all in regions with the potential to form clasgdvhelices, intermolecular NOEs to the DPC aliphatic chain and periodic
although the helix around residue 48 appears only weakly variations in MiR" exposure are seen even in the regions
ordered by the structural data described here. According toshowing highest overall solution exposure. This suggests that
the snorkel hypothesis for the interaction of apolipoproteins these regions do interact with the DPC micelle in helical



8090 Biochemistry, Vol. 43, No. 25, 2004 MacRaild et al.

form, albeit with reduced affinity as compared to the other the hydrophobic face of the helix convex. We have hypoth-
regions of apoC-II. esized that it might have a role in the specificity of lipid
The effects of the two DOXYL-stearic acids support this interactions in vivo and were thus interested to confirm its
view of the apoC-1I/DPC interaction: in both cases,-843 presence in DPC. The NOEs from S23 and S24 to E27 which
residue periodicity is seen in the normalized peak heights were shown to be critical in defining this feature in SDS are
that is out of phase with the periodicity observed in the also present in the spectrum acquired in DPC at approxi-
presence of M#f, consistent with the suggestion that this mately equivalent intensity. However the ambiguity of a
periodicity arises from the differential solvent and detergent number of other medium-range NOEs in this region, most
accessibility of a helix lying on the micelle surface. notably due to the chemical shift degeneracy of the d¢f
Furthermore the central and C-terminal regions of apoC-Il, residues 22 and 24, means that the data acquired in DPC is
which are highly solvent-exposed, show slightly reduced insufficient to constrain the direction of the bend and both
exposure to the paramagnetic groups of the DOXYL-stearic convex and concave helical conformations are seen. As a
acid derivatives. In general, the levels of broadening seenresult we are unable to confirm the presence of the unusual
are greater for 5-DOXYL-strearic acid than they are for 12- helical bend seen in SDS. Several other medium-range NOEs
DOXYL-stearic acid, adding further support to the hypothesis in this area are also ambiguous in the DPC data (Figure 3),
of an interaction at the surface of the micelle. and it therefore seems likely that the disorder seen here is
due to a lack of sufficient data in the region. For this reason,
DISCUSSION no significance can be attached to our failure to detect the
The structure of apoC-Il has previously been determined helical bend in the DPC structure, and this region remains
by us G2 and by others 33) in the presence of SDS. an interesting area for future study of the basis for the
Although SDS has proved to be a reasonable mimic of lipid preferential interactions of apoC-ll with larger triacyl-
surfaces for many structural studies of apolipoproteins and glycerol-rich lipoprotein particles.
other lipid-associating proteins, there remain a number of = The nature of the interaction between apolipoproteins and
ongoing concerns regarding its use. In particular, it is difficult the lipoprotein surface remains poorly understood at all but
to interpret structural data pertaining to protein/detergent the most basic of levels. In particular, although it is well-
interactions in terms of native protein/lipid interactions due known that apolipoproteins interact with lipid surfaces via
to the chemical dissimilarity between SDS and biologically amphipathic helices with specific charge distributions, the
relevant lipid species. As demonstrated by the results structural determinants of the interaction are not clear. Here
presented here, the use of DPC, which is similar in headgroupwe define in detail the interaction of apoC-Il with the DPC
and chain length to phosphatidyl choline, provides a valuable micelle. The emergent picture of the interactions between
alternative to SDS in this respect. apoC-ll and DPC is that the majority of the protein forms
The structure of apoC-Il determined in DPC is broadly amphipathic helices, which interact reversibly with the
similar to that in SDS, suggesting that the specific chemical surface of the detergent micelle in a manner similar to the
nature of the water/lipid interface provided by phospholipid proposed interactions between apoC-II and the phospholipid
is not necessary for the correct structural interactions of surface of the lipoprotein particle. Despite the fact that most
apolipoproteins with lipoprotein particles. Rather the data of apoC-Il shows clear evidence of close contact with the
suggests that any amphipathic interface will suffice. Despite micellar surface, the protein also shows significant solvent
this broad similarity, a number of differences between the exposure as evidenced by its susceptibility to line-broadening
two structures are evident on closer examination. In par- by Mn?*. This solvent exposure is not uniform, and two
ticular, the ordered N-terminal lipid-binding helix is extended regions comprising residues482 and 64-79 show greater
at both its N- and its C-terminal ends, such that in DPC it solvent exposure, suggesting reduced affinity for the deter-
spans residues 389 whereas in SDS it is limited to residues gent micelle. Both of these regions are amphipathic, so it is
17—-36. The more extensive lipid-binding helix in the of some interestto consider possible reasons for this reduced
presence of DPC might be taken as evidence that a differentaffinity for the detergent surface. In the case of residues 42
mode of detergent interactions acts to stabilize the helix in 52, P43 presents itself as a potential culprit: proline residues
DPC than is the case in SDS. Contrasting with the N- are well-known to disrupt helical structure and on the basis
terminus, the C-terminal half of the protein shows a general of the available structural evidence, P43 appears to do so
reduction in ordered helical content with respect to the here. As described previousl$3), the helical region around
structure in SDS. Most notably, a disruption of helical residues 5976 shows a significant distortion from an ideal
structure around residue 63 is seen in DPC that was absenamphipathic arrangement with two hydrophobic clusters that
in SDS. This disruption has been suggested elsewhere to beare 120 out of alignment about the helical axis. Furthermore,
important for LpL activation because Y63 is known to be a the structure of this region, particularly around residue 63,
critical residue in this process and the break in helical shows significant disorder and some deviation from an ideal
conformation was proposed to project this residue away from a-helical conformation in the presence of DPC. It seems
the lipoprotein surface to enable interaction with Lp18), likely that the reduced affinity of the C-terminal helix arises
Due to the possibility that the conformational disorder as a result of the distortion to amphipathicity and that some
observed here reflects a lack of assignable NOEs rather thardegree of flexibility centered near residue 63 permits the
true structural instability and in the absence of structural data extreme C-terminal region to exchange on and off the micelle
in the presence of LpL, we are not able to offer evidence in surface. Indeed, Zdunek et aB3} found that the helical
support of this claim. region 65-75 displayed elevated levels of motion on the
One of the most notable structural features of the lipid nanosecond time scale, as compared to the other helical
binding helix as determined in SDS was a bend that makesregions in their structure in SDS. This motion is accounted
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for as a domain-like rigid motion of this C-terminal helix feature of the C-terminal half of apoC-Il is the turn-like
and so is supportive of the idea that in both detergent structure that caps the helix at the extreme C-terminus. This
environments this region exchanges on and off the micelle feature has been observed previously to have unusual stability
surface. considering its position, prompting the suggestion that it is
Intermolecular NOEs between apoC-Il and DPC indicate likely to be of functional importance. A number of bio-
that the structure of the protein/detergent complex is similar chemical studies have implicated the extreme C-terminus of
to that proposed by the snorkel hypothesis. Specifically, theseapoC-Il as a binding site for LpL, and the tetrapeptide KGEE
NOEs show a strong periodicity over much of the protein, corresponding to this region acts as a competitive inhibitor
consistent with the amphipathic helices lying flat at the of LpL activation by apoC-II, implying that the C-terminus
surface of the detergent micelle. In addition, specific contacts is important for binding to LpL but not directly responsible
are seen between three lysine residues of apoC-Il and thefor activation §0). On the basis of homology modeling
DPC aliphatic chain near the phosphate of the headgroup,against pancreatic lipase, a number of putative basic patches
consistent with the snorkel-like orientation of lysine residues on the surface of LpL have been identified. Several of these
from which the snorkel hypothesis gets its name. However, patches have also been implicated in the apoC-Il/LpL
the similarity between the apoC-Il structures determined in interaction, raising the possibility that the negative charges
SDS and DPC suggests that these DPC-specific contacts arat the C-terminus of apoC-Il engage in salt bridges with these
not the primary factors driving the affinity of apoC-Il for basic surfaces on LpL thereby tethering apoC-Il to the
detergent surfaces. enzyme §1, 52). It is proposed that once so tethered, apoC-
It is of some interest, therefore, to compare the NOEs Il could offer other lower-affinity regions to engage in the
detected between apoC-Il and SDS to those detected to DPGactivating interactions.
(Figure 7 in ref32). Such comparison reveals a lack of Sequences of apoC-Il from 10 animal species are available,
discernible periodicity in the SDS contacts. It is possible that and across these sequences nine residues are absolutely
spin diffusion obscures the details of the protein/detergent conserved §3). Of these, seven residues are found in the
interaction; however, it is not clear why this should be the region 59-70, arranged such that if this region were helical,
case for SDS but not for DPC. Alternatively the lack of all seven would fall on the same side of the helix, at the
periodicity in the SDS contacts might reflect structural interface between the hydrophobic and hydrophilic fabdk (
differences between the two protein/detergent complexes. Inlt is therefore tempting to postulate that residues-30
particular, it might be that the helices of apoC-II bind at the might comprise a helical LpL binding domain on apoC-II.
surface of the SDS micelle, but the surface is dynamically The helical structure of this region is not, however, clear
disordered to such an extent as to obscure the expectedrom the available data. In the data acquired in SDS the
periodicity in the protein/detergent complexes. It might also region is helical, although residues-583 are considerably
be the case that apoC-ll is in fact buried in the center of the less ordered than are those toward the C-termiB2s33).
SDS micelle with its helices exposed at all sides to the In DPC, the apparent disorder is even greater with all residues
aliphatic chains of the detergent. Either of these conclusionsN-terminal of 166 showing significant disorder based on the
have implications for the work of r&f3, which has modeled  available distance constraints. Furthermore, the analysis of
the structure of the apoC-1l1/SDS complex based on NMR paramagnetic line-broadening presented here suggests that
relaxation data and assuming the SDS micelle to be a static,residues 6479 show reduced affinity for the DPC micellar
spherical structure with apoC-II at its surface. surface as demonstrated by increased exposure 6 Ml
It appears likely, on the basis of these observations, thatreduced exposure to paramagnetic probes partitioned within
the snorkel hypothesis accurately describes the structure ofthe micelle. It is not clear whether this observation is specific
the complex between apoC-Il and the lipoprotein surface butto the detergent system or whether such differential affinity
that the specific contacts between the protein and the lipid would also apply to the apoC-ll/lipoprotein interaction.
headgroup implied by the snorkel hypothesis are not neces-However, it is consistent with the increased degree of
sary for this interaction. Instead, nonspecific interactions nanosecond motion detected in this region in SBS.(It is
between the amphipathic helix and the amphipathic surfaceattractive, then, to hypothesize that the C-terminal helix,
dominate. On this basis, we might predict the apoC-II/SDS residues 6679, might, by virtue of a region of flexibility
complex to be less structurally defined because it is basednear Y63, be capable of disengaging from the lipoprotein
solely on these nonspecific interactions, whereas the complexsurface to bind LpL.
with DPC has specific protein/headgroup interactions adding There is also evidence to suggest that other regions nearer
definition to the structure of the complex. Such factors might the center of the apoC-Il sequence might also be involved
account for the observed differences between the two inthe LpL interaction). The residues in this central region
detergents at two levels: the different patterns of inter- that might be involved in the apoC-Il/LpL interaction remain
molecular NOEs and the extension to the N-terminal lipid- very poorly defined, however. Some hints at the structural
binding helix seen in DPC. basis for these interactions are available from recent results.
Despite extensive study, the mechanism of activation of A circular dichroism study of the complex of apoGslls.
LpL by apoC-Il remains obscure, as does the structural basisand LpL indicates a substantial increasehelical structure
for the interaction between the two proteins. It is known that in the complex, as compared to the two components in
the C-terminal half of apoC-Il is responsible and some isolation 65). Because apoCd4-s, is unstructured in the
evidence suggests an apoC-Il binding site near the activeabsence of LpL but is predicted to form an amphipathic
site of LpL. Given this, it is of interest to consider aspects a-helix, it is likely that helical conformation is induced in
of the apoC-Il C-terminal structure that might be consistent the peptide on binding to LpL. However the magnitude of
with such an interaction. The most obvious and unusual the observed change in the CD spectrum is indicative of
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approximately 30 residues changing from an unstructured

to a helical conformation, suggesting that some part of LpL
must also undergo such a conformational transition. It is
significant to note that the colipase-mediated interfacial

activation of pancreatic lipase is associated with an increase

in helical structure in the 24 residue loop, which acts as a

lid over the active site. Perhaps, then, the central region of

apoC-ll interacts with LpL in such a way as to stabilize the
open, active conformation of the LpL lid with this interaction
also stabilizing the helical conformation of apoC-Il in this

region. A possible mode for such an interaction is suggested

by computational docking of the C-terminal third of apoC-
Il to LpL, which reveals a possible binding site for a helical
stretch of apoC-ll in the cleft between the N- and C-terminal

domains of LpL such that contacts are also made to the open

conformation of the LpL loopX6).

SUPPORTING INFORMATION AVAILABLE

A table of chemical shifts of assigned resonances in apoC-

Il and a figure showing thé5N-TOCSY—HSQC and the
HNHB spectra of residues $21. This material is available
free of charge via the Internet at http://pubs.acs.org.
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