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ABSTRACT. Solution structure of lipid-free apolipoprotein C-1 (apoC-1, 6.6 kD) was analyzed by circular
dichroism (CD) of 15 mutants containing single Pro or Ala substitutions in predicteelical regions.

While the majority of Pro substitutions induce complete (L11P, L18P, R23P, I129P, M38P, W41P, T45P)
or partial (G15P, L34P) helical unfolding, similar substitutions at other sites (A7P, Q31P, V49P, L53P)
do not cause large changes in the secondary structure or stability. The results suggest that lipid-free apoC-1
is comprised of two dynamic helices that are stabilized by interhelical interactions and are connected by
a short linker containing residues-383. We propose that the minimal folding unit in the lipid-free state

of this and other exchangeable apolipoproteins comprises the—ttetix-helix motif formed of four

11-mer sequence repeats. Comparison of the helical content in lipid-free and lipid-bound apoC-1 suggests
that lipid binding shifts the conformational equilibrium toward preexisting highly helical conformation.
Remarkably, near-UV CD spectra of wild type and mutant apoC-1 are not significantly altered upon
thermal or chemical unfolding and thus result from residual aromatic clustering that is retained in the
unfolded state. Correlation of far- and near-UV CD of the mutant peptides suggests that the hydrophobic
cluster containing W41 is essential for the helical stability and may form a helix nucleation site in apoC-
1.

Lipids in the body are transported in the form of lipopro- carried out on lipoproteins, nascent apoCs are secreted
teins that are macromolecular complexes of varying lipid predominantly in their lipid-poor formslé). The conforma-
and protein composition, size, density, and metabolic proper-tion of lipid-poor or lipid-free apoC-1 is also proposed to
ties (1—3). For example, high-density lipoproteins (HBL)  control apoC-1 transfer among lipoproteiris), Thus, in
mediate cholesterol removal from peripheral tissue, low- the course of its metabolism, apoC-1 adapts its conformation
density lipoproteins (LDL) mediate cholesterol delivery, and to various lipoproteins and to the lipid-poor state in plasma.
the balance between HDL and LDL correlates with the This structural adaptability is a distinct property of the
probability of developing atherosclerosis«3). Exchange- exchangeable apolipoproteins that is essential for their
able apolipoproteins are water-soluble protein componentsfunction and plasma transfer and is attributed to refolding
of lipoproteins that solubilize lipids and regulate their and repacking of the constitueathelices.

metabolism by binding to cell receptors or activating specific  The amino acid sequences of the exchangeable apolipo-
enzymes such as lecithin:cholesterol acyltransferase (LCAT) proteins contain 11/22-mer tandem repeats forming distinct
whose reaction is key in reverse cholesterol transpdrt (- amphipathic a-helices (6). Class-A a-helices, that are
Human apolipoprotein C-1 (apoC-1, 57 a.a.) is the smallest predominant in apolipoproteins, differ from those found in
exchangeable apolipoprotein. ApoC-1 transfers among HDL globular or membrane proteins by their large {3D%)

(d~ 100 A), very low-density lipoproteins (VLDLd ~ 600 apolar surface area that is involved in lipid binding and by
A) and chylomicronsd ~ 2000 A) (L, 5). On HDL, apoC-1  characteristic distribution of charged group$) ApoC-1

is a potent activator of LCATE, 7) and a major inhibitor of  contains four such 11-mer repeats encompassing resi-
cholesteryl ester transfer protein that promotes the exchangejyes 7-50, and is predicted to form two classeahelices,

of neutral lipids between HDL and LDL8J. ApoC-1 can  7-32 and 33-53 (17) that are important for the lipid binding
also inhibit hepatic lipasedf and phospholipase A20) and  (18-20). High sequence homology (11-mer tandem repeats),
can stimulate cell growthi@). In addition, apoC-1 delays  stryctural (class-Ao-helices) and functional similarity of

the clearance of potentially atherogefiie/LDL by inhibit- apoC-1 and larger apolipoproteins (LCAT activation, forma-
ing their uptake via the apoE-mediated LDL receptor-related

pathway (2—14). Even though the apoC-1 functions are

1 Abbreviations: Apo, apolipoprotein; WT, wild type; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-
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tion of discoidal complexes with phospholipids, displacement EXPERIMENTAL PROCEDURES
of apoE fromp-VLDL) make apoC-1 an attractive model . )
system for the analysis of the structural stability and Peptides Human wild type (WT) and mutant apoC-1
adaptability in relation to apolipoprotein functions. containing single Pro substitutions in the prediatetielices

In their lipid-free state in solution, apoC-1 and other 7—32and 33-53 were used, including five mutants reported
exchangeable apolipoproteins have structural (compact shapearlier (L11P, G15P, R23P, Q31P, and T45P) and eight
substantial a-helical content, lax tertiary packing) and additional mutants (A7P, L18P, 129P, L34P, M38P, W41P,
thermodynamic properties (low stabiliyG(25 °C) < 2.5 V49P, and L53P). Proline substitutions were introduced, one

kcal/mol, broad heat unfolding transition, etc.) consistent with at @ time, at apolar sites with an average separation-f 3
the molten globular state2{, 22). Lipid binding is ac- ~ 9roups, i.e., about one helical turn. The peptides were
companied by helical rearrangement and by an increase inobtained by solid state synthesis as descril@jl (tilizing
the a-helical content. The largest increase is observed in the published protocol$0, 31); the peptide N- and C-termini
apoC-1, from an average of 318helix in the lipid-free were not chemically bloc_ked. The peptides were purified by
monomer in solution2) up to 75% in lipid-bound or self-  HPLC to 95-98% purity that was assessed by mass
associated stated%, 23). The molecular mechanism of this ~ SPectroscopy and SDS gel electrophoresis. Lyophilized
transition is unclear, whereas the mechanisms of functional Peptides were dissolved in 4 mM sodium phosphate buffer
transitions in other human apolipoproteins are beginning to (PH 7.6-7.8) to 1-2 mg/mL concentration and diluted by
be elucidated4, 25). Specifically, it is unclear whether lipid ~ Puffer or buffer/osmolyte solution (pH 7.8) for CD experi-
binding induces folding of additional helical segments in Ments. Wild-type human apoC-1 monomer prepared by this
apoC-1 (which would be the case-#30% of apoC-1 groups method was qemonstrated to_he_lve secondary structure and
formed a-helices in solution) or shifts the conformational thermodynamic parameters similar to those of the plasma
equilibrium toward a preexisting highly helical conformation Protein @9). Peptide concentration was assessed by UV
(which would be the case if the monomer was highly helical @bsorption at 280 nm and by chromatographic Lowry assay.
~1/3 of time). All chemicals were the highest purity analytical grade.

The aim of this work is to determine the structure of lipid- Far- and Near-UV CD MeasuremeniSD spectroscopic
free apoC-1 monomer in solution and compare it with the data were recorded with an AVIV 62-DS spectrophotometer
NMR structure of apoC-1 on “lipid-mimicking” SDS mi-  equipped with Peletier temperature control and calibrated
celles @0). Solution NMR cannot be used for solving the with camphorosulfonic acid. The CD monochromator up-
structure of lipid-free apoC-1 monomer because of the grade, that included installation of mirrors with optimized
protein self-association a0.01 mg/mL concentration4 ). far-UV reflectivity, substantially improved signal-to-noise
In contrast, far-UV CD that utilizes 0.610.1 mg/mL protein ratio in far- and near-UV, thereby facilitating the first near-
solutions is suitable for the structural analysis of lipid-free UV CD analysis of apoC-1. Far-UV CD spectra (850
apoC-1 monomer 22) but does not provide secondary nm) and the thermal unfolding curves were recorded from
structure assignment to individual groups. To make such anprotein solutions of 0.0070.01 mg/mL concentrations
assignment, we use far-UV CD in conjunction with proline placed in 2-10 mm quartz cuvettes. Since at0.01 mg/
scanning mutagenesis. Our approach is based upon observanL concentrations and the buffer conditions used in our far-
tion that Pro is known to destabilize proteirhelices by UV CD experiments human WT apoC-1 is fully monomeric
introducing steric strain, leaving the unsaturated H-bond of (15, 29), mutant peptides containing Pro substitutions of
(i-4) backbone carbonyl and preventing H-bond formation apolar groups are also expected to be monomeric. Near-UV
between the (i-3) carbonyl and the+{) amide. The CD spectra (256330 nm) were recorded from protein
destabilizing effect of Pro substitutions in the middle of the solutions of 0.071.0 mg/mL concentrations placed ir-%0
a-helices in globular protein®d)AG = —2.7 to —5.6 kcal/ mm quartz cuvettes. Near-UV CD spectrum of V49P apoC-
mol (26 and references therein), is larger than the apoC-1 1, that has relatively high intensity, was also recorded from
monomer stability AG(25 °C) = 1.8 kcal/mol 22). There- protein solution of 0.03 mg/mL concentration at which
fore, single Pro substitutions in tleehelical region(s) should  apoC-1 is expected to be partially monomern&)( Near-
substantially unfold the apoC-1 molecule. In contrast, Pro UV CD spectra of all peptides were also recorded in the
substitutions in disordered or loop regions should cause nopresence of 1.2 M Gdn HCI where apoC-1 is monomeric
destabilization or unfolding2(7, 28). Utilization of this and its secondary structure is unfold@@)( The spectra were
approach in our earlier far-UV CD study showed that Pro recorded with 1-nm bandwidth, G:& nm increment, and
substitutions at different sites have contrasting effects on thel5 s accumulation time, and averaged over52scans.
apoC-1 conformation: L11P, R23P, and T45P induce Thermal unfolding curves were recorded at 222 nm or other
complete helical unfolding, G15P causes partial unfolding, characteristic wavelengths upon heating from 5 td @5t
and Q31P leads to no unfolding/destabilizati@g)( In the a rate of 36-90 °C/h, with a 0.5-2 °C increment, 6699 s
current work, we combine these results with far-UV CD accumulation time. The melting curves recorded at different
analyses of eight additional Pro-containing mutants to heating rates fully superimposed, and the spectra recorded
propose a model structure of lipid-free apoC-1 monomer in at 20°C before and after a brief heating to 70 overlapped,
solution. We also report the first near-UV CD study of confirming the reversibility of the transition. Following the
apoC-1 and 15 Pro- or Ala-containing mutants that is buffer baseline subtraction, the CD data were normalized
facilitated by the presence of one Trp (W41) and three Pheon protein concentration, smoothed by a third degree
(F14, F42, F46) in the apoC-1 sequence. To our knowledge, polynomial, and are reported as molar residue elliptic®), [
this is the first observation of a near-UV CD from the Peptidea-helical content was estimated from the molar
thermally, chemically, and Pro-unfolded protein states. residue ellipticity at 222 nm®224] (32), and by far-Uv CD
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spectral deconvolution using software package Prot&3) ( TV

(courtesy of Dr. S. Venyaminov); these estimates agreed ~Q31P B [0]20°c1®lgooc
within 5% accuracy. The melting temperatufié, and < 2003 &g

effective enthalpyAH,(T,) were determined by conventional ] 5 5

van't Hoff analysis of the ®,,7(T) data and confirmed by 5 g,

fitting the data and the baselines to an extended form of van't ‘=10l mc :
Hoff equation 29 and references thereinl;, and AH,(Ty) N IS N
were also estimated from the differential melting curves 2 :

220 240
length, nm

d[®22]/dT (34). Two latter approaches are particularly useful Wavel
for the analysis of broad transitions, such as apoC-1
unfolding, that lack well-defined pre- and/or post-transitional
baselines. ORIGIN software (Microcal, Inc.) was used for

the CD data analysis and display.

[©]* 102, degree cm
o

210} T
RESULTS .
- 190 200 210 220 230 240 250
Far-UV CD of Pro-Containing apoC-1 Mutantgar-Uv A Wavelength, nm
CD data recorded of selected Pro-containing mutants are
shown in Figure 1. These data fall into three groups; the -4

largest group includes the closely superimposable spectra of
L11P, L18P, R23P, 129P, M38P, W41P, and T45P (Figure
1A, open circles). These spectra do not change significantly
over the temperature range analyzed9b °C), as illustrated

by the difference spectra recorded at 20 and©@(QFigure

1A, inset) and by the nearly constant ellipticit®,2](T)
observed at 590 °C (Figure 1B, open circles). CD spectral
deconvolution indicates that the-helical content in these
peptides does not exceed-50%, with the random coil
content approaching 90%. Thus, Pro substitutions in these

*10°3 , degree cm 2 dmol !
&

1
[==]
T
SAl@x, VT, arbitrary units

peptides induce complete helical unfolding. The second N

group includes G15P and L34P whose far-UV CD data 2

(Figure 1A, triangles) suggest an incompletely folded state,

as indicated by the-helical content of 20% for G15R29) A0 Tempemtue °C
and 15% for L34P at 20C (as compared to 31% for WT), 0 10 20 30 40 50 60 70 80 90
by the difference spectra between 20 and°@0showing B Temperature, °C

the loss of the helical structure upon heating (Figure 1A, FIGURE 1. Far-UV CD data of apoC-1 containing single Pro

; ; substitutions at selected sites. (A) The spectra recorded from 0.01
inset) and by the temperature dependencet] (Figure mg/mL peptide solutions in 4 mM sodium phosphate buffer, pH

1B,_ trie}ngles). The third group comprises Q31P (Figure 1A, 7.6, at 20°C: WT (—), shaded area shows the range for the
solid circles), A7P, V49P, and L53P mutants that show no overlapping spectra of A7P, V49P, L53P, and Q3®9; (L34P

large changes in their far-UV CD spectra or thermal (a);129P (O); shaded area shows the range for closely overlapping
unfolding data as compared to the WT (Figure 1A, solid line). SPectra of L11P, L18P, R23P, M38P, and T45P. Inset: Difference

; _ o : spectra Ploec — [O]orc between the data recorded at 20 and 90
The melting temperaturtnga1p= 51+ 1.5°C and effective . (B) Thermal unfolding of apoC-1 peptides monitored at 222

enthalpyAHy qz1{Tm) = 19 & 2 kcal/mol of Q31P deter-  nm ypon heating the peptide solutions from 5 t¢'@5Line coding
mined from the analysis of its thermal unfolding data (Figure as in panel A; solid lines show data fitting by a sigmoidal function.
1B, solid circles) are similar to those of the WT{wr = For Q31P, this sigmoidal function coincides with the data fitting
50+ 2°C, AHywi(Tr) = 18 + 2 kcal/mol, @9)), suggesting by an expanded van't Hoff equatio29 and references therein).

. - o The melting data and the van't Hoff plot of Q31P closely
similar apparent free energy of stabilyGapd25°C) ~ 1.8 superimpose those of the WT monom@e) For L34P, reduced

kcal/mol. Similar values of, and AH(Tm) were obtained  amplitude of P, leads to low signal-to-noise ratio that precludes

for A7P, V49P, and L53P. In summary, A7P, Q31P, V49P, accurate van't Hoff analysis. Inset: first derivativeap,]/dT for

and L53P substitutions do not cause large changes in theQ31P. Arrow shows the peak center corresponding to the melting

apoC-1 secondary structure or stability. tj?g%’ag;l;ﬁ'énvz\/?tg) 1.5°C of Q31P that is similar tdm = 50
Near-UV CD of Wild Type and Mutant apoC{ear-UV '

CD spectra of WT (Figure 2) were recorded over a broad molar CD ofAe = 2.05 Mt cm™%, consistent with the value

range of protein concentrations, temperatures, and osmolyteexpected for constrained Tr8%). A smaller negative peak

concentrations and were correlated with the secondary andicentered at 263 nm corresponds 'tq, transition of Phe

or quaternary structural changes observed in apoC-1 underarising from contributions of F14, F42, and/or F46; this peak

these conditions1, 29). In buffer solution at 0.2 mg/mL  may also contain background contribution from the broad

protein concentration, near-UV CD of the WT (Figure 2, L,band of Trp centered at 270 nr85, 36 and references

solid line) is dominated by the contribution from W41, with  therein).

the positive peak centered at 295 nm and a shoulder at 285 Importantly, near-UV CD of WT is invariant over the

nm corresponding to vibronic components’bf transition protein concentration range analyzed (6-Q7 mg/mL),

in Trp (35). The spectral amplitude at 295 nm corresponds indicating that the changes in the degree of apoC-1 oligo-

to molar ellipticity of 6 800 deg cidmol™ per Trp, or to merization that occur at these concentrations and buffer
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FiGURe 2: Near-UV CD spectra of WT apoC-1 under various 240 260 280 300 320

environmental conditions. The data were recorded at@0pH A Wavelength, nm
7.8, from 0.2 mg/mL protein solutions containing 4 mM sodium
phosphate buffer); 4 mM buffer+ 1.4 M Gdn HCI &); 4 mM
buffer + 1.4 M TMAO (O); identical near-UV CD were obtained 100+
from peptide solutions of 0.671 mg/mL concentrations. The bands
of Trp (Lg at 295 and 285 nm) and Phe (at 263 nm) are indicated.
Inset: Spectra of 0.2 mg/mL WT solution in 4 mM buffer at 20
°C (—) and at 80°C ().
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T

conditions {5) do not significantly alter the packing of the
aromatic groups. Remarkably, comparison of the near-UV
CD spectra recorded at 2€ from 0.07 to 1 mg/mL apoC-1

in the absence and in the presence of 1.4 M Gdn HCI (Figure
2, solid and crossed lines compared) shows that apoC-1
dissociation into monomers followed by the chemical
unfolding of the monomen-helical structure that occurs
between 0 and 1.2 M Gdn HCR®) has no large effect on -100 . . . i
the near-UV CD. Similarly, near-UV CD of WT at any 240 260 280 300 320

concentration used (0.67L mg/mL) is almost invariant in B Wavelength, nm

the temperature range analyzed-@ °C): the spectra  Figure3: Near-UV CD spectra of Pro-containing apoC-1 mutants.
recorded from the same sample at 20 and°80largely Experimental conditions are same as in Figure 2. (A) Near-UV CD

overlap (Figure 2, inset), and the ellipticity at 295 nm is similar to that of the WT {): A7P (||), L11P &), G15P ),

; ; ; R23P (+), Q31P @), V49P (). Spectrum of G15A %) is given
nearly invariant upon heating from 5 to 9% (data not for comparison. (B) Near-UV CD different from that of the WT

shown). Consequently, thermal unfolding of thehelical (—): LL1P &), 129P (), L34P (&), M38P (x), W41P (+), T45P
structure in apoC-1 that occurs upon heating from 25 to 80 (v).

°C (22, 29) does not significantly alter the packing of the
aromatic residues. Furthermore, the overlapping spectranot significantly alter the environment of the aromatic groups
recorded at 25C in the presence of-01.4 M trimethyl- that contribute to the near-UV CD in these peptides.
amineN-oxide (TMAO) (Figure 2, solid line and open circles Near-UV CD spectra of the mutants can be classified
compared) show that the previously demonstrated TMAO- according to their shape as those resembling the spectrum
induced apoC-1-folding, with an increase in thehelical of the WT (Figure 3A) and those substantially differing from
content from 31 to 75% observed upon increasing TMAO it (Figure 3B). The former group includes A7P, G15P, R23P,
concentration from 0 to 1.4 M2Q), has no large effect on  Q31P, V49P, and L11P that has near-UV CD midway
the near-UV CD. In summary, the data in Figure 2 between the two groups. Similar to the WT near-UV CD,
demonstrate that large secondary and/or quaternary structurathese spectra are dominated by a positive peak centered at
changes in WT apoC-1, fromr5% o-helix (in the mono- 295 nm with a shoulder at285 nm, and a smaller negative
meric state in 1.4 M Gdn HCI, or &80 °C) to 75%o.-helix peak at~263 nm (Figure 3A). Variations in the intensity of
(in self-associated state in 1.4 M TMAOQ), have little effect the mutant spectra, with L11P showing nearly 2-fold
on its near-UV CD. reduction and V49P showing almost 2-fold increase in the
Near-UV CD spectra of Pro-containing apoC-1 mutants peak amplitude as compared to the WT, may reflect the
are displayed in Figure 3. Similar to the WT, all mutant effects of mutations on the flexibility of the aromatic cluster
peptides analyzed in this work show little change in their that may be propagated via the modulations of the confor-
near-UV CD in the broad range of temperatures5 °C), mational ensemble3{). Variations in the near-Uv CD
solvent conditions (61.4 M Gdn HCI or TMAO), or protein intensity may also, in part, result from the differences in the
concentrations used (0.67 mg/mL). Consequently, changes background of the near-UV bands caused by changes in the
in the secondary (575% a-helix) and/or quaternary structure  far-UV region of the mutant spectra. The increased rotational
(monomef-oligomer) that occur under these conditions do strength of V49P mutant facilitated near-UV CD measure-

[®], degree cm 2 dmol ™’
(=]

o
S
T
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ments from V49P solutions of only 0.03 mg/mL concentra-
tions; at these concentrations, apoC-1 should be partially
monomeric 15). No changes in the molar ellipticity were
detected at these peptide concentrations, confirming the
absence of any significant contribution from the quaternary
packing to the near-UV CD. Furthermore, the spectra in
Figure 3A show no correlation between the near-UvV CD
amplitude and the peptide-helical content. Thus, G15P has
reduceda-helical content 0of~20% 9 and Q31P has a

ES

W41A

N
T

N

[O]590¢ [Olggoc

N’

=)

(@]
T

{©]* 102, deg cm 2 dmol ™'
v

-4
180 200 220 240
Wavelength, nm

]
N
T

[6] * 103, deg cm 2 dmol ™

slightly increasedx-helical content 0f~36% as indicated 4 ‘g °

by far-UV CD (Figure 1), yet their near-UV CD spectra <A O
largely superimpose (Figure 3A). Furthermore, R23P has no 6r 2.2

stable helical structure and G15A has an increased helical “:3

content of 45% 29), yet their near-UV CD spectra overlap sl T [ m—
that of the WT (Figure 3A). Observation of nativelike near- S

0 20 40 60 80
Temperature, °C
T

UV CD of the R23P mutant, along with the near-native near- 10
UV CD of the thermally or chemically unfolded WT (Figure ) e ' . 50 230 240 250
2), indicates strongly that the near-UV CD of apoC-1 results 180 190 ssgvze}gnzzt% r??n

from the hydrophobic clustering that persists in the unfolded ’

state rather than from tertiary or quaternary interhelical FISURE 4: Far-UV CD of W41A apoC-1. Spectrum recorded at
interactions in the folded state. 20 °C under conditions specified in Figure 1 is shown. Upper

) inset: Difference spectrum@],ec - [Olsrc between the data
Near-UV CD spectra of mutant apoC-1 that substantially recorded from the same sample at 20 and°80 Lower inset:

differ from the spectrum of the WT, such as 129P, L34P, Ellipticity [ ©.2J(T) recorded upon heating from 5 to 9G.
M38P, W41P, T45P, along with the “midway” spectrum of

L11P, are shown in Figure 3B. The spectra of these mutants 10 oy due pumber

show large reduction in intensity and large changes in shape T vate 2%
as compared to the spectrum of the WT. In 129P, L34P, = 10 ¥ 31%a

M38P, and T45P, the amplitude of the positive peak §

corresponding tdLy transition of Trp is diminished 410- i

fold, suggesting an increased flexibility of W41 side chain. S Unfoided
Furthermore, Phe bands at 255/0 nm become positive S5 ¥~5% o

and reveal fine vibronic structure, with maxima at 258 and is

265 nm and minima at 261.5 and 268 nm; similar vibronic .

bands corresponding th., transition of Phe 35, 36) are 8

observed in the spectra of W41P and W41A peptides that £ OE A
lack Trp (Figure 3B). Large Pro-induced spectral changes TS558 83383788

(Figure 3B) support the notion that the near-UV CD of WT
results mainly from the packing of the aromatic groups rather
than from their intrinsic ellipticity. Importantly, the spectra FiGURE 5. Proline scanning mutagenesis of apoC-1: Summary of

in Flgure 3A,B ShOW that Pro Substltuuons Caus|ng |argest far- and near-UV CD data. Sites of Single Pro substitutions in the

: : . apoC-1 sequence are shown alofigxis. Bars show the effects of
changes in the near-Uv .C_D are located in or near the Pro substitutions on the-helical content as measured by ellipticity
hydrophobic cluster containing single Trp (W41) and two g 222 nm; bar filling indicates mutants that have near-Uv CD

out of three Phe (F42, F46) in apoC-1 (see Discussion, similar to that of the WT (open) or substantially different from it
Figures 5 and 6), suggesting the predominantly local (solid). Dashed horizontal lines showdf,7] values of the WT
character of this hydrophobic cluster. monomer in solution (corresponding to 3]§/ehellx) and of the
CD Measurements of W41A apoCTb probe the role of chemically or thermally unfolded apoC-3$%% a-helix).
Trp41l side chain in the apoC-1 structure and stability, we
recorded far-UV CD data of W41A mutant (Figure 4). The DISCUSSION
spectrum of W41A (Figure 4, solid line) suggests an  Structure of apoC-1 Inferred from Pro Scanninghe
extensively unfolded conformation~6% a-helix, ~90% results of far- and near-UV CD analysis of apoC-1 mutants
random coil). This spectrum is invariant at-80 °C, as are summarized in Figure 5. Far-UV CD results show that
indicated by the difference spectrum between the far-UV CD Pro substitutions at closely spaced sites separated by only
data recorded at 20 and 8C (upper inset) and by the 1-2 groups may have remarkably different effects on the
temperature invariant ellipticity®,o3](T) ~ —9500 deg crh peptide conformation. Thus, 129P leads to a complete
dmol™t and [©2,7](T) ~ —3500 deg crhdmol* at 5-90 unfolding, Q31P causes no unfolding or destabilization, and
°C (lower insert) that is consistent with the random coil L34P leads to an apparently incomplete folding of the helical
conformation. Thus, despite high intrinsichelical propen- structure (Figures 1 and 5). This suggests that Pro mutagen-
sity of Ala as compared to Trp and other amino aci88 (  esis may provide a tool for the secondary structural assign-
and references therein), Trp41 to Ala substitution in apoC-1 ment to apoC-1 and, possibly, other small proteins, with the
leads to a complete helical unfolding. Consequently, Trp41 potential accuracy in selected regions approaching 2 groups.
side chain packing is essential for the structural stability of Our assignment was based upon assumption that Pro
lipid-free apoC-1 in solution. substitutions leading to complete apoC-1 unfolding are

WA1A,W41P
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Furthermore, a helical bend at K12/E13 and high mobility
of residues 1215 detected by NMR is consistent with the
flexible and/or kinked helical conformation near G15 inferred
from the partial unfolding of G15P mutan9). The
C-terminal helix in the NMR structure spans the residues
38—52; in our model, this helix has comparable length but
is shifted by about four residues toward the N-terminus,
thereby shortening the interhelical linker from eight to about
four groups. This difference may be significant and may
relate to the structural adaptability of apoC-1. The longer
eight-residue linker that is unordered in the NMR structure
may facilitate the switching between the “open” and “closed”
conformations on SDS micelles, whereas a shefitur-
residue linker that likely forms a tight turn may fix the
relative orientation of the two helices, thereby facilitating
interhelical interactions that stabilize the solution structure
of apoC-1.

The helical structure in lipid-free apoC-1 inferred from
Pro scanning comprises the total of 86 residues, or63
R23 K12 E19 28 + 9% of the amino acids (Figure 6). This is comparable to
FIGURE 6: Conformation of lipid-free apoC-1 monomer inferred the o-helical content in apoC-1 on SDS micelles estimated
from Pro scanning. (A) Model structure of apoC-1 molecule in to be 61% by NMR and 54% by CI[2(Q), but is about twice

solution. The o-helices are shown in cylinders, loop/turn or a5 much as the average helical content estimated by far-UV
disordered regions are shown by solid curves, dotted area encom--p ¢y lipid-free apoC-1 monomer in solution (3t 4%

assing G15 shows a kinked/flexible helical region. indi
gro sugbstitutions leading to complete unfolging (Abrlgjximpdellﬁtfii;? a-helix, 60+ 5% random coil 29)). If this latter estimate
unfolding (dashed), or no unfolding (open). (B) Helical wheel represented the static protein conformation, Pro substitutions
representation of the apoCethelices. Aromatic residues are shown  in the unordered regions (i.e., 860% of sites) would have
in filled circles. Sites of Pro substitutions leading to large changes ~aused no helical unfolding and could have even led to
glyn('ja;rt-e%\/”ﬁeDsfare in bold circles. Apolar helical faces are indicated entropic stabilization by reducing the configurational entropy

of the unfolded state but causing no large changes the

located in the helical regions, those leading to partial enthalpy of the native state or the unfolded sta@® 28 and
unfolding are located in the kinked/flexible regions or references therein). This is in stark contrast with the
peripheral to the helical structure, and those leading to no observation that the majority of Pro substitutions in apoC-1
large unfolding/destabilization are located in disordered/loop are strongly destabilizing (Figure 5), suggesting the dynamic
regions, in N-cap of an-helix, or in position 2 of g-turn nature of the helical conformation. We therefore propose that
where Pro is well tolerated. This simplified assumptions are the apoC-1 molecule in solution may form fluctuating helical
adequate for a small polypeptide such as apoC-1 that hasstructure that spans a broad range of conformations, from
high helical propensity and lacks extensive tertiary structure, predominantly helical to largely unfolded, leading to an
but may have limited applicability to more complex protein average of 31% helical content observed by far-UV CD.
systems. The results of our assignment are presented in thélence, the increase in tleehelical content of apoC-1 upon
model structure of apoC-1 monomer in solution (Figure 6) lipid binding or self-association may be viewed as a shift in
and are tested by comparison with the predicted and/orthe conformational equilibrium toward the preexisting highly
observed secondary structures of apoC-1 in lipid-bound andhelical conformation rather than de-novo folding of the
lipid-free states. additional helical segments. Similarly, recent NMR studies

The model structure in Figure 6A comprises two helices of receiver domains, that are the dominant molecular switches
connected by a short linker containing groups-33. This in bacterial signaling, revealed a phosphorylation-induced
model agrees with the predicted secondary structure of population shift between the preexisting inactive and active
apoC-1 that comprises twa-helices 732 and 33-53 conformations, and suggested that stabilization of preexisting
separated by a break at 32/33 junction. This break, that wasprotein conformations may be a paradigm for ligand binding
predicted based on the discontinuity in the apolar helical face (39). Our results suggest that apolipoprotelipid binding
(17), is located in the middle of the interhelical linker in our may follow this paradigm.
model, and thus is in excellent agreement with this model. Interhelical Interactions and Minimal Folding Unit&ar-

The model in Figure 6A can be compared with the NMR UV CD results summarized in Figures 5 and 6 show that
structure of apoC-1 on SDS micelle20f. The observed  single Pro substitutions at several sites in the N-terminal helix
NMR structures comprise two helices separated by a flexible (e.g., L11P, L18P, R23P, 129P) or in the C-terminal helix
linker that fall in two groups: a “closed” conformation with  (e.g., M38P, W41P, T45P) lead to a complete loss of the
interhelical distances<5 A, and an “open” V-shaped helical structure in apoC-1. Thus, unfolding one helix by a
conformation; only the “open” conformation has been Pro substitution leads to the unfolding of the second helix.
reported in detail. Comparison of this “open” conformation Similarly, deleting one apoC-d-helix leads to the unfolding
with our model shows that the N-terminal helix that spans of the second helix, as demonstrated by the spectroscopic
residues 729 in the NMR structure is in excellent agreement studies of A. Rozek et al.18, 19) showing that apoC-1
with its position inferred from Pro scanning (Figure 6). fragments 38 (containing 11-mer sequence repeatBl)
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and 35-53 (containing part of repeat Il and repeat Ill) that the near-UV CD (Figure 2). Similarly, loss of tlehelical
encompass individual-helices are unstructured in solution.  structure induced by mutations such as R23P may not be
These results point to the importance of the interhelical accompanied by any significant changes in the near-Uv CD
interactions for the stability of the lipid-free apoC-29) and (Figure 3A). In addition, similar to the wild-type apoC-1,
suggest that the minimal folding unit in apoC-1 comprises near-UV CD spectra of all mutant peptides analyzed in our
two helices formed of four 11-mer sequence repeats, foldedstudy persist at high temperatures (up to°@) or in high
in a helix-turn—helix motif and stabilized by interhelical  Gdn HCI concentrations (1.4 M), i.e., under conditions where
interactions (Figure 6A). _ _ the helical structure is unfolded. Taken together, these results
ApoC-1 is the smallest human apolipoprotein thought to jgicate strongly that the dominant contribution to the near-
be closely related to the primordial gene from which larger )y cp of apoC-1 comes from the clustering of aromatic
apolipoproteins have evolved via duplication and/or deletion groups that persists in the unfolded state rather than from

of 11-mer codon repeatd). Class-A amphipathia-helices o tertiary or quaternary helical packing in the folded state.
in apoC-1 are highly homologous to those in larger apoli-

poproteins and have similar proportions of the apolar surface  To our knowledge, there is but one report of the near-UV
area (~40% in apoC-1, 3650% in other exchangeable CD observed in the Gdn HCI unfolded (but not in the heat
apolipoproteins)16). This suggests that the minimal folding unfolded) state of WW domain, @-sheet protein module
unit in apoC-1 may be similar to that in larger apolipopro- that mediates protetrprotein interactions4s). Our results

teins. Indeed, similar to apoC-1, apoA-1 fragment-242, extend this observation to thermal, chemical, and Pro-
that comprises two 22-mer repeats predicted to form two unfolded states of an-helical protein. In contrast to non-
class-A amphipathia-helices connected by a turn,#$30% native near-UV CD of the chemically unfolded WW domain,

helical in solution (Yang Chao, Ph.D. Thesis, Boston near-UV CD spectra of the apoC-1 peptides recorded in the
University School of Medicine, in preparation). We, there- folded and in the unfolded states are similar. Consequently,
fore, propose that the minimal folding unit in larger apoli- - the aromatic cluster encompassing W41, F42, and F46, which
poproteins in solution may also be a hetixin—helix motif is the major contributor to the near-UV CD of the unfolded
comprised of four 11-mer, or two 22-mer, sequence repeats.apoC-1, is compatible with the helical conformation. There-
Analysis of other-helical repeat proteins, such as armadillo- ¢ore this cluster is likely to form the most stable helical

Lelateg protﬁins”or z?]nkyrin_ repeat protelinsl, led to th_e element and may serve as a template for the helical folding
ypothesis that all such proteins require multiple repeat units;p, o apoC-1 regions. The importance of local interactions

g’n:}agl'zgot:]rig;t;gurﬁg’ ﬁndortifgsr%m:rf dth:remg'sgu[ha or the packing of this aromatic cluster is suggested by the
a oliyc; roteins may re reslent Z\ﬁother :‘amil of hue?i?:al repeat bservation that Pro substitutions leading to largest near-
Polipop yrep y Pealyv cp changes (Figure 3B) are located in the vicinity of

R;%tf;”pse;"t”g;mg'ma' folding modules formed of at least . \ter- 134, M38, and T45, together with W41, F42,
: and F46 form continuous apolar face of the C-helix, and 129

In contrast to apoC-1 that has no prolines in its 11-mer he adi lar f f the N-helix is d
sequence repeats, larger apolipoproteins such as apoA-1 off®™ the adjacent apolar face of the N-helix is juxtapose

apoE are comprised of 22-mer repeats containing Pro int@ L34 and may interact with it (Figure 6). Nonlocal
position 1 of the repeat. The suggested role of Pro punctua-interactions may also be important, as suggested by sub-
tion is in introducing a kink or terminating individual helices, Stantial near-UV CD changes induced by L11P substitution
thereby optimizing lipid-protein interactions on the curved ~ (Figures 3 and 6). Similar hydrophobic clusters forming
lipoprotein surfacesl, 17). We suggest that Pro punctuation nativelike structure stabilized by local and nonlocal interac-
may also optimize the formation of the interhelical turn tions have been detected by NMR and other physicochemical
regions, thereby facilitating the folding of the autonomous techniques in the unfolded states of several globular proteins
helix—turn—helix modules in lipid-free apolipoproteins. (46—50 and references therein) and have been proposed to
Near-UV CD and Residual Aromatic Clusteringrotein nucleate the folding of some of these proteids, @8). In
near-UV CD spectra arise from the asymmetry in the apoC-1, the aromatic cluster encompassing W41 may not
environment of the aromatic groups that usually results from only be involved in the helix nucleation but is also essential
the tertiary packing; several proteins have also been reportedor the stability of the lipid-free conformation, as indicated
to have significant contributions from quaternary packing by the complete loss of the helical structure in W41A mutant
to their near-UV CD 42-44). Our results suggest that (Figure 4).
apoC-1 is an exception to this rule. Indeed, the normalized
near-Uv CD of the WT apoC-1 remain invariant upon : , . , "
decreasing the protein concentration from 1 to 0.07 mg/mL role in anchoring apolipoproteins to lipid surfacesl)

(0.03 mg/mL for V49P) or increasing Gdn HCI concentration Furthermore, the tendency of aromatic residues to cluster
from O to 1.4 M, thereby substantially reducing or even with a concomitant bend in the helix observed in the NMR

eliminating (in the presence of Gdn HCI) protein self- Structures of apoC-2() and of apoE fragment on SDS1)
association. Consequently, quaternary interactions do notWas proposed to enhance the binding of amphipathic
significantly contribute to the near-UV CD of apoC-1. @-helices to the curved lipoprotein surfaceg) Our results
Furthermore, correlation of far- and near-UV CD recorded indicate that aromatic groups, such as W41 in apoC-1, may
of WT apoC-1 in a broad range of temperatures and solventalso be essential for the stability of the lipid-free apolipo-
conditions shows that large changes indtibelical content, protein conformation, and suggest that hydrophobic clusters
from ~5% (at 80°C or in 1.4 M Gdn HCI) to~75% (in 1 containing aromatic groups may form the most stable helical
M TMAO), are not accompanied by any large changes in elements in apolipoproteins.

Aromatic residues have been proposed to play a dominant
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