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Abstract

The mechanism of protein folding has been the subject of extensive investigation during the last decade, both
because of its academic challenge and because of its relation to many diseases which are known to occur due to
misfolding of proteins. In this context, we report here a systematic investigation on the step-wise formation of a
helical structure by the addition of hexafluoroacetone, in a 14-residue peptide derived from a part of the scorpion
neurotoxin protein. The NMR and circular dichroism results indicate that the peptide has an inherent propensity for
helix formation and this is limited to the internal few residues in aqueous solution. With the addition of the
fluorosolvent, the helical content progressively increases and spans the whole sequence. This is accompanied by
concomitant packing of the side chains. These results provide support to the so-called hierarchic model of protein
folding which dictates that the local sequence determines the secondary structures in the protein and the side chains
play an important role in this process. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Understanding the mechanism of protein fold-
ing has been an exciting area of research, both
from the academic point of view and from the
point of view of many diseases which owe their
origin to misfolding of proteins in vivo (reviewed
in [1,2]). A lot of debate has focussed on whether
the folding of proteins to their native states oc-
curs in a hierarchical manner or otherwise (re-
viewed in [3—5]). Hierarchic folding is defined as a
process in which folding begins with structures
which are local in sequence and marginal in
stability; these local structures interact to pro-
duce intermediates of ever-increasing complexity
leading ultimately to the compact native state. In
contrast, non-hierarchic folding is a process in
which tertiary interactions not only stabilize local
structures but also actually determine them. It
follows that protein secondary structure is de-
termined largely by local sequence information if
folding is hierarchic, but not if it is non-hierarchic.
For the hierarchic model to be plausible, the
secondary structures (helices, turns, etc.) must
have at least borderline stability in free peptides
in the absence of tertiary interactions.

It is evident that discrimination between sec-
ondary structures (a-helix and B-strand) in a given
peptide sequence originates from the local inter-
actions between the side chains in the hierarchic
model of protein folding. Side chains lose confor-
mational freedom upon helix formation because
the bulky helix backbone is sterically incompati-
ble with some side chain conformations [6]. Such
restrictions are relieved when the chain is ex-
tended and this leads to a favorable increase in
the conformational entropy of the system. Like-
wise, desolvation of backbone polar groups by
some side chains can also cause discrimination of
the different secondary structures. Thus it will be
of significant help if the secondary structure can
be systematically induced in a peptide and the
local side chain interactions and mobilities be
concomitantly monitored. In this context, fluoro-
alcohols are of great use since they are known to
induce helicity in many peptides [7-10].

We report here the results of such a systematic
study by NMR and CD on a 14-residue peptide,

ENEGADTEAKAKNQ, derived from a helix in
the scorpion neurotoxin protein. The peptide was
found to exhibit some helical propensity in aque-
ous solution and this was progressively increased
by addition of hexafluoroacetone (HFA). We
observed that the side chain mobilities decreased
progressively with increase in helical content and
this exhibited a hierarchy. At approximately 50%
HFA, the helix extended over the whole length of
the peptide. The high-resolution structure of the
peptide calculated at this concentration from the
NOE data indicated a compact structure with
well-defined side chains, except for a few at the
termini. Thus the present results concur with all
the expectations of a hierarchic model of protein
folding in the neurotoxin protein. Of course simi-
lar studies with several other segments of the
protein would be warranted for a more detailed
description of the folding mechanism of the en-
tire protein.

2. Materials and methods
2.1. Peptide synthesis

The peptide was synthesized by the Fmoc-solid
phase method on an Applied Biosystem 431A
peptide synthesizer. The crude peptide was puri-
fied by preparative reversed phase HPLC on a
Vydac C18 column using 0.1% trifluoroacetic acid
and acetonitrile. The resulting product appeared
as a single peak on analytical RP-HPLC. Amino
acid analysis and mass spectrometry (FAB) were
used to check the composition of the peptide.

2.2. CD measurements

CD spectra were recorded on a Jasco J-600
spectropolarimeter. The instrument was cali-
brated using (+)10-camphorsulfonic acid. All
spectra were recorded at room temperature using
0.1 cm path length cells. Equal amounts of pep-
tide solutions from a stock were dispersed into
HFA/ water mixtures of varying compositions,
between 0 and 50% HFA by volume. HFA was
obtained from Aldrich Chemical Co. The final
concentration of the peptide in each of the mix-
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tures was approximately 50-60 wM (wt./v). The
spectra were an average of 32 scans recorded at a
speed of 50 nm min~!, with a bandwidth of 2.0
nm at a 0.1-nm step size and a 2-s time constant.
The spectra were smoothed and the data con-
verted into ASCII format using the Jasco soft-
ware. Baseline correction, conversion to mean
residue ellipticity and subsequent plotting were
carried out using the SigmaPlot software (Jandel
Scientific v3.1). Estimation of % helicity was made
using the formula given in [11].

2.3. NMR spectroscopy

For HFA titration, two samples were prepared
as follows. In one, ~ 4 mg peptide was dissolved
in 0.5 ml of 9:1 v/v water/D,0O mixture; in the
other, ~ 4 mg peptide was dissolved in 0.5 ml of
5:4:1 v/v/v HFA /water/D,0O mixture. These
two solutions had identical peptide concentra-
tions (in units of mg ml~!) and the HFA concen-
trations were 0 and 50% HFA, respectively. Start-
ing from these solutions the various peptide solu-
tions in intermediate proportions of HFA /water
mixture were obtained pair-wise in a stepwise
manner by calculated mixing of the solutions in
the two tubes (say A and B) as follows: if P, and
Py are the HFA percentages in the two tubes A
and B respectively and if x p.l of solution is taken
out from both A and B and are added back in an
interchanged manner, then the resultant HFA %
P in B satisfies the equation:

xP, + (500 —x) Py = 500 P (D
and that (Pp) in A satisfies the equation:
xPy + (500 —x) P, = 500-Pp, 2)

In all these cases the peptide concentration (in
units of mg ml~') remains unchanged. Eleven
solvent compositions between 0 and 50% HFA at
intervals of 5% were thus prepared. The pH of all
the above samples was found to be between 2.9
and 3.3. Sodium 3-(trimethylsilyl)-propionate-
2,2,3,3-d, (TSP) was added for internal referenc-
ing of 'H chemical shifts.

The "H NMR spectra were recorded on Bruker
AMX 500 MHz and Varian Unity plus 600 MHz
spectrometers. TOCSY [12,13] and ROESY [14]
experiments were carried out with mixing times of
75 and 250 ms, respectively for spin system and
sequential assignments [15]. NOESY [16] experi-
ments were carried with the mixing times, 50, 75,
100, 125, 150 and 400 ms for obtaining buildup
curves and quantitative distance information for
molecular dynamics simulations at 50% HFA
concentration. The spectra were processed using
UXNMR (Bruker), VNMR (Varian) and Felix
v.97.0 (Molecular Simulations Inc.) software. The
spectra were referenced with respect to TSP at
0.0 ppm. 'H-'*C gradient-HSQC [17] experiments
with sensitivity enhancement were recorded at all
the concentrations of HFA to monitor the changes
in a-C chemical shifts.

To estimate inter-proton distances from the
NOESY spectra, peaks from the 150 ms NOESY
spectrum were broadly classified as strong,
medium and weak, based on the number of con-
tour levels in the peaks. Well-resolved NOESY
peaks between geminal protons of the side-chain
amide groups of N2, N13 and Q14 were used as
reference peaks, since the distance (1.8 A)
between geminal protons is independent of con-
formation. Final NOE distance constraints were
created by assigning the strong, medium and weak
intensities to the distance ranges of 1.80-2.70,
2.70-3.50 and 3.50-5.00 A. Pseudoatom correc-
tions were used for methyl and methylene pro-
tons where stereospecific assignments were not
available.

2.4. Structure calculations

Structure calculations were performed using
Discover and Insight II v.95 software of MSI on a
Silicon Graphics Indigo2 workstation. Using the
Biopolymer module, a right handed o-helix with
acetylated N-terminus and amidated C-terminus
and ionized side-chains of asp, glu and lys to
simulate the pH in the NMR studies was con-
structed. The dielectric constant was set as 1.0%r
to simulate the aqueous environment implicitly.
The energy of the system was calculated with the
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CFF91 [18] force field with no cross-terms in-
cluded in the energy expression.

The following protocol was used for restrained
molecular dynamics calculations and simulated
annealing. A total of 206 NOEs were used as
distance restraints with the force constant set to
60.0 kcal mol~' A~%. The molecule was ‘heated’
to a temperature of 1000 K and equilibrated at
this temperature for 5 ps. Dynamics were contin-
ued for 200 ps during which Newton’s equation
was solved by the Verlet algorithm with the inte-
gration time step of 1 fs. The molecular dynamics
(MD) trajectory was sampled every 1 ps to gener-
ate a total of 200 structures. Equilibration was
carried out by velocity scaling and a weak cou-
pling to a temperature bath of time constant 0.1
ps was used during the sampling period. All these
structures were then ‘cooled’ to 300 K in steps of
50 K. At each temperature step, the molecule was
equilibrated for 1 ps and then resumed for 5 ps.
At the end of the simulated annealing, all the
structures were energy minimized for 500 steps of
steepest descents followed by 1000 steps of conju-
gate gradients.

3. Results and discussion
3.1. Circular dichroism spectroscopy

Progressive formation of an a-helix on increas-
ing the concentration of HFA in the peptide
solution was monitored by CD spectroscopy. Fig.
1 shows that the peptide does not have significant
absorption at 222 nm at 0% HFA, but on increas-
ing the HFA concentration, minima appear at 222
and 208 nm, which continuously deepen with a
maximum appearing at 190 nm. These features
are characteristics of progressive helix formation
in the peptide. However, we also observed that
the CD spectra as a function of HFA concentra-
tion exhibit an isodichroic point at 202 nm indi-
cating the presence of a two-state equilibrium
between random coil and a-helix conformations.
The helical content in the peptide is shown in the
inset.

3.2. NMR spectroscopy

In order to derive the details of helix formation
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Fig. 1. CD spectra of the neurotoxin peptide obtained using increasing amounts of hexafluoroacetone. Mean residue ellipticity ([6])
has been plotted at 0%, 25% and 50% HFA concentration. The presence of an isodichroic point at 202 nm signifies a two-state
equilibrium between random coil and helix. Inset shows percentage helicity from [6],,,. The maximum helical percentage reached

at 50% HFA is 38%.
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as a function of HFA percentage in the solution,
we carried out NMR analysis on the peptide at
each of the HFA percentages mentioned above.

3.2.1. Resonance assignment
TOCSY and NOESY/ ROESY spectra were

0% HFA
El N2 E3. G4 AS D6 T E8 AY KI0 All KI2 NI3 Q4
do (hi+1) —lE .
dnn (1,i+1) —— e T e——
dgy (i,i+1) o S
dox (,i43)
g (i,i+3)
don (ii+4)
d (3,i42)
don (ii42)
20% HFA

El N2 E3 G4 AS D6 ™ E8 AY K10 All KI2 NI3 Q4
dox i+ I —
o G+ 1 v M -
— el R

dan (i+1)

don (i,i+3)

deg (i,i+3)
dan (i,i+4)
dnn (1,i+2)

dan (i,i+2)

40% HFA
El N2 E3 G4 AS D6 T ER8 AY KI0O All KI2 NI3 Q14
doy i+ 1) I
Py ]
d Gi+) N S

dan (i,i+3)

dp (i,i+3)
dan (i,i+4)

dn (1,i+2)

dan (1,i+2)

recorded at each of the eleven concentrations of
HFA (see Section 2.3) and sequence specific as-
signments were obtained following standard
procedures [15]. Fig. 2 shows the summary of
sequential and other connectivities at six different
concentrations. *C assignments were obtained

10% HFA

El N2 E3 G4 AS D6 ™ E8 A9 K10 All KI2 NI3 QM4
doy i+ 1) el ————— ...
PR —
e 3

don Gii+1) —
dax (0i+3)
dap (,i+3)
dax (ii+4)
dwn 3,i+2)

don (1,i42)

30% HFA

El N2 E3 G4 A5 D6 T7 E8 A9 KI0O All KI2 NI3 QM

do Gi+1) I —————
o G,i-+1 el N e

dpn (i,i+1) e I —

dan (1,i+3)

dap (i1+3)
dan (i,i+4)
d (i1+2)

don (1,i42)

50% HFA

El. N2 E3 G4. AS D6 T7 E8 A9 KIO All KI2 NI3 QI4

don i,i+1) [ ———— .
o G,i-+1
oy v N I

don (i,i+3)

dap (1,i+3) T e I | —

don (i,i+4)
dnn (1,i+2)

dan (i,i+2) ——

Fig. 2. Summary of the sequential, short- and medium-range NOE connectivities for the peptide in 0, 10, 20, 30, 40 and 50% HFA.
The intensities of the observed NOEs are represented by the thickness of the bars. Open bars represent overlapping peaks while
gray-shaded bars denote near diagonal peaks. Overlapping and near diagonal peaks are not included for short- and medium-range
NOEs: dyy(i,i +2), d nGi+2), (i +3), dypg(ii +3) and d i Gi+4).
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from 'H-*C HSQC spectra following the 'H
assignments.

3.2.2. Solvent composition dependence of helix
formation

To further probe the residue-wise structure for-
mation as the HFA concentration was increased,
the following analyses were carried out.

3.2.2.1. NOE connectivity patterns. The NOESY
spectra were scanned to pick out peaks character-
istic of a helix and their intensities were esti-
mated by counting the number of contours; this is
indicated by the height of the bars in Fig. 2. We
notice that helix-specific NOEs, a H(i)-NH( + 3),
aHG)-NHG + 4) and o« H®-BH (@ + 3) start ap-
pearing preferentially for different residues as the
HFA concentration is increased, with 10% HFA
showing only a couple of a H(i)-BH( + 3) peaks
in the middle region from residue numbers 7-10,
and these increase in number as the HFA con-
centration increases. In addition, the intensities
of the peaks also increase in the same preferen-
tial manner. At 50% HFA, we are able to see
complete helix-specific connectivities through the
entire chain. However, this must be taken to
imply that every residue exhibits a finite popula-
tion of helical conformation, and the NOEs may
be taken to characterize these structures.

3.2.2.2. Chemical shifts analysis. Changes in the
chemical shift values of peptide resonances on
HFA addition are of utmost significance in de-
tecting and characterizing increasing populations
of folded structures in solution [19,20]. Among
the various nuclei, o H and oC are the most
useful in this regard. As the concentration of
HFA is increased, the o H chemical shifts for the
residues D6-K12 move upfield (data not shown),
and this is characteristic of progressive helix for-
mation [21]. The chemical shift of A5 is almost
constant over the whole HFA concentration
range, with only minor fluctuations. It is found
that the N- and C-termini residues show a fluc-
tuating behavior and have smaller chemical shift
differences with respect to the random coil val-
ues. On the other hand, for residues A5-K12, the
chemical shifts are significantly lower than the

random coil values (except D6) and continuously
move more and more upfield all the way up to
50% HFA. The aC chemical shifts at the various
concentrations of HFA also show a similar pat-
tern as that observed for the a H. The aC reso-
nate more and more downfield as the percentage
of HFA is increased. This is shown in Fig. 3
where chemical shift differences with respect to
the random coil values have been displayed at 0,
25 and 50% HFA. It is seen that the shifts at 0%
HFA are nearly random coil type and as the HFA
concentration is increased, all the resonances shift
more and more downfield signifying an increase
in the population of the helix. Residues from AS
to All show a higher downfield shift than the
terminal residues.

4l 50% HFA

4 - 25% HFA

Ry 1T

4 0% HFA

oC Chemical Shift Difference (ppm)
N

O_Tl.j.lil.l.l.l_l.n.

0 2 4 6 8 10 12 14

Residue

Fig. 3. Chemical shift difference for the alpha carbons for the
peptide at 0%, 25% and 50% HFA. The chemical shift dif-
ferences were calculated by subtracting the random coil shifts
given in the literature (20) from observed value for the pep-
tide.
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3.2.2.3. Packing of side chains. We also carried out
analysis of NOESY cross peaks in the side-chain
regions to see the HFA dependence of these
NOEs. Table 1 shows how the peaks of the side-
chain protons belonging to some residues change
from negative to zero to positive intensities. Neg-
ative intensities mean that the protons belong to
a region which is very mobile and therefore has a
small rotational correlation time such that the
product of spectrometer frequency and the
molecular rotational correlation time, w7, <1.
This situation is present for residues E1, N2, E3,
ES8, K10, K12, N13 and Q14 at low concentrations
of HFA. The peaks slowly become positive at
higher concentration of HFA, passing through a
stage when these are absent (w,T, = 1), which
happens at the intermediate concentrations of

Table 1

HFA. It is observed that cross-peaks involving
backbone amide protons become positive at a
lower concentration of HFA than those arising
from aH or side chain amide protons. In addi-
tion, the cross-peaks involving yH remain nega-
tive or unobserved until a higher concentration of
HFA as compared to ones involving BH. More-
over, cross peaks for the middle residues, E3, ES
and K10, undergo transition at an lower concen-
tration of HFA as compared to ones involving the
end residues. All the cross peaks become positive
by 45% HFA, except the ones involving the amide
protons in the long side chains of K10, K12 and
Q14, which remain unobservable until the end.
This graded change of intensities indicates that
the observed change of NOE sign is not a result
of viscosity changes in the medium, but due to

Summary of NOEs observed in the peptide that undergo transition from negative to positive intensity from 0% to 50% HFA?

% HFA 0 5 10 15 20 25 30 35 40 45 50
Ela—p - - - - 0 0 + + + + +
Ela— B’ - - - 0 0 0 + + + + +
E3a—f - - 0 + + + + + + + +
Ql4 o — B - - - 0 0 + + + + + +
Q4 a—p’ - - - - 0 + + + + + +
Ela—vy - - - - - 0 0 0 0 + +
E3a—-vy - - - + + + + + + + +
E8 a— vy - - - + + + + + + + +
K10 a =y - 0 0 0 0 + + + + + +
K10 a = § - - - 0 0 + + + + + +
Qlda—vy - - - - - - 0 0 0 + +
E1NH - B - - - 0 + + + + + + +
E1NH - g’ - - 0 0 + + + + + + +
N2NH - - 0 0 + + + + + + + +
E3NH- B - - + + + + + + + + +
Ql4NH - B - 0 0 + + + + + + + +
Q14 NH - g’ - 0 0 + + + + + + + +
ElINH -3 - - - - - + + + + + +
E3 NH - 3 - - - 0 + + + + + + +
Q14 NH — 3 - - - - 0 0 + + + + +
N2 yNH, - B/B' — - - - 0 0 + + + + +
N13 yNH, - B/B’ — - - - 0 0 + + + + +
QI43NH, >y  — - - - - - - - 0 0 0
K10/12 ¢ = v - - - - - 0 + + + + +
K10/12 & > - - - - - - 0 + + + +
K10/12 e > B/B’ — - - - - - - 0 + + +
K10/12 & NH; =y — 0 0 0 0 0 0 0 0 0 0
K10/12 ¢ NH; — 8 — - - 0 0 0 0 0 0 0 0

a

— and + denote negative and positive intensities, respectively, while 0 denotes peak which is absent from its expected position.
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packing of the side chains as the secondary struc-
ture is formed. A noteworthy point here is that
only the residues with long side chains show this
characteristic pattern and this must be because
these side chains are highly mobile in solution.
This analysis thus tells us how helix formation is
facilitated by both backbone stabilization and si-
multaneous sequence-specific side chain packing
in the peptide. This points to different helical
propensities of the residues along the peptide
sequence.

3.2.3. Helical structure at 50% HFA

With a view to observing the side chain interac-
tions in the helix formed at 50% HFA, we calcu-
lated the ordered structure of the peptide using
the structural constraints derived from NMR data
at 50% HFA, as described in Section 2.4. A
summary of the statistics associated with final
simulated-annealing structures and the parame-
ters used for the restrained molecular dynamics
simulation on the 50% HFA sample is given in
Table 2. A total of 206 distance constraints were
used with 101 intra-residue and 105 inter-residue
distances, and Fig. 4a shows the distribution of
NOEs used for deriving distances across the
length of the peptide. Residues T7, E§ and K10
show the maximum number of NOEs. The ‘total
energy’ vs. ‘frame number’ graph was plotted (not
shown) for the 200 structures collected, and that
showed the structures occupied three distinct en-
ergy states, with an energy separation of 8-10
kcal. So a cluster analysis on these structures was
performed, which involved comparing each con-
formation with all the others. The similarity
between two conformations was based on a RMS
comparison of backbone atoms using the same
method as in least-squares superimposition. This
is an extremely useful technique for analyzing a
flexible structure and assisted in identifying dis-
tinct families of conformations having RMSDs
0.0-0.6, 0.6-0.9, and > 0.9. Among these, the
structures with low RMSDs between them (~ 0.3
A®) and with least restraint violations were se-
lected for further analysis. An overlay of these
structures (n =10) in stereo mode is shown in
Fig. 4b. We see that a good o-helix is formed
throughout the chain. The C-terminus is not as

Table 2

Summary of experimental restraints used for structure calcu-
lation of the peptide at 50% HFA and statistical analysis of
the family of structures obtained by simulated annealing using
NOE distance constraints

Parameter Value
Distance restraints
All 206
Sequential 152
Medium range 53
Li+2 13
i,i+3 31
iLi+4 9
RMS violations /constraint (nm) 0.019 + 0.001
Average number of violations / structure 14.60 £+ 0.52
RMSDs with average structure (nm)
Backbone atoms 0.023 £ 0.008
All atoms
Maximum 0.095
Minimum 0.063
Average 0.078 + 0.010
Average pairwise RMSD (nm) 0.103 + 0.070
Total energy (kcal mol ') —87.13 + 1.53

clearly defined as the rest of the backbone be-
cause of the relatively smaller number of distance
constraints obtained for this region due to spec-
tral overlap. In the Ramachandran plot (not
shown) all the backbone dihedral angles for all
the chosen structures were seen to be distributed
properly in the energetically favorable region
characteristic of a-helix.

4. Conclusions

We have characterized in this paper the confor-
mational preferences for a neurotoxin peptide at
various concentrations of HFA using CD and
NMR spectroscopy. While CD spectroscopy pro-
vided an overall picture of the presence of helical
population in the peptide, NMR spectroscopy en-
abled us to study folding using the changes occur-
ring at each step of HFA titration by means of
chemical shifts and NOESY peak patterns. The
NOE intensities as a function of the HFA con-
centration indicated progressive backbone
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M . Intraresidue
M 3 Interresidue

NOEs

0 2 4 6 8 10 12 14
Residue Number

4 )') LY$

Fig. 4. (a) Residue-wise distribution of NOE constraints used for structure calculation. The black columns denote the intra-residue
and white columns the inter-residue NOE:s. (b) Stereo view of the simulated annealing structures of the neurotoxin peptide having
RMSDs of 0.0-0.3 A between the backbone atoms N, aC, C and O. The ribbon displays the backbone of the structures and the

residues are labeled.
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stabilization into a helical structure and a simul-
taneous reduction of side-chain mobilities, imply-
ing good packing of the side-chains. These results
are in accordance with the hierarchic model of
protein folding, which dictates that a peptide from
a protein should show native-like secondary struc-
ture with at least borderline stability in aqueous
solutions. Our results also show which segment of
the peptide has greater intrinsic helical propen-
sity, the importance of the side-chain packing,
and how the helical propensity may be extended
to other regions by external forces — perhaps the
tertiary interactions in the protein.
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