View metadata, citation and similar papers at core.ac.uk

-

P
brought to you by . CORE

provided by Infoscience - Ecole polytechnique fédérale de Lausanne

Testing the diffusing boundary model for the helix—coil

transition in peptides

Sabine Neumaier, Andreas Reiner', Maren Biittner, Beat Fierz?, and Thomas Kiefhaber®

Munich Center for Integrated Protein Science and Department of Chemistry, Technische Universitat Minchen, D-85747 Garching, Germany

Edited* by Robert L. Baldwin, Stanford University, Stanford, CA, and approved June 26, 2013 (received for review February 25, 2013)

The dynamics of peptide a-helices have been studied extensively
for many years, and the kinetic mechanism of the helix-coil dy-
namics has been discussed controversially. Recent experimental
results have suggested that equilibrium helix-coil dynamics are
governed by movement of the helix/coil boundary along the pep-
tide chain, which leads to slower unfolding kinetics in the helix
center compared with the helix ends and position-independent
helix formation kinetics. We tested this diffusion of boundary
model in helical peptides of different lengths by triplet-triplet en-
ergy transfer measurements and compared the data with simula-
tions based on a kinetic linear Ising model. The results show that
boundary diffusion in helical peptides can be described by a classi-
cal, Einstein-type, 1D diffusion process with a diffusion coefficient
of 2.7-107 (amino acids)?/s or 6.1-10~° cm?/s. In helices with a length
longer than about 40 aa, helix unfolding by coil nucleation in
a helical region occurs frequently in addition to boundary diffu-
sion. Boundary diffusion is slowed down by helix-stabilizing cap-
ping motifs at the helix ends in agreement with predictions from
the kinetic linear Ising model. We further tested local and non-
local effects of amino acid replacements on helix—coil dynamics.
Single amino acid replacements locally affect folding and unfold-
ing dynamics with a ¢¢-value of 0.35, which shows that interac-
tions leading to different helix propensities for different amino
acids are already partially present in the transition state for helix
formation. Nonlocal effects of amino acid replacements only in-
fluence helix unfolding (¢ = 0) in agreement with a diffusing
boundary mechanism.

a-helix capping | ¢-value | protein folding

Folding and unfolding dynamics of a-helices play a prominent
role in folding and other physiologically important confor-
mational transitions in proteins. In polyalanine-based model
peptides, the structure and dynamics of a-helices can be inves-
tigated in the absence of tertiary interactions, which yields in-
formation on intrinsic helix properties (1). Experimental and
theoretical work has showed that a linear Ising model is able to
describe the equilibrium properties of the helix—coil transition
both in long homopolymers and in short model peptides (2-7).
The kinetic mechanism of helix—coil dynamics has long been
under debate. Temperature jump-induced unfolding experi-
ments on short Ala-based helices showed that global unfolding
occurs on the hundreds of nanoseconds time scale (8, 9). In a
previous study, we applied triplet-triplet energy transfer (TTET)
to investigate local folding and unfolding dynamics at different
positions in a 21-aa Ala-based a-helix at equilibrium (10). The
results revealed a position-independent helix elongation time
constant (1/ks) of about 400 ns at 5 °C and a position-dependent
helix unfolding rate constant (1/k,) with faster unfolding at the
termini (1/k,, = 250 ns) compared with the center (1/k,, = 1.4 ps).
This behavior could be reproduced in simulations using a kinetic
version of the linear Ising model (10, 11), which suggested that
helix elongation and unfolding mainly occur via a diffusing
boundary mechanism (i.e., by the movement of the helix/coil
boundary along the polypeptide chain). Helix nucleation in
a completely unfolded chain and coil nucleation within a helical
region are rare events in short model helices (10). The helix/coil
boundary is statistically more likely located near the peptide ends
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than near the center (6, 10). Thus, it takes, on average, longer for
the moving helix/coil boundary to reach the helix center than the
helix ends, which leads to the observed position dependence of
helix unfolding.

Here, we use TTET to test the diffusing boundary mechanism
and to investigate whether diffusion of the helix/coil boundary
along the polypeptide chain can be described by a classical,
Einstein-type, 1D diffusion process. We further tested for local
and nonlocal effects of changes in helix stability on folding and
unfolding dynamics in different regions of a-helical peptides.
The triplet donor xanthonic acid (Xan) and the acceptor
1-naphthylalanine (Nal) were attached to helical peptides in i, i +
6 spacing, which places them on opposing sides of the helix and
prevents TTET in the helical state (10) (H; Fig. 1). When the
helical structure between the labels is unfolded or partially un-
folded (C conformations; Fig. 1), TTET can occur by van der
Waals contact to the state C*. Because TTET between these
groups is an irreversible process (12-14), the overall reaction can
be described by the three-state model shown in Fig. 1. If helix—
coil dynamics (k; and k,) and loop formation in the unfolded
state occur on a similar time scale, the observable rate constants
for TTET and their corresponding amplitudes yield the rate
constants for local helix formation and unfolding between the
labels, krand k,,, as well as the rate constant for loop formation (k.)
(10) (SI Text). In addition, the local equilibrium constant (K,,) for
helix formation in the region of the labels can be calculated from
K.q= k¢ /k,. It should be noted that TTET experiments do not
require perturbation of the helix—coil equilibrium, and thus yield
information on equilibrium fluctuations of the system.

Our results show that boundary diffusion in helical peptides
can be described by a classical, 1D diffusion process. Nonlocal
effects of changes in helix stability exclusively affect the dynamics
of helix unfolding, whereas helix formation is unchanged. Lo-
cally, in contrast, changes in helix stability alter both folding and
unfolding dynamics, with a ¢y-value (see Eq. 3) of about 0.35.

Results and Discussion

Effect of Peptide Length on Helix Folding and Unfolding Dynamics. As
in our previous work (10), we studied Ala-based helical peptides
with Arg residues introduced with i, i + 5 spacing to increase
solubility (1), which yields the canonical sequence Ac-AAAAA
(AAARA),A-NH,. Labels were inserted with i, i + 6 spacing,
which prevents TTET in the helical state (Fig. 1). The triplet
donor 9-oxoxanthene-2 carboxylic acid (Xan) was attached to the
side chain of the nonnatural amino acid «,f-diaminopropionic
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H C C*

Fig. 1. Schematic representation of TTET coupled to a helix—coil equilib-
rium. The triplet labels Xan (blue) and Nal (red) are placed in the helix with
i, i + 6 spacing.

acid (Dpr) via an amide bond, and the nonnatural amino acid
Nal was introduced as triplet acceptor (Figs. 1 and 2).

Our previous results suggested that the experimentally ob-
served position dependence of helix formation and unfolding
dynamics originates in a boundary diffusion mechanism that can
be described by a kinetic linear Ising model (10, 11) (a detailed
description of the model is provided in SI Text). The boundary
diffusion model predicts that the unfolding rate constant in
the center of a helix is sensitive to helix length due to varying
boundary diffusion distances. Unfolding at the termini and helix
formation, in contrast, should be independent of helix length. To
test this prediction, we synthesized helical peptides of different
lengths between 16 and 41 aa and placed the TTET labels either
in the center of the peptide or at the N terminus (Fig. 24 and E).
Shorter peptides did not form helices that are stable enough to
yield reliable results on &, and k.. The far-UV CD spectra of all
peptides display typical helical bands, with a maximum of the
ellipticity at 190 nm and minima at 208 nm and 222 nm (Fig. 2 B
and F). A quantitative analysis of the helix content using the
signal at 222 nm would be inaccurate because the TTET labels
have CD bands in the far-UV region. The increase in the
strength of the CD band at 222 nm with increasing peptide
length (Fig. 2 B and F and Table S1) indicates a higher av-
erage helical content, and thus, on average, longer helices in
longer peptides in agreement with previous studies (15). Our
previous results showed that the average helical content of the
centrally labeled 21-aa peptide is about 60% (6, 10), which
suggests that the average helical content of the peptides is ap-
proximately between 35% (16-mer) and 75% (41-mer). The
labels destabilize the helix due to their lower helix propensity
compared with Ala (10). Centrally labeled peptides form less
stable helices compared with the corresponding N-terminally

labeled variants, in agreement with Lifson—Roig theory and
previous experimental results (6).

TTET kinetics were monitored by the decay of the xanthone
triplet absorbance band at 590 nm. All peptides exhibit double-
exponential Xan triplet decay curves, indicating that both the
helical state and the coil state are populated to detectable
amounts at equilibrium (Fig. 2). An additional very fast kinetic
phase is observed within the dead time of the TTET experi-
ments, which is due to fast loop formation in the coil state in
a subset of conformations (16). Fig. 2C shows that TTET in the
central region of the helical peptides becomes slower in longer
peptides, whereas TTET in the N-terminal region is virtually
independent of peptide length (Fig. 2G). The data were fitted
using the analytical solution of the three-state model shown in
Fig. 1 (SI Text) to obtain kf, k,, and k. (10). For all peptides
a urea-dependence of the TTET kinetics was measured and the
data were fitted globally, which reduces the errors (Fig. S1). Fig.
2 D and H shows the effect of peptide length on &y and k,,. Helix
formation is independent of peptide length, both in the center
(Fig. 2D) and at the N terminus (Fig. 2H). Helix unfolding in the
center, in contrast, becomes slower with increasing peptide
length (Fig. 2D), whereas unfolding at the N terminus is un-
changed (Fig. 2H). As a result, increasing peptide length
increases helix stability in the central region of the peptide but
does not affect helix stability at the N terminus (Table S1). The
rate constant for loop formation, k., slightly decreases with in-
creasing peptide length (Table S1). This effect is stronger for the
centrally labeled peptides compared with the N-terminally labeled
peptides, in agreement with our previous results on the effect
of tails on the dynamics of loop formation (17).

To compare the experimental results quantitatively with pre-
dictions from the kinetic linear Ising model, we performed Monte
Carlo simulations as described (10). The simulation procedure
was slightly modified to obtain better statistics for the folding and
unfolding transitions (SI Text). The Monte Carlo simulations
yield mean first passage times (FPTs) for helix unfolding and
formation in the region between the labels. The rate constants &y
and k,, were determined from the distribution of mean FPTs by
fitting the data to a single-exponential decay (Fig. S2). Both in the
center and at the N terminus, the simulations yield the same ef-
fect of peptide length on k,, ks, and K., as the TTET measure-
ments (Fig. 2 D and H). The data from experiments and
simulations on all centrally labeled peptides can be quantitatively
brought into agreement with rate constants for the elementary steps
of helix elongation (k) and helix shrinking (k_;) of 1.20 x 107 s~
and 1.03 x 107 s™', respectively, which results in an s-value of
1.17 (s = ki/k_1) (Eq. S5 and description of the model in
SI Text). For the N-terminally labeled peptides, agreement is

Fig. 2. Effect of peptide lengthon A B T 6 C_1o =2 T T
local helix dynamics and stability. ﬁg\( g 3 1 E 0.8 F z 3 QQ S 2
Peptides were labeled with the =Y = (\':5 3 g 0.6 § 100 | 9 E
triplet donor/acceptor pair Xan/Nal W E E 0 [ < 04F § 3 b
either in the center (A-D) or at the N ) w o | < 02F ; * o 1
terminus (E-H). Far-UV CD spectra (B SRR :’ 3k, = 0.0E g oS v v
and F) and triplet decay curves of % 180 200 220 240 107 106 105 10 20 30 40
xanthone monitored by the change uu%gw" wavelength (nm) time (s) length (aa)

in absorbance at 590 nm (C and G)

are displayed. The colors in the plot E F G 7

correspond to the colors of the heli- S 6F T T i ?10 L
cal peptides in A and E. The gray line %m E I z ot ]
represents the triplet decay for a do- z 3y T E i O
nor-only peptide as a reference. The ? % E 0 _/\ % I z g O i
black lines represent double-expo- - gt @ w | 7 s | i
n'entia_l fits to the ki_netics. A _gllobal ARpRARRT f ) M T T T .0 Buvvwnt v v T E T Y S T
fit using the analytical solution of : S 180 200 220 240 107 106 105 10 20 30 40

the three-state model (Fig. 1) to the
data yielded the rate constants for

wavelength (nm)

time (s) length (aa)

helix formation (ks), unfolding (k,), and loop formation (k) (§/ Text). D and H show the length dependence of k¢ (blue) and k, (red) in the helix center and at the
N terminus, respectively. The results are summarized in Table S1. The experimental data (filled circles) agree well with results from Monte Carlo simulation (open
circles) based on the linear Ising model (S/ Text). norm., signal was normalized between 1 (initial absorbance) and 0 (final absorbance); MRW, mean residue weight.
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achieved with k; = 1.20 x 10" s™" and k_; = 9.16 x 10° s, resulting
in an s-value of 1.31. The difference in s-values between N-termi-
nally and centrally labeled peptides is probably due to the different
locations of the labels in the peptide. The TTET labels destabilize
the helix more strongly in the center compared with the ends (6),
which decreases the average s-value used in our simulations. It
should be noted that the elementary rate constants k; and k_;
represent the elementary steps for adding (k;) and removing (k_,)
a single helical segment at the helix/coil boundary in the linear
Ising model (Egs. S5-88). The rate constants k¢ and k,,, in contrast,
represent the rate constants for helix formation and unfolding in
the region between the TTET labels and characterize the transition
between conformations that have the helix formed between the
labels (H) and conformations allowing TTET (C; Fig. 1).

A T-jump study on helix unfolding found that different s-values
are required to describe the stability of helical peptides with
varying lengths (18). In our study, in contrast, the same s-value
describes the behavior of the different length peptides, which is
in agreement with previous results by Rohl et al. (15) and with
the Lifson-Roig model. This discrepancy is likely due to the
application of a two-state model to calculate rate constants for
helix formation from T-jump unfolding experiments (18), which
is not valid because the helix—coil transition is a multistate pro-
cess (3,6, 7,9, 11).

The observed effect of helix length on unfolding dynamics in
the peptide center is expected if helix unfolding occurs by 1D
diffusion of the helix/coil boundary. Increasing helix length
increases the average diffusion distance from the helix/coil
boundary to the helix center, and thus the helix/coil boundary
takes longer to reach the central region. This mechanism is
equivalent to a 1D diffusion process with two boundaries mov-
ing, each from one end. To test whether motion of the helix/coil
boundary can be described by an Einstein-type, 1D diffusion
process, we analyzed the effect of the diffusion distance on the
rate constant of helix unfolding. For a classical 1D diffusion
mechanism with diffusion from two sides, the survival probability
(S) for a helical segment in the center can be approximated by an
exponential function (SI Text):

4Dt kot
S~e <*>=eHu , [1]

where D represents an upper limit for the diffusion coefficient
for one boundary and </> is the average distance from the helix/
coil boundary to the helix center (SI Text). Eq. 1 results in a mod-
ified Einstein equation for the relationship between the diffusion
distance of the boundary and the observed unfolding rate con-
stant (Eq. 2):

4D
2o _
<IF>= = [2]

For the calculation of (</>), we considered that the N- and C-
terminal residues are not in a helical conformation (2, 3, 7) and
assumed the average helix/coil boundaries at residue 2 and n—1
(6, 10). We further assumed that four helical segments between
the labels in the center have to unfold for TTET to occur (10).
The plot of </*> vs. 1/k, is linear (Fig. 3), which shows that helix/
coil boundary diffusion in helical peptides follows a classical 1D
diffusion law. The slope of the plot yields D = 3.0-10” aa%s (Eq. 2),
with </> given in units of amino acids (aa). The simulations
reveal that unfolding in the central region of the helix contains
increasing contributions from coil nucleation with increasing he-
lix length, which results in two separate helical segments (Fig.
S3). This mechanism occurs in addition to boundary diffusion
and increases the observed rate constant for helix unfolding in
the central region. The simulations reveal that in the 41-mer,
only about 50% of helix unfolding events in the peptide center
occur by boundary diffusion of a single helical segment com-
pared with about 95% in the 21-mer (Fig. S3). This result shows
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Fig. 3. Correlation between the distance of boundary diffusion and the
time constant for helix unfolding. The average diffusion distances, /, of the
boundaries were calculated between position 2 and the C-terminal label
(Nal) for diffusion from the N terminus and between position n—1 and the
N-terminal label (Xan) for diffusion from the C terminus, and they are given
as numbers of amino acids. Data for the centrally labeled peptides shown in
Fig. 2 are plotted. The plot of I vs. 1/k,, is linear, with a slope of 1.2-10® aa%s
indicating that boundary diffusion can be described by Eq. 1, with D =
3.0-107 aa%/s (dashed line). The solid line represents a fit of Eq. 2 to the data
for the three shortest helices and yields D = 2.7-107 aa%s.

that the single-sequence approximation, which assumes a single
contiguous helix (7), does not hold for the unfolding kinetics in
the center of the 41-aa peptide. Frequent helix unfolding by coil
nucleation in the helix center of the longest helical peptide leads
to faster unfolding in the center than expected from the diffusing
boundary model. The good agreement between experimental
unfolding rate constants and simulations for all peptides indi-
cates that coil nucleation also contributes to the observed TTET
kinetics. At equilibrium, however, about 90% of all helices
formed in the 41-mer have a single helix, in accordance with
the single-sequence approximation (Fig. S3). The comparison
between equilibrium and kinetic effects shows that coil nucle-
ation occurs in the center of longer helices but that two isolated
helices are not very stable (i.e., they rapidly reform a single he-
lix). The length dependence of k, for the three shortest peptides,
in which boundary diffusion is the dominant process, yields D =
20.7~107 aa®/s or 6.1:10~° cm?/s, with an axial translation of 1.5
Alaa in a o-helix (Fig. 3). This value is low compared with free
diffusion of small molecules and globular proteins. At 5 °C, su-
crose has a diffusion coefficient of about 2.5-10~° cm*/s and small
globular proteins like ribonuclease and lysozyme have diffusion
coefficients around 7-10~7 cm?/s (19). This indicates that bound-
ary diffusion in a a-helix encounters barriers, which are probably
due to steric effects and to opening/closing of hydrogen bonds
during helix growth and shrinking. Helix boundary diffusion is,
however, as fast as the fastest reported 1D diffusion processes of
DNA-binding proteins along dsDNA, for which diffusion coef-
ficients in the range of 107! cm?/s and 10~% cm?/s were de-
termined at room temperature, corresponding to a range from
10% bp?/s to 107 bp?/s given in units of base pairs (bp) (20-22).

Effect of Capping Motifs on Helix Stability and Dynamics in the
Peptide Center. Specific N- and C-capping motifs are frequently
found in protein a-helices (23-25) and were shown to increase
helix stability by favorably interacting with the helix dipole (26—
28) or by forming side chain-to-backbone hydrogen bonds (25,
29, 30). To investigate the effect of stabilizing the helix termini
on helix dynamics in the central region, we made several stabi-
lizing or destabilizing sequence variations at the termini of the
21-aa Ala-based peptide (Table 1). Fig. 44 compares the effect
of the different N- and C-terminal sequences on global helix
stability as judged by the CD signal at 222 nm and reveals large
effects on the global helix content (Table S2). Free N or C termini
especially lead to major destabilization of the helix, whereas
stabilization of the helix dipole by succinylation of the N termi-
nus has a strongly stabilizing effect, as previously observed for the
C-peptide derived from the N-terminal helix of RNase A (31).
TTET kinetics in the peptide center become slower with in-
creasing helix stability induced by favorable capping motifs (Fig.
4B). The global fit of the urea dependence of the TTET kinetics
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Fig. 4. Effect of end-capping motifs on local dynamics and stability in the peptide center. Local helix-coil dynamics in the center of a 21-aa helical peptide
measured by TTET between residues 7 (Xan) and 13 (Nal) are shown. Far-UV CD spectra (A) and xanthone triplet decay (B) monitored by the absorbance
change at 590 nm for peptides with different N- or C-capping motifs are shown. The numbers of the peptides correspond to the numbers in Table 1. The gray
line in B represents the donor-only reference. The black lines represent double-exponential fits to the data. The results of the fits are given in Table S2. (C)
Leffler plots helix growth (kg blue) and unfolding (k,; red) (Eq. 3). Experimental data (closed circles) and results from simulations (open circles) are shown.

(Fig. S4) gave the values of k, k,,, k., and K., shown in Table S2.
Stabilizing the termini slows down helix unfolding (k,) in the
central region of the peptide but has virtually no effect on helix
growth (k) leading to helix stabilization in the center. To quan-
tify the effect of changes in helix stability on the folding and
unfolding dynamics, we used the Leffler relationship (¢-value
analysis), which correlates the effect of changes in the free en-
ergies of activation of a reaction (AG") with the corresponding
effect on the equilibrium free energy (AG") (32-34):

’ _OAGY ok, 0AGY  dlnk,
77 0AGY “olnK,, " 0AG® 9dlnK,

=1-¢p. [3]

The Leffler plot for the effect of helix capping groups on the rate
constants for helix folding/unfolding in the peptide center is
shown in Fig. 4C. The Leffler plot yields a ¢y-value of 0.03 +
0.16. The error is large due to the errors in the kg-values, which
depend on &, and on the amplitudes of the fast and slow phases
in TTET (Fig. S4). The k,-values are more accurate, because
they are nearly exclusively reflected by the rate constant of the
slower observable kinetic phase in TTET (Fig. S4). The corre-
sponding Leffler plot for unfolding yields a ¢,-value of 0.97 +
0.08, confirming the result that only the helix unfolding rate
constant (k,) in the peptide center is affected by changes in
the stability at the termini but not the folding rate constant
(k7). All helix capping variants fall on the same line in the Leffler
plot, indicating that changes in stability at the N or C terminus
have the same effect on helix dynamics, which suggests that
boundary diffusion is identical from both directions. The overall
stability difference in the central region between the most and
least stable helices is only about 2 kJ/mol, which would not yield
reliable results in a classical, two-point, ¢¢-value analysis. However,

Table 1. Sequence of the a-helical peptides with different
capping motifs

No. Sequence

NH,-AAAAAAXARAAAZRAAAARAA-NH,
NH,-TAAAAAXARAAAZRAAAARAA-NH,
Ac-AAAAAAXARAAAZRAAAARAA-H
Ac-AASAAAXARAAAZRAAAARAA-NH,
Ac-AAAAAAXARAAAZRAAAARAA-NH,
Suc-AAAAAAXARAAAZRAAAARAA-NH,
NH>-XAAAAAZARAAAARAAAARAA-NH,
Ac-XAAAAAZARAAAARAAAARAA-NH,
SUc-XAAAAAZARAAAARAAAARAA-NH,

O oONOOULE, WN =

X, Xan attached to Dpr; Z, Nal.
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the use of data from many variants in this stability range increases
the accuracy of the analysis (35, 36).

These results from TTET experiments were compared with
results from the kinetic linear Ising model, with varying local
helix stability at the N terminus (SI Text). In the simulations, the
capping motifs were assumed to change the stability of residues
1-4, which were given the same s-value (s = ky/k_y; SI Text)
between 0.1 and 2. The k,-, k¢-, and K,,-values in the helix center
from the simulations agree well with the experimental results and
also give a ¢y-value of 0.03 (¢, = 0.97) (Fig. 4C).

In summary, both experiments and simulations show that in-
creasing helix length and stabilizing the terminal regions of a
a-helix do not affect the k¢ but slow down helix unfolding in the
center of a helical peptide. These results demonstrate that non-
local effects play an important role in modulating the stability and
dynamics of a-helices.

Local Effects of Capping Motifs and Amino Acid Sequence on Helix
Dynamics and Stability. Local stability of a-helices can be varied
by introducing helix-stabilizing or -destabilizing amino acids (30,
37, 38). We synthesized two series of Ala-based 21-aa peptides to
investigate the effect of local changes in helix stability on the
local folding and unfolding dynamics. In the first series of pep-
tides, we introduced different N-capping motifs and placed the
TTET labels at positions 1 and 7 to probe local effects on dy-
namics and stability in the N-terminal region (Table 1). In the
second series, position 10 was varied and the labels were placed
at positions 7 and 13, which yields information on local changes
in helix stability and dynamics in the center of the peptide.

Varying the N-capping region has only minor effects on the
CD spectra of the N-terminally labeled peptides, indicating
similar overall helix content (Fig. 54). Despite this small effect
on overall helicity, the stabilizing capping groups slow down the
TTET kinetics in the N-terminal region (Fig. 5B). Global anal-
ysis of the urea dependence of the TTET kinetics in the different
helices shows that kg k,, and K., are affected by changes in
stability at the N terminus (Table S2). The effect on K., is as
expected from the stabilizing effects of the different capping
groups (Table S2). The Leffler plot (Fig. 5C) gives a ¢¢-value
of 0.36 + 0.32 and a corresponding more accurate ¢,-value of
0.65 + 0.11, which yields a ¢s-value of 0.35 = 0.11.

Local dynamics in the N-terminal region of helical peptides
were previously measured in T-jump-induced helix unfolding
experiments on fluorescence-labeled peptides (9, 39). Both a 4-
(methylamino)benzoic acid (MABA) group at the N terminus,
which changes its fluorescence on formation of a hydrogen bond
to the helix backbone (9), and an i, i + 4 Trp—His interaction at
the N terminus (39) gave faster time constants for helix unfolding
of about 10 ns at 5 °C and 1 ns at 30 °C, respectively. The faster
dynamics compared with TTET-detected helix unfolding may be
due to different processes monitored by the different methods.
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local helix dynamics and stability at the
N terminus. Local helix—coil dynamics at
the N terminus of a 21-aa helical peptide
measured by TTET between residues 1
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the donor-only reference. The black lines represent double-exponential fits to the kinetics. The results are summarized in Table S2. (C) Leffler plots for helix

growth (ky; blue) and unfolding (k,; red) (Eq. 3).

TTET requires at least partial unfolding of a 5-aa region between
the labels, whereas the fluorescence probes monitor local changes
involving the fluorophores, namely, formation of a single hydrogen
bond in the case of the MABA label and local opening of a single
helical segment at the Trp residue in the Trp-His pair.

Prominent sequence effects on the local dynamics are also
observed in the central region of the helical peptides when po-
sition 10 is varied (Fig. 6). Host—guest studies on different helical
model systems showed that Ala, which is the canonical amino
acid at position 10 in the host-guest peptides, is the most helix-
stabilizing amino acid, with an s-value around 1.5 (30, 37, 38).
Thus, any amino acid replacement at position 10 should lead to
destabilization of the helix. The short, polar side chains Ser and
Thr at position 10 lead to an expected decrease in overall helical
content, as judged by the decrease in CD signal at 222 nm (Fig.
64 and Table S3). The larger hydrophobic side chains Leu and
Ile, in contrast, have only a small effect on the CD signal (Fig. 64
and Table S3).

TTET becomes slower in the center of the peptide when local
helix stability is increased (Fig. 6B). The values for k, k,,, and K.,
obtained from a global fit of the kinetics at different urea con-
centrations are shown in Table S3. Interestingly, Leu and Ile at
position 10 locally stabilize the center of the helix but leave the
overall helical content unchanged (Fig. S4). The Leffler plot for
amino acid substitutions at position 10 is complex (Fig. 6C).
Linear slopes of ¢y = 0.33 + 0.13 and ¢, = 0.67 + 0.07 are
obtained if only linear side chains are considered. These values
are similar to the ¢value observed for local effects in the
N-terminal region (Fig. 5C). However, krand k, for Val, Ile, Leu,
and Thr fall below the lines of the Leffler plots for the linear side
chains, indicating that both helix unfolding and folding are
slowed down by branched side chains. This observation suggests
that branched side chains interfere with both helix folding and
unfolding. To test this idea, we introduced the nonnatural amino
acids norvaline and norleucine at position 10, which have linear
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side chains but the same number of methylene groups as Val and
Leu/Ile, respectively. Also, norvaline and norleucine at position
10 lead to local stabilization of the helix compared with Ala
(Table S3) and to slower TTET kinetics (Fig. 6B). In contrast to
the branched side chains, kr and k,, for the nonnatural linear side
chains fall onto the same line in the Leffler plot as all other linear
amino acids (Fig. 6C), indicating that branching is the origin for
slower local folding and unfolding dynamics of the helix.

The unexpected helix-stabilizing effect of large hydrophobic
side chains at position 10 may be due to stabilizing van der Waals
interactions between the side chain at position 10 and the TTET
labels. The spacing between each label and position 10 is i, i + 3,
which brings them into close vicinity in the helical conformation
and may lead to the formation of a hydrophobic helical stair
around the helix.

Local and Nonlocal Effects on Helix Dynamics and Stability. Our
results demonstrate that amino acid replacements have different
effects on local and non-local dynamics and stability of a-helices.
Stabilizing the ends of a helix slows down helix unfolding, and
thus increases helix stability remote from the region of stabili-
zation. This nonlocal effect can be attributed to longer
boundary diffusion distances (Fig. 3). The dynamics of helix
formation, in contrast, are not affected by nonlocal changes in
helix stability because helix formation monitors a local process,
and is thus independent of the position in the helix (10). Changes
in helix stability locally affect both helix formation and unfolding
with a ¢¢-value of about 0.35, both at the N terminus and in
the helix center. This observation suggests that helix-stabilizing
and -destabilizing interactions that lead to different helix pro-
pensities for different amino acids influence both elementary
steps of helix elongation and shrinking (k; and k_; in Eq. S5).
¢y-Values of about 0.3 are also found for the effect of most
mutations on folding of small, single-domain proteins when only
reliable ¢y-values are considered (36, 40).
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Fig. 6. Effect of amino acid replacements in the peptide center on local helix dynamics and stability in the central region of the peptide. Local helix—coil
dynamics in the center of a 21-aa helix measured by TTET between residues 7 (Xan) and 13 (Nal) are shown. Guest amino acids were introduced at position 10.
Far-UV CD spectra (A) and Xan triplet decay (B) monitored by the absorbance change at 590 nm are shown. The gray line in B represents the donor-only
reference peptide. The black lines represent double-exponential fits to the kinetics. The results are summarized in Table S3. (C) Leffler plots for helix growth
(kf; blue) and unfolding (k,; red) (Eq. 3). Data for peptides with linear side chains are shown as filled circles, and those for branched side chains are shown as
open circles. NLE, norleucine, NVA, norvaline.
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For many peptides, the local changes in helix stability mea-
sured by TTET do not correlate with the global helix content
measured by the CD signal at 222 nm. When the TTET labels
are located in the N-terminal region, N-capping motifs have little
effect on overall helicity as judged by CD, but they locally in-
crease helix stability at the N terminus (Fig. 54). The helical CD
signal at 222 nm was proposed to contain only minor contri-
butions from the N-terminal region, because its amide protons
are not involved in hydrogen bonds (41). The center of the 21-aa
peptide has a high helical content, independent of the capping
sequence. Thus, N caps will mainly affect the helical content in
the N-terminal region, which changes the local stability in the
N-terminal region but has only little influence on the CD signal
at 222 nm. Similarly, helix-stabilizing amino acids in the center of
the helices locally increase helix stability but have only little ef-
fect on the overall helix content. The central region of a helical
peptide has a very high helical content (6, 10). Local stabilization
of this region thus only leads to a minor increase in the inten-
sity of the CD band at 222 nm, whereas TTET measurements
directly measure local K, -values, and thus directly give infor-
mation on local stabilities.

Comparing the effect of N-capping motifs on local helix sta-
bility in the helix center (Fig. 4) and in the N-terminal region
(Fig. 5) reveals a 1.5-fold stronger effect on the central region
(Fig. S5). Stabilizing the helix ends leads to slower unfolding
both at the helix ends (Fig. 5) and in the helix center (Fig. 4).
However, the effect on &, in the helix center is larger than at the
termini. Stabilizing the helix termini obviously has a strong effect
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on the efficiency of boundary diffusion. These results show that
long-range effects of capping motifs have a strong influence on local
stability and unfolding dynamics in distant regions of the helix.

Materials and Methods

All peptides were synthesized and purified as described (10). CD spectra were
recorded on an Aviv Circular Dichroism Spectrometer, Model 410, in a 1-mm
quartz cuvette at 5 °C. TTET measurements were performed as described
(10). In the absence of acceptor, the intrinsic lifetime of the triplet state of
a xanthone-only reference helix is about 80 ps. In some TTET traces, an ad-
ditional phase with less than 5% amplitude and a lifetime corresponding to
the donor-only helix is observed. This phase is not considered in further
analysis because it is probably due to small amounts of aggregated peptides.

Measurements were performed either in 10 mM potassium phosphate
buffer (pH 7) for the length dependence or in 5 mM cacodylic acid (pH 7) at
5 °C for all other experiments. Peptide concentrations were 50 pM and were
measured by xanthone absorbance at 343 nm with ¢ = 3,900 M~".cm™". Urea
concentrations were calculated from the refractive indices (42).

In TTET experiments, between four and eight kinetic traces were recorded.
Values of k¢, k,, and k. were obtained by globally fitting all kinetic traces at
different urea concentrations assuming a linear urea dependence of the
logarithms of k¢, k., and k. (10, 43). Equations used for fitting are given in
the study by Fierz et al. (10) and in S/ Text. The program ProFit (Quantum-
Soft) was used for data fitting.
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