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SUPPORTING METHODS

CD Spectroscopy

CD experiments were done with a JASCO 715 spectropolarimeter (Jasco, Gross-Umstadt,
Germany) and thermal denaturation with a Peltier-thermostat. Peptide concentrations
between 30-60 uM were used. The helical fraction was determined assuming the standard
linear relationship between spectra at 222 nm and the average peptide a-helicity, i.e.
[Al222 - Eu)/(H - Ey), where H= -44000-(1-(3/N)) is the maximum helical content
corrected for finite size effects, N is the number of amino acids, and Ey is the ellipticity
of a fully unfolded state (2220) (1). We did not included temperature corrections of the

unfolded state signal since all analyses for added salts were done at 273 K.

Molecular dynamics simulation ionic force fields

Briefly, we use the Amber simulation package with the ff03 force-field for the three
peptides A(EAAAK),A, (AE)s and (AK)g, and the TIP3P model for water. Peptides are
blocked by ACE and NME caps at N and C-terminals, respectively. Brute-force MD were
performed under NPT conditions with pressure P=1 bar and temperatures T=274 and
300K. REMD was performed using 32 replicas in a T-range between 265 and 520 K each
simulated for at least 25 ns. The monoatomic cations and anions in our study are modeled
as nonpolarizable Lennard-Jones spheres (2). We simulated each system for 1-2 ps.
Secondary structure elements such as the helicity were identified using the DSSP method
by Kabsch and Sander (3).

For the monoatomic cations and anions we employed force fields derived by Dang (see
for instance (4) and references in (2)) which have been shown to possess reasonable bulk
thermodynamic properties (5). Note that these are not the standard Amber ion force fields
since they are known to not accurately reproduce crystal and solution properties, see e.g.
(6).

For the Lennard-Jones (7) parameters for Gdm* we used the Amber ff03 parameters from
the arginine side chain for internal consistency. The partial charges for the Gdm™ atoms
have been taken from previous work (8-10) and are +0.64e (C), -0.80e(N), and +0.46(H).

ClO4 ions were modeled employing parameters developed by Baaden et al. (11). All



cross interactions were determined by Lorentz-Berthelot mixing rules as typically
employed in the Amber simulations package. 70 to 300 ion pairs were included in the
simulation box with box lengths ~3.6-5.0 nm resulting in concentrations between 2.6 and
4.0M. To compare MD-derived peptide configurations to FRET data we additionally
simulated Ace-W(AK)34,CW-Nme in GdmCIl, KCI, and NaClO, for ~1 ps in a
dodecahedrical box with a volume of ~150 nm® using ~5000 water molecules.

Note that the intra-peptide force field parameters are typically prone to error in
reproducing the total amount of secondary structure when benchmarked to experiments
or to optimized force field parameterizations, see e.g. (12}). Therefore, we focus on the

discussion of effects and qualitative trends with the addition of salt at fixed temperature.

m-values from ion partitioning MD simulations

To compare the effects predicted from the experimental partitioning concept and our MD
results, we calculated the m-value. This is defined as m = dAG/dc [(13) and references
therein], where AG is the free energy change associated with the folding process.
Assuming additivity, the total m-value for the process can be estimated [(13) and Table
S1] as:

o= Y () @A), ()
where m; are the partial, polar or nonpolar m-values which are specific for
every salt [(13) and Table S1] and AASA is the difference in accessible surface area (ASA)
between folded and unfolded state ensembles. We extracted the ASA for either the polar
or nonpolar part of the “EK’-peptide from salt-free MD simulations. The ASA has been
estimated using Richard’s van der Waals radii (13).

In order to calculate m-values from the MD simulations in the presence of salt, we first
defined a reaction coordinate q € [0,1], which measures the normalized root-mean-square
distance from a fully helical reference structure (i.e., helicity h = 1), averaged over all
atoms of the peptide. g can distinguish nicely between folded (q=0.1) and unfolded states
(0>0.6) as shown previously (14,15). From the equilibrium distribution P(q), we
calculated F(q) = —kgT InP(q), the free energy along g. The estimated difference in

free energy between folded and unfolded states in the salt-free case is therefore AFsji-free



= F(0.1)-F(=0.6) as plotted in supplementary Fig. S1. At a salt concentration c, the salt-
induced free energy change is AG = AFgjt-free-AFsat. From this, the m-value can be
estimated as m=dAG/dc= AG/c, where we assume a linear behavior of AG with c. We
further assumed an absolute error of £0.25 kgT=B in AG, estimated from the maximum

statistical fluctuation of F(q) at g=0.1 and g>0.6, see Fig. S1

m-value correction for a salt bridge

We estimate a salt-bridge contribution Amg, = meor — M to the ASA-derived m-value by
employing the partition coefficient Kg, which describes the binding of the salt to the E
(ester oxygen) head group. Values of K¢, are given in Table S1. The free energy
contribution from a E-K (i to i+4) salt bridge has been measured by Scholtz et al. (16)
and is on the order of kgT/2. Assuming that the interaction is dominated by electrostatics,
the total contribution to the free energy of 2 salt bridges is then G%,~ z12,ksT, where z;
and z, are the valencies of E and K headgroups, respectively. The non-Columbic
contribution to AG is then expressed by the decrement of z; and by the excess ion
coordination Nex~cv(Keo-1) leading to Gy, ~ G%, cv(Keo-1), Where v~ 0.5 nm? is the order
of magnitude of the volume of the first solvation shell of the headgroups. With Eq.

Amg,=dAGgp/dc and |z;]=|z2)=1, it follows that Amg, ~ G’ V( Keo-1) ~ -0.3 ( Keo-1) kgT M’
1

lon-peptide backbone coordination in Fig. 2C

The backbone coordination for a given helicity of the EK peptide from the MD
simulations, as plotted in Fig 2. C, was calculated as follows: we ensemble averaged the
number of ions in a volume defined by the sum of the volume of 12 spheres with radius
of r,=0.5 nm around every binding amide atom, i.e., oxygen for the cations and nitrogen
for the anions. Only one single value of r., was taken for all ions to compare absolute
numbers of ion hydration in the same volume. This coordination number for a single
configuration can then be assigned to the instantaneous helicity and then averaged over
all configurations of the same helicity. Error bars have been derived from standard error
analysis with error u’=c?/n using the standard deviation o of the mean coordination with

n configurations for a fixed helicity value.



Single molecule experimental setup

To carry out the SmFRET experiments, we used a home-build confocal multi-parameter
fluorescence setup with pulsed interleaved excitation. For each detected photon all
available characteristics are recorded, making it possible to determine the FRET
efficiency, fluorescence lifetime of various components, time resolved and steady state
anisotropy and stoichiometry; for detailed information see (17). The system is built
around a Nikon Ti Eclipse (Nikon, Tokio, Japan) microscope base. Diode lasers were
used as picosecond, pulsed excitation sources at 488 nm for donor excitation (LDH-P-C-
485, PicoQuant, Berlin) and at 635 nm for acceptor excitation (LDA635, PicoQuant,
Berlin). The lasers were combined into a single-mode fiber (AMS Technologies, Planegg,
Germany) within a fiber coupling unit (FCU I, PicoQuant, Berlin, Germany), collimated
(Schafter und Kirchhoff, Hamburg, Germany) and focused on the sample by a 60x 1.2NA
water immersion objective (Plan Apo VC 60x WI, Nikon, Tokyo, Japan). The average
donor and acceptor excitation powers were 100 uW measured before the dichroic mirror
(DualLine z488/635, AHF Analysentechnik, Munich, Germany) separating excitation and
emission beam paths. The collected fluorescence is focused on a 50um pinhole with a 60
mm achromatic doublet lens (G322322000, Linos, Géttingen, Germany). A polarizing
beamsplitter cube (AHF Analysentechnik) separates the two polarization planes followed
by spectral separation in donor and acceptor fluorescence by two dichroic mirrors (BS
650, AHF Analysentechnik, Tubingen, Germany) and four individual emission filters (2x
BrightLine HC 525/45 and 2x ET 700/75, AHF Analysentechnik, Tubingen, Germany).
Fluorescence is collected by four single photon counting avalanche photodiodes (2x
SPQR-14 and 2x SPQR-16, Perkin Elmer, Waltham, Massachusetts) and registered by
four individual TCSPC data collection cards (SPC-154, Becker&Hickl, Berlin,
Germany). Measurement cards and lasers were synchronized by the laser controller
(Sepia 2, Picoquant, Berlin, Germany). The laser pulses were delayed with respect of
each other by 18ns, allowing determination of the excitation source by the arrival time of
the detected photon using TCSPC. AKy, was diluted to 5-20pM concentrations in the
desired solvent condition with 0.001% Tween 20 (Pierce) to avoid loss due to unspecific

peptide surface adsorption. To correct for background fluorescence, each salt



concentration was measured in the absence of peptide. FRET efficiencies calculated from
different experiments were corrected for changes in the index of refraction for each salt

type. Samples were measured for 3-5 hours.

Single molecule data analysis

Single-molecule FRET efficiencies were determined using a burst analysis (18). In order
to detect the presence of a single molecule via a burst of fluorescence photons, the
interphoton times were smoothed using a Lee filter (19). Accordingly, a threshold was set
for the maximum allowed time between two photons to be included within the burst. In
order to ensure that each molecule contains a donor and acceptor label, the stoichiometry
information was used. Stoichiometry values, S, for every burst were calculated:

Ipg = Blpp — alpa + vIpp
Ipg = Blpp —alpa +vIpp +Tpa + Lap
where a (= 0.02) is the direct excitation of the donor and B (= 0.02) the donor crosstalk

S =

into the acceptor channel. Ixy is the number of photons detected after excitation with laser
X (D for donor and A for acceptor) in channel Y. FRET efficiencies E were calculated as:
Ipg — Blpp — alpy
Ipg — Blpp — alys + vIpp
Only bursts containing a minimum of 100 photons and a stoichiometry between 0.30 and

E =

0.6 were selected for further analysis. The difference in donor and acceptor quantum
yield ®p/a and detection efficiency np/a was accounted for by y = ®a na / ®p np (0.91 for
the measurements presented here). As an additional check on the quality of the performed
measurements, lifetime and anisotropy of the fluorescence data were calculated as
described in(20). Since time-resolved anisotropy data is available from the
multiparameter fluorescence detection measurements, the data was used to estimate the
possible values of the orientation factor, «%, and hence, the possible error for the Forster
radius(21,22). When the time for rotational correlation from protein tumbling is long

compared to the fluorescence lifetime (Gprotein >> 1), the anisotropy decays is described

by:

r(t) = (ro — 1 )exXp (— 9: ) + 7o
ye



where r., is the residual anisotropy, faye is the rotational correlation time corresponding to
the quick and restricted motion of the dye and ry is the fundamental anisotropy. The
mobility of the dyes is related to the residual anisotropy of the directly excited donor and
acceptor molecules. In contrast, the residual anisotropy of the FRET-mediated
fluorescence allows calculation of the angle between the donor and acceptor transition
dipoles. Both the time-resolved and steady-state anisotropy measurements of the donor
and acceptor fluorophores suggest that an orientation factor of xk? =2/3 was a
reasonable approximation for the calculation of the Forster radius, yielding a value of
51.0 A for the Atto488-Atto647N FRET pair attached to the AK14C peptide. Measured
values of the steady state anisotropy, channel cross-talk and Forster radius were then used
for the photon distribution analysis (Fig. S6). Fluorescence lifetimes of the donor and
acceptor were also monitored for every measurement to prove that photophysical effects
had no influence on quantum yields of the FRET fluorophores. Additionally, E was
corrected by changes in the Foérster radius due to the measured changes of refractive
index in the solution with added salt for all three salt types.

Calculation of Rpa based on MD-derived structures

In order to compare results from single molecule FRET and MD, the positions of the
fluorophores with their linkers need to be accounted for in the MD-derived structures. To
do this we first, representative snapshots of specific classes of structures (1. fully helical,
2. fully coiled, 3. highly compact, i.e., minimum radius of gyration) were taken from the
MD simulation. Due to the difficulty in achieving equilibrium conditions, we could not
choose ‘average’ states but use instead we chose prominent classes of 3 well-defined,
structural states. Second, the end cap Trp residues were removed. The donor dye was
located at the N atom of the Ala residue of the N-terminus and the acceptor dye was
positioned on the S atom of the Cys residue at the C-terminus. It was done this way to
resemble the amino coupling at the N-terminus, and the maleimide labeling at the C-
terminus of the (AK)14 peptide for experiments. Dye sizes of 7 A, linker length of 10 A
and linker widths of 4.5 A were used (23). The accessible volume (AV) of the dyes was
then calculated using ‘Prior positions” with FRETnpsTools (23). The AV’s on the MD-
derived structures are displayed on Figure S9 using PyMol (24). A mean position,



<Rpa>mp, Was calculated assuming equal probabilities of the dye position within the AV
using 100000 samples and taking into consideration the measured residual anisotropies
(0.12 for atto488 and 0.08 for atto647N) and a Forster radius of 51.0 A. The <Rpa>mp

was transformed into R®?p assuming isotropic averaging (25).

SUPPORTING RESULTS

CD spectra of (GS)s

To gain more insight into the issue of NaClO, affecting the light absorbance of the
peptide backbone, we measured the CD spectra of a NH,-(GS)s-Ace peptide chain in the
absence of any salt and at 4 M GdmCI or NaClO,4. This chosen sequence does not form
any secondary structure (26). Using the 222 nm as helicity criteria, there is a ~5%
increase in the helicity in the presence of NaClO4 compared to 2% with GdmCI (Fig. S9).
Although a small effect, the trend agrees with the interpretation that NaClO, modifies the
optical properties of the peptide backbone. The effect is likely to be sequence-dependent
and may be larger in peptides dominated by alanine groups. In (GS), the polar hydroxyl

group of serine, for instance, may compete with NaClO, in binding to the backbone (26).



Supporting Tables and Figures

Table S1: lon partitioning coefficents K;and partial m; -values per unit ASA for polar (p),
nonpolar (np) and ester oxygen (eo) compound. mi/ASA values have units of (hm? ksT
M™). Values are taken from (13,27).

Ko | K |Keo |MJASA | my/ASA

KF 1.50 | 0.57 | 0.91 | -0.46 0.34
KCI 1.63 | 0.67 | 0.98 | -0.42 0.20
NaCl 1.67 | 0.63 | 1.14 | -0.42 0.22
GdmCl | 1.47 | 097 | 124 | -0.37 0.03
NaClO, |2.05 | 0.79 | 1.60 | -0.70 0.09
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Figure S1: Free energy profile F(q) along the reaction coordinate g. g ie [0,1] is the
normalized root-mean square deviation from the perfect helical state. q~0.1 thus
corresponds to the full helical state, while g>0.6 define unfolded configurations. AF is the
free energy difference between folded and unfolded states. A specific salt at a
concentration c (see legend) specifically shifts this free energy difference by an amount
AG. From this shift an m-value can be estimated by m = dAG/dc= AG/c, where we
assume linear behavior of AG with c. Given the statistical fluctuations at q=0.6 we

assume an error of +0.25 ksT in AG. P is (keT)™.
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Figure S2. Circular Dichroism ‘CD’ on the EK peptide. (A) CD spectra of the EK
peptide at 0 M salt for various temperatures shows the typical double-well signature of an
a-helix. A two-state folding transition can be interpreted from the presence of an
isobestic point. Thermal denaturation of helicity (calculated from signal at 222 nm) vs.
salt concentration for: (B) KClI, (C) KF, (D) NaCl, (E) GdmCI, and (F) NaClO,.
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Figure S3. Salt effect versus peptide length. Peptide A(EAAAK)NA helicity vs [NaCl]
for N = 2 (this work) and N = 3 (28). The salt effect is independent of peptide length.
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Figure S5. CD on the (AE)s peptide. (A) CD spectra at 0 M salt and vs. NaClO4

concentration. Thermal denaturation of helicity (calculated from signal at 222 nm) vs. salt
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Figure S6. lon-amide binding kinetics. The binding time distribution Py(t) of water (O)
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Figure S7. PDA of (AK)y4 at different salt concentrations. Results from PDA fits
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Figure S9. Dye Accessible Volume calculation using MD-derived structures. (A)
(AK)14 no salt pH 11, full a-helical state. Donor (blue) dye attached to N-terminus and
acceptor (red) to C-terminus. (B) Collapsed states in 3.5M NaClO,4. (C) Coil-like
structures formed at 3.5 M GdmClI.
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