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1. Difference spectra generated by subtracting the FTIR spectrum of GTT35 WW domain at
9 °C from higher temperature spectra has no isosbestic point, confirming that folding of
GTT35 is non-two-state. The FTIR spectroscopy methodology is given in the experimental section

of the full paper.
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Figure S1. Temperature dependent FTIR spectra of 1 mM GTT35 WW domain in 20 mM
potassium phosphate buffer pH 7. The temperatures of the individual traces varied between
9 and 88 °C in 5 °C intervals. The difference spectra are obtained by subtracting the
spectrum of GTT35 at 9 °C from the spectra at higher temperatures.
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2. An SVD analysis of the temperature dependent FTIR spectra requires four components to
capture 80% of the variance in the temperature-dependent spectra. The FTIR spectroscopy
methodology is given in the experimental section of the full paper. Singular value decomposition
(SVD) was used to determine the number of spectral components required to describe the
temperature dependence of the protein FTIR spectra." The SVD and global fit methods have been
described previously.” The temperature dependent data was used to construct a data matrix, A,
where each column represents the spectra of interest at a specific temperature. SVD analysis of the
data results in three matrices, A=USV', where U, S, and V' are matrices containing the basis
spectra, singular values and temperature evolution of the basis spectra, respectively. Basis spectra
containing only noise were identified by their singular values and eliminated from the set of basis
spectra. Four basis spectra were necessary to reconstruct the original data matrix A (Figure S2).
The first component has a spectral shape similar to the amide I envelope. The spectral signature of
the second component agrees well with the difference spectra for the low-temperature transition,
and the spectral signature of the third component agrees well with the difference spectra of the
high-temperature transition. This analysis also identifies a fourth component that contains
additional changes in the B-sheets (1634 and 1680 cm™) and turn (1713 cm™).

0.12

010 T 0.10 T ] 0.10 0.15
§0.08 § 0.05 _ § 005 § 0.10
5™ £ 0.00 g o005
50.06 S 0.05 1 go.00 20.00
<0.04 2 2 < 005
< «-0.10 -1 4-0.05 aQ

0.02 -0.10

-0.15 - 010 -
0.00 L1 1 -
1550 1600 1650 1700,1750 1550 1600 1650 1700,1750 1550 1600 1650 1700 1750 1550 1600 1650 1700, 1750
Wavenumber (cm ) Wavenumber (cm ) Wavenumber (cm”) Wavenumber (cm )

Figure S2. The spectral components determined from a SVD of the temperature-dependent
GTT35 FTIR difference spectra. Component 1 is black, component 2 is blue, component
3 is green, and component 4 is red.

A global fit to a four-state model was used to determine the temperature dependence of the four
spectral components (Figure S3). The temperature dependence of the four spectral components was
fit by a mathematical model that consists of one sigmoidal transition for each of the three
temperature-dependent spectral components:

[Ty =wqqg* b1+% + wyy * b2+% + ..
etz )\
(SD),
f(T)2=W21* b1+% + wyq * b2+% + ..
etz |l

where wis the weight of the sigmoidal transition found in each spectral component, and Tm and A
represent the midpoint and width of each transition. The SVD analysis and data fitting was
performed in IGOR PRO.
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Figure S3. SVD analysis of the temperature-dependent FTIR spectra of GTT35. The
temperature-dependent amplitude of the four principle components (basis FTIR spectra) is
shown: C1 (black), C2 (blue), C3 (green), C4 (red). The data are globally fit to a four-state

model (Equation S1).

The four basis spectra (Figure S2) capture 80% of the variance in the temperature-dependent
FTIR spectra. The remaining spectral components have small amplitudes and represent
noise in the data. The first component (C1) is invariant over the entire temperature range
(Figure S3) and represents an average IR spectrum. There are three temperature-dependent
components (Figure S3), C2, C3, and C4, which supports a folding model with at least four
states. Each of the four states contributes to components C1-C4. A global fit determined
three transition temperatures among the four states in the model: 16 =4 °C, 52 £ 16 °C, and
69 £ 14 °C. The large fitting uncertainty in the two higher melting transitions of the FTIR
measurements arises from the lack of a complete unfolded state baseline within the

temperature range covered.
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3. Cold denatured state of GTT35 The highest transition is within error of the melting
temperature of GTT35, 77.4 = 0.7 °C, determined by circular dichroism and fluorescence
thermal melts where guanidine hydrochloride solutions were used to access the unfolded
state baseline (Figure S4). This analysis supports the population of at least two
thermodynamic states below the main thermal denaturation transition, one of which could
be a folding intermediate. Indeed, the 52 °C transition matches the intermediate state at 56
°C in Figure 2, whereas the lowest transition temperature of 16 °C could be due to a cold-
denatured state (i.e. an off-pathway state).

While a cold-denatured state of GTT35 has not been previously reported, such a state was
previously postulated to exist.* WW domains with low melting temperatures have a small region
of thermal stability with easily accessible heat and cold denatured states, whereas high melting
temperature WW domains like GTT35 have a larger region of thermal stability with cold
denaturation reached only at temperatures far below the melting temperature.® This analysis is
supported by the temperature dependence (Figure S3) of the C3 and C4 spectral components
(Figure S2). The C3 spectral component is dominated by a broad positive peak, consistent with
disordered structure. A sharp negative peak is overlaid on top of the broad disordered peak,
indicating that this component contains a transition from structured to disordered secondary
structure. The contribution of the C3 spectral component to the overall spectra increases at low and
high temperature (Figure S3), which demonstrates that there is a transition from structured to
disordered secondary structure at low and high temperature, consistent with cold and heat
denaturation. The C4 spectral component has several sharp features (Figure S2), and the maximum
amplitude is reached at ~ 60 °C, with it decaying at high and low temperature as the peptide unfolds
(Figure S3). This is consistent with a folded intermediate state or mixture of intermediate states.
Differences in amplitude at low and high temperature suggest that there are differences in residual
structure of the cold and heat denatured state.
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4. The melting temperature of GTT35 was determined by global fitting of circular dichroism
and fluorescence thermal melts of FiP35 and GTT35 WW domains where guanidine
hydrochloride was used to access the unfolded state baseline. Data was collected in a previous
publication,’ and reanalyzed here. GTT35 is a stabilized variant of FiP35 with a GTT mutation in
the second loop. Although both GTT35 and FiP35 are non-two-state folders, a two-state model can
be used to approximate the main folding transition. GTT35 has very little unfolded baseline even
at the highest guanidine hydrochloride concentration tested. FiP35 and GTT35 have a similar
folding cooperativity, so FiP35 and GTT35 data were globally fit to a two-state model (Figure S4):
S(T) = [(Sp + mpT) + (Sy + myT)e 2/RT] /(1 + e=46/RT) (S2),
where Sy and Sp are the signal contributions from the native (N) and denatured (D) populations at
0 °C, mp and my are the slope of the native and denatured state baseline and AG is the free energy
of folding. The free energy of folding is approximated by AG=AG(T-Tum)+AGo(T-Tw)*+AGp*C,
where C is the guanidine hydrochloride concentration. Circular dichroism and fluorescence thermal
melts of FiP35 and GTT35 were simultaneously globally fit to Equation S2, where AG parameters
(cooperativity parameters AGi, AG», and AGp) for both proteins were the same for all data sets,
FiP35 melts were fit to a single Tm, and GTT35 melts were fit to a single Tn. The signal
contributions, Sy and Sp, from the native and denatured populations at 0 °C, and the slopes of the
native and denatured state baselines, mp and mn, were fixed across the circular dichroism or
fluorescence data for each protein (four sets of baselines). Using this method FiP35 fits to a T of
72.7+ 0.2 °C and GTT35 fits to a Ty of 77.3 £ 0.7 °C.
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Figure S4. Thermal denaturation of FiP35 (A, C) and GTT35 (B, D) WW domains
monitored by circular dichroism (A, B) and fluorescence (C, D). Color indicates the
guanidine hydrochloride concentration: 0 M (black), 1 M (blue), 2 M (green), 3 M (orange)
or 4 M (red). The continuous lines represent results of a global fit to the data by a two-state
model (Equation S2).
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5. Arrhenius plots of the observed Kinetics reveal the temperature dependence of the three
phase of GTT3S. The T-jump relaxation methodology is given in the experimental section of the
full paper. There are three phases a fast 100’s of ns phase, a 1-10 ps phase and a slow 10-100 s
phase. Unlike the slow phase, there is no break at 55 °C in the fast or intermediate phase.
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Figure S5. Arrhenius plots showing the temperature dependence of the folding region at
1619 cm™ (red), 1634 cm™ (orange), 1661 cm™ (green), and 1680 cm™ blue. The values of
T used for the (1/T) axis are the final temperatures reached during the jump. & is the value
obtained from a fit (Equation 1) of the T-jump transient. Lines are a result of fitting T,
(dotted line), 12 (dashed-dot line), and T3 (solid line) below Tw. Here the break at 55 °C in
the slow phase is neglected.
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6. Molecular Dynamics (MD) simulations. The four MD simulations (of lengths 83 ps, 118 ps,
124 ps, and 272 ps; for a total simulation time of ~600 ps) used in the present work were previously
performed by the D. E. Shaw Research group on the special-purpose machine Anton.” GTT35 was
built in an extended conformation and solvated in a cubic box with ~50 side length containing
~4000 TIP3P® water molecules and three chlorine ions to achieve a ~30 mM ionic concentration.
The simulations were performed using the Amber ff99SB-ILDN force field, which is based on the
ff99SB force field” with recently improved side-chain torsion parameters.® A recent survey of
several combinations of force fields and water models assessed the ability of widely used force
fields to reproduce experimental data.” This survey included the newly developed water model
TIP4P-D that improves the description of disordered protein states.'® The survey showed that for
fast-folding peptides, including GTT35, simulations using Amber ff99SB-ILDN/TIP3P show the
closest agreement with experimental melting curves, with the caveat that the melting temperatures
are overestimated by 10-50 K. All bonds involving hydrogen atoms were constrained to their
equilibrium lengths with the SHAKE algorithm."" A cutoff of 9.5 for the Lennard-Jones and the
short-range electrostatic interactions was used; for the long-range electrostatic interactions the k-
Gaussian Split Ewald method was used.'? The simulations were carried out in the NVT ensemble
using the Nose-Hooever thermostat with a relaation time of 1.0 ps saving frames every 200 ps. The
simulation temperature was 395 K, a temperature that was previously found to be close to the
melting temperature for FiP35 with the force field used.'* More details on the Molecular Dynamics
(MD) simulations can be found in their original works.
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7. Definition of GTT conformational states. To investigate the folding kinetics of GTT35 WW
domain we defined four conformational states: the folded state (F), the state in which the first
hairpin is formed (H1F), the state in which the second hairpin is formed (H2F), and the unfolded
state (U). A representative structure of each state is reported in Figure S6. The definition of the
HIF and H2F states was motivated by previous experimental and computational studies on other
WW domains in general'* and of FiP35 in particular'® that reported folding through an intermediate
state in which either the first or the second hairpin can fold first. Using the crystal structure of a
variant of the Pinl WW domain with loop 1 shortened (PDB ID: 2F21) as a reference structure for
the folded state, the four states were defined using the R parameter as a conformational parameter:

rN
R=35 (89,

where RY is the ith interstrand C,-C, distance in two B-hairpins structure in the crystal structure
and R; is the same distance along the four MD simulations. In the first hairpin (H1) there are five
interstrand Co-C, pairs (W8-N22, E9-F21, K10-Y20, R11-Y19, M12-V18) and in the second
hairpin (H2) there are four interstrand C,-C, pairs (Y 19-W30, Y20-Q29, F21-T28, N22-T27). We
thus defined two order parameters on the two hairpins Ry and Ryo:

4 R

Ry, = i:1R_Li (S4),
3 R

Ry, = i:lR_i (S5),

neglecting the more external C,-C, pair in each hairpin (i.e. the W8-N22 pair in H1 and the Y19-
W30 pair in H2) in order to avoid an excessively strict definition of the folded conformation. On
the basis of the distribution of Ry and Ry along the MD trajectories we defined the four states as
follows:

F state: the nth frame belongs to state F if Rui>3.8 and Riu»>2.8. The population of the F state is
63% along the MD trajectories.

HI1F state: the nth frame belongs to state H1F if Ri:>3.8. The population of the H1F state is 9%
along the MD trajectories.

H2F state: the nth frame belongs to state H2F if Ri»>2.8. The population of the H2F state is 4%
along the MD trajectories.

U state: the nth frame belongs to the U state if the frames do not satisfy any of the above criteria.
The population of the U state is 24% along the MD trajectories.

F

Figure S6. Representative structures of the F, HIF, H2F and U state. In each structure, the
residues belonging to hairpin 1 (8-22) are highlighted in red and the ones belonging to
hairpin 2 (19-30) are highlighted in blue. Except for the F state, the defined states show a
high internal variability, thus the reported structures are just examples of a highly
heterogeneous population.
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8. Unperturbed Quantum Chemical Calculations Details of the unperturbed quantum chemical
calculations were previously described'® Briefly, quantum chemical calculations were carried out
on the isolated trans-NMA molecule at the Time Dependent Density Functional Theory (TDDFT)
with the 6-31+G(d) basis set. This level of theory was selected because it represents a good
compromise between computational costs and accuracy. The mass-weighted hessian matrix was
calculated on the optimized geometry at the B3LYP/6-31+G(d) level of theory and subsequently
diagonalized for obtaining the unperturbed eigenvectors and related eigenvalues. The eigenvector
corresponding in vacuo to the amide I” mode was then used to generate a grid of points (i.e.
configurations) as follows: a step of 0.05 a.u. was adopted and the number of points was set to span
an energy range of 20 kJ/mol (in the present case 31 points). For each point, six unperturbed
electronic states were then evaluated at the same level of theory providing the basis set for the
PMM calculations.
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9. Rate constants characterizing the kinetic model The rate constant of UL, k1, can be
estimated directly from the 24 sub-trajectories by measuring the mean first passage time
necessary for each sub-trajectory in state U at t,=0.8 pus (where stationary state is established) to
reach the I state.

From equations 9-12 of the main text and from the estimate of k; obtained from the MD
simulations (see main text), the remaining rate constants can be obtained:

_ kykq
ko =75k (S6),
_ krk—1
ky = (S7),
k_y =2 (ky — ke + ky) (S8).
2P
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10. Distribution of IR intensities at 1634 cm™. We applied the MD-PMM methodology to
calculate the intensity of the IR signal at the frequency of the maximum peak of the folded-state
spectrum (wavenumber=1634 cm™). The intensity of the IR signal at 1634 cm™ was monitored
along the four trajectories: the 4 MD trajectories were divided into segments of 40 ns and, for each
segment, the amide I' spectrum was calculated using the corresponding structures. The distribution
of the signal obtained at 1634 cm™, reported in Fig. 7S, is roughly bimodal, confirming that at such
a frequency the calculated intensity is sensitive to folded or unfolded structure of the peptide. In
fact, in Fig. 7S the distribution calculated on the entire trajectories is compared to the ones
calculated on the F and U states only, showing that the low intensity peak essentially corresponds
to the U state and the high intensity peak is mainly determined by the F state.

The same intensity distribution was used to select the starting points of the 24 13-us long
subtrajectories. Such initial points were selected among the structures with spectral intensity at
1634 cm™! lying within one standard deviation around the mean of the normal distribution that best
fits the low and high intensity band of the whole trajectories intensity distribution for the U and F
state, respectively.

Distribution

1 L 1 " N ; I 1 " " |
6 7 8 9 10 1 12
Intensity (arbitrary units)

Figure S7. Distribution of IR intensities at wavenumber= 1634 cm™ . The filled gray curve
is the distribution of the intensities at 1634 cm™ calculated on the entire 4 MD trajectories,
the black and green curves are the same distributions calculated on the folded and unfolded
state conformations respectively.
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11. Circular Dichroism (CD) measurements were collected to confirm GTT35 WW domain
secondary structure. CD wavelength scans and CD melting curves were recorded on a Jasco J-
810 spectropolarimeter equipped with a PFD-425S Jasco temperature controller module (Jasco,
Inc., Easton, MD). GTT35 was dissolved at 50 pM in 20 mM potassium phosphate buffer pH 7.
Wavelength scans were recorded over the range of 260 to 190 nm with an average of 3 repeats.
During spectra acquisition, a bandwidth of 2 nm and scan rate of 50 nm/min was used. Thermal
unfolding experiments were performed by monitoring the signal at 226 nm from 5 to 95 °C using
a 0.1 °C interval and scan rate of 30 °C/hr. During the thermal unfolding experiment a full
wavelength scan was obtained every 5 °C after a 60 second delay. The buffer and protein
concentrations were the same as used in the wavelength scan experiments.
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Figure S8. Temperature dependent far-UV CD spectra of 50 uM GTT35 in 20 mM
potassium phosphate buffer (pH 7). The temperatures of the individual traces vary from 5
(blue) to 105 °C (red) in 5 °C intervals.

Typically, B-sheet peptides have a CD spectrum with a negative peak at ~218 nm and a positive
peak at ~195 nm."”” WW domains have a unique far-UV CD spectra, dominated by a negative peak
at ~202 nm and a positive peak at ~230 nm.'®'” The peak at ~202 nm resembles the random coil
peak usually found at 200 nm. Disorder in the N- and C- termini of the folded structure of WW
domains is thought to contribute to this negative peak in the CD spectrum.'*** The peak at ~230
nm arises from the presence of ordered aromatic side chains.'”'*** Folded Pinl WW domains and
its mutants also have additional structure between 190-210 nm.?** The far-UV CD spectrum of
GTT35 WW domain, a Pinl mutant, is consistent with the Pinl family WW domain structure
(Figure S1). The maximum at 230 nm is an established probe of WW domain structure, which
disappears upon unfolding. Thermal denaturation was monitored by recording the ellipticity
changes at 226 nm with temperature (Figure S1). GTT35 exhibits typical heat induced unfolding
behavior with a loss of intensity at 226 nm and a shift of the minimum at 197 nm to 200 nm,
corresponding to a change in secondary structure from folded WW domain to random coil."”
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12. The magnitude of the T-jump is calculated using the change in reference absorbance with
temperature. Equilibrium measurements of the IR absorption of D,O buffer with no protein as a
function of temperature are nearly linear with temperature. As an example, the temperature
dependence of the 1619 cm™ absorption of D,O buffer is reported in Figure S9.

L. Slope .
m =-0.0033 + 0.0002 Se
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Figure S9. Temperature dependence of DO buffer absorbance at 1619 cm™. The data are
fit by a line with the y intercept set to 0.

The IR T-jump relaxation kinetics of D,O buffer monitored at 1619 cm™ can be used to determine
the time dependent temperature change (Figure S10). The absorbance is converted to temperature
using the slope (Figure S9) from the equilibrium temperature dependence. The temperature remains
constant after the jump from ~7 x 10® to 5 x 10*s, the complete window where WW domain
kinetics occur.
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Figure S10. Representative IR T-jump relaxation kinetics of D,O buffer monitored at 1619
cm’ following a T-jump from 15-35 °C. The change in temperature (right axis) is
calculated using the linear temperature dependence of the 1619 ¢m™ absorption of D,O
buffer (Figure S9).
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Table 1S: Relaxation kinetics probed in the turn of loop 1 (1619 cm™) of GTT35 WW domain

T-jump AT(T;-Ty) °C A1 (mOD) A; (mOD) A3z (mOD) T1(ps) T2 (ns) T3 (ns)
20-35 0.67 £0.01 424+£0.7
30-45 0.45£0.01 1.03 £0.01 1.9+0.6 54.0=+0.7
40-55 0.18 £0.01 1.32+£0.01 3.8+04 46.8 +0.7
50-65 1.72 £ 0.01 455+0.5
60-75 0.13£0.01 1.48 +£0.01 1.6+0.3 149+0.2
75-90 0.77 £0.01 73+0.2
Table S2: Relaxation kinetics probed in the p-sheets (1634 cm™) of GTT35 WW domain
T-jump AT(T;-Ty) °C A1 (mOD) A; (mOD) A3z (mOD) T1(ps) T2 (ns) T3 (ns)
20-35 1.27 £0.02 4.08 +£0.02 20.1+£0.4 107.8 0.8
30-45 0.18 £0.02 1.46 +0.02 8.34£0.02 1.84+0.3 12.5+04 83.2+0.3
40-55 0.30£0.01 1.60 = 0.03 11.29+0.03 0.49 +0.04 10.2+0.2 59.2+0.2
50-65 0.50 £0.01 2.45+0.04 14.57 £ 0.05 0.61 +0.03 82+0.2 35.8+0.1
60-75 1.01 £0.02 1.5+0.1 11.9+0.1 0.76 £0.02 5.5+04 16.7+0.1
75-90 0.61 £0.04 6.32 £0.03 0.45+£0.06 54+0.5
Table S3: Relaxation kinetics probed in the disordered polypeptide region (1661 cm™) of GTT35 WW domain
T-jump AT(T;-Ty) °C A1 (mOD) A; (mOD) A3z (mOD) T1(ps) T2 (ns) T3 (ns)
20-35 0.26 £0.01 0.70 £0.01 0.94 £0.01 0.93 £0.05 27.0+0.8 186 £5
30-45 0.47 £0.02 2.10+0.02 15.1+0.7 84 +1
40-55 0.31£0.01 0.55£0.01 3.80£0.01 0.54 £0.04 7.3+0.3 64.4+0.3
50-65 0.60 £ 0.04 5.23 £0.04 89+0.6 39.6+0.3
60-75 0.55£0.05 4.77 £0.05 4.7+04 176 £0.2
75-90 248 +0.01 4.90 £ 0.04
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Table S4: Relaxation kinetics probed in the B-sheets (1680 cm™) of GTT35 WW domain

T-jump AT(T;-Ty) °C A1 (mOD) A; (mOD) A3z (mOD) T1(ps) T2 (ns) T3 (ns)
20-35 0.27 £0.03 0.40 + 0.02 26+2 113+7
30-45 1.14+£0.01 90.0+0.7
40-55 0.33+0.01 1.49 +0.01 1.23 £0.05 68.4+0.8
50-65 1.63+0.01 40.0+04
60-75 1.19+0.01 17.3+0.1
75-90 0.16 £ 0.01 1.7+0.2
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