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1. Methods and Materials

Sample preparation

Recombinant human insulin (PDB code: 3W7Y) was purchased from Sigma-Aldrich and used
without further purification. All measurements were taken in a solution containing 10% (v./v)
dimethyl sulfoxide (DMSO), 100 mM NaCl 20 mM Tris and 270 mM HCI, pH 0.5 verified with a
pH meter. For IR spectroscopy, these samples were H/D exchanged by dissolving in D,0 at ~1
mg/mL, heating at 65 °C for 30 mins, and lyophilized. Unless specified, the concentration of
insulin used in the measurements was 10 mg/mL (1.7 mM). DMSO was purchased from Fisher
Scientific. Deuterated solvents used in IR measurements were from Cambridge Isotope

Laboratories.

Circular dichroism spectroscopy
The temperature-dependent ellipticity 8 was measured using a Jasco J-1500 spectropolarimeter.
To avoid the detector saturation, Hellma quartz cuvette with path length 10pm and 1 mm are used

for measuring @ at 222nm and 276nm, respectively.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements were carried out using a Microcal iTC200
system. For each titration, an insulin solution with a concentration between 2-4 mM was loaded in
a stirring syringe and injected in precisely known aliquots into solution held in the calorimetric
cell while a sensor records the time-dependent input of power required to re-equilibrate the system
through dimer dissociation. Injections were repeated at equal time intervals of 150 s, while stirring

at 1000 rpm. All solutions were degassed before use.

Temperature ramp FTIR spectra

Our analysis of IR absorption spectra centers on amide I carbonyl vibrations of the polypeptide
backbone. For all experiments, the sample was held between two CaF, windows separated by a 50
um Teflon spacer, held in a temperature-regulated brass jacket. Temperature-dependent IR spectra
were acquired using a Bruker Tensor 27 Fourier-transform infrared (FTIR) spectrometer by
acquiring a series of spectra during a slow temperature-ramp from 20 to 90 °C in 2 °C steps with
a 60 s equilibration time between spectra. The sample temperature was monitored with a Phidget

K-type thermocouple attached to the brass jacket. Data were rejected if any aggregation peak at



1615-1625 cm’! was observed.

Nonlinear IR spectroscopy

The instrumentation and methods for acquiring steady-state and transient nonlinear IR data have
been described previously.! Briefly, experiments are performed in the boxcar geometry with three
variably time-delayed pulses generating the nonlinear signal and a fourth reference pulse used for
balanced heterodyne spectral interferometry. For 2D IR spectra, the nonlinear signal was collected
at a fixed waiting time 1, = 150 fs as a function of evolution time t; scanned in 4 fs steps out to
2500 and 2000 fs for rephasing and non-rephasing spectra, respectively. The t-HDVE (transient
heterodyned dispersed vibrational echo) data were collected over a time window from 5 ns to 50
ms after a 15 °C T-jump. To extend the observation time window, which is limited by the thermal
re-equilibration time of solvent, we coated the CaF, windows with 12.5 um Dupont FEP
fluorocarbon film using vacuum oven (Fisherbrand Isotemp Model 281A). Optical quality coating
was achieved by heating the film attached windows at 290 °C for 30 mins under vacuum. The t-
HDVE spectra were collected using the Fourier transform spectral interferometry method, with the

local oscillator stepped from —10 to 10 fs in 5 fs steps.

2. Overview of the Insulin Structure

Insulin molecule contains 51 residues with 21 on the A chain and 30 on the B chain. The
molecule is linked by three disulfide bridges (two inter-chain A7-B7 and A20-B19, and one
intra-chain A6-A11). Among the bridges, A6-Al1l is relatively flexible, and A20-B19
presumably stabilizes the entire molecule. A7-B7 restrains the two N-terminals. As summarized
in Table S1, the structure of insulin in solutions includes three helices (A2-8, A13-19 and B9-
19), two B-turns (B7-10, B20-23) and one B-strand (B24-28).> The hydrophobic core of insulin in
dimer form is composed of four elements: central helix (B9-19), a mostly buried disulfide bridge
(A20-B19) and a B-turn (B20-23) which allows the B-strand to pack. Among the helices, A2-8 is
weakly folded. The formation of dimer is predominantly non-polar, with the extended chain at
B24-26 formed a sheet. Insulin dimers can transform from R to T state. In R state, B2-B19 forms
a long a-helix, whereas B1-B8 is extended into a coil in T state. All solution structures of insulin
and its analogs exhibit the T state.’ The Hydrogen-bond between A7 carbonyl and B5 (Histidine)
side chain NH is important for the formation of A7-B7 disulfide bridge.



Mutation studies suggest that B6 (Leucine) and B5 (Histidine) are important in receptor binding
by adjusting to proper conformation.’>** The binding activity of insulin is also sensitive to the
chirality of B8Gly, where D-substitution enhances the stability but impairs the receptor binding
and L-substitution has the opposite effect.’>¢ B24 phenylalanine to glycine substitution shows
that B24 plays a key role in the structural switch from “closed” to “open” state in which the

buried residues A2A3 are exposed to enable the key residues of the receptor to bind them.®

Figure S1. Illustration of insulin dimer (PDB: 3W7Y) with A and B chains shown in green and
cyan, respectively. Yellow arrows indicate the position of PheB?* B2 at the dimer interface.
Disulfide bridges are presented in gold lines. The N- and C-terminus of the two chains are pointed

out with arrows.

Table S1. Structural Details of Insulin Dimer in Solution

Species Residues

a-helix A2-8, A13-19, B9-19

B-strand B24-28

B-turn B7-10, B20-23

Interface B16Tyr, B24Phe and B26Phe with 6 aromatic rings packing

Buried Residues Leu (Al6, B6, B11,B15), Cys (A6, Al1, B19), A19Tyr, A2lle, B14Ala




3. Dissociation Parameters Obtained with ITC

The ITC measures the heat required for the solution in the cell to equilibrate during the titration of
a concentrated insulin solution at a fixed temperature, as shown in Figure S2a. Thus, no heat
contribution is expected from the unfolding process since the equilibrium conformational
ensemble associated with the monomer and dimer structures does not vary with concentration. The
released heat g; when the i injection of volume 0V is titrated into a cell with an initial volume

(Vo) of solution can be expressed in terms of the enthalpy of dissociation,
g,=AH, ([D],, ~[D],)6V ~AH, ([D),~[D].,) [V +(i=1)-6V ]+ 4, (82)

Here, [D], and [D],,, are dimer concentration in the cell after the i injection and for the original

syr
solution in the syringe, respectively. g4 accounts for the calorimeter offset. To fit the curve with

eq S1, we need to describe [ D], with a proper model. In the two-state (dimer-monomer) scenario,

the dimer concentration expressed as

C g[C
[D]:[ tol],' +& 1_ 1+ [ tot][ (83)
i~ g K,
C iV
[C,] === (S4)
YV, +i-oV

Here, C,, is the equivalent concentration of insulin monomers in the syringe. By inserting eq S2

and S3 into eq S1, and fitting ¢; as a function of [C,, ]l_ for each injection, we obtain the dissociation

constants K, and enthalpy change AH, as illustrated in Figure S2b and c. The obtained parameters

at 15, 25 and 35 °C are summarized in Table S2.
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Figure S2. (a) ITC titration data (dots) of insulin in 10% DMSO, pHO0.5 solution measured at 15
(blue), 25 (purple) and 35 °C (pink) and their fits to eq S1 using two-state model in dashed lines.
The obtained (b) dissociation constant K; and (c) enthalpy change AH,.

Table S2. Dissociation Constant and Enthalpy Obtained with ITC using Two-State Analysis*

K, (104 M) AH ; (kcal/mol)

15 °C 25°C 35°C 15 °C 25°C 35°C

1.23£0.06 1.52+0.03 3.08+0.08 | 5.3+1.2  7.6£0.7 10.9+0.9

* Two-state analysis is performed using eq S1 and S2.

4. Thermodynamic Analysis of Insulin Dimer-Monomer Transition
A simple two-state model involving an equilibrium between a dimer (D) and two indistinguishable

monomers (M) is the most straightforward way to describe the dimer dissociation thermodynamics:

DE=2M (S5)
The dissociation constant and the standard-state free energy of dissociation are related in the usual
way: K, =[M]* /[D]=exp(—AG} /RT), and the dimer fraction «,, can be expressed in terms of K,

and the total insulin concentration C,,=[M]+2[D],

K, (T) = K2 (T) +8C, K, (T)
“i ac

o, (T) (S6)

tot
In our analysis, the temperature-dependence of AG, is described by a Gibbs-Helmholtz relation,
AG,(T)=AHy —TAS; +AC, {T -T, - TIn(LH (S7)
0
in which temperature-dependent changes to the enthalpy and entropy of dissociation are expressed

relative to a reference temperature 7, at which K,=1M and AG) =0.7% AC,? is the heat-capacity

change on dimer dissociation and is independent of temperature.



To apply this model, the absolute value of a, at various temperature is required, however IR”(1683)

only provides information on changes proportional to ap. To add additional constraints for

modeling, ITC was used to obtain the dissociation enthalpy AH, and dissociation constant K, for

the insulin monomer-dimer equilibrium at three temperatures (Table S2). At a fixed temperature
the equilibrium conformational ensemble associated with the monomer and dimer structures does
not vary with concentration, meaning the released heat upon titration is correlated only with the

enthalpy change of dissociation. As a final constraint on ap, the UV CD measurements of the

temperature-dependent molar ellipticity at 276 nm 6,,, (Figure 2b) was measured. This is an

indicator tracking insulin dimers, due to its sensitivity to the tyrosyl signal caused by interactions

at the dimer interface.®

A self-consistent analysis of CD, ITC, and IR experiments was applied by using these K, values

from ITC as constraints in relating the IR”(1683) and 6,,; to the dimer fraction, with the results

shown in Figure 2c. The thermodynamic parameters in eq S6, are first estimated by fitting K, and

AH, in Table S2, and then used as initial values in fitting the melting curves described by a rescaled
IR”(1683) and €, in Figure 2c. Considering that a slight variation of AH;, AC, and T, causes

dramatic change in &, (T), we constrain K, to be within £5% of the initial values determined by

ITC. The thermodynamic parameters are achieved and listed in Table S3.

Table S3. Thermodynamic Parameters of Dimer Dissociation at T, (113.5°C)

Process AH"j * AS; AC;"

(kcal mol™) (cal mol'K-") (cal mol"'K-") Ko
equilibrium 39.6 102 357 --
association 69.8 180 1050 3.51x1010M-1s!
dissociation 109.3 282 1407 3.51x1010g!

*j=0andt , indicating the equilibrium and transient process, respectively. i = a and d, representing

the association and dissociation, respectively.



5. Aggregation of Insulin Observed by FTIR and CD Spectra

In general, protein amyloid-like aggregation is rich in intermolecular B-sheet structure, '° which
is usually observed as an irreversible absorption change at ~1620 cm™! in IR spectra. Sneideris et
al. have shown that the formation of insulin fibrils can be induced by low pH, co-solvent or
sequence modification.!! Salt concentration also plays an important role in shifting the
equilibrium from monomers to oligomers.'? As illustrated in Figure S3a, with the presence of
10% DMSO and 270 mM hydrochloric acid, the absorption of insulin at 1617 cm™! increases
significantly at temperatures above 70 °C, indicating the formation of fibrils. The amyloid-like
aggregation enhances the interaction between side chains, thus remarkedly affects the ellipticity
at 276 nm 0,7, as shown in Figure S3b. Thus, 70 °C is defined as the aggregation temperature,
above which the experimental data are excluded in the study of insulin dimer-monomer
transition. Similar aggregation temperature of insulin is observed by Dzwolak et al. in water at
pH 1.9 using DSC/PPC calorimetry.!? Their results suggest that the formation of insulin fibrils
occurs with endothermic unfolding into bulky intermediates and followed by an irreversible

exothermic aggregation.
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Figure S3. Aggregation signal observed with (a) FTIR spectra and (b) ellipticity at 276 nm.

Aggregation temperature T, = 70 °C. is marked with dashed line.



6. Thermal-Induced Dissociation Kinetics of Insulin observed by T-jump IR Spectra
Figure S4 compares the time-dependent spectral evolutions at different temperatures. At T-jump
delay t = 100ns, an immediate change of intensity across the spectrum is observed as an intensity
loss at 1635 cm™!, together with a pair of gain features at 1610 and 1660 cm™!. Among these
features, only the peak intensity at 1660 cm! displays a strong dependence on the temperature.
Given this time scale (100 ns) is too short for significant dissociation to occur but long enough
for solvent configuration and short-range motions, we attribute these features to the weakening
of H-bonds within the protein and at the dimer interfaces that result from the density change and
increased thermal fluctuations.!* The temperature dependence of 1660 cm™! peak intensity at 100
ns, implies the sensitivity of this frequency to the degree of structural flexibility and water
accessibility of insulin molecules. With time delays increasing to several hundred microseconds,
the dominant positive peak shifts to 1671 cm™!, resulting from the loss of interfacial B-sheet and
gain of random structures due to the dimer dissociation. As discussed in the main text, the
significant intensity loss centered at 1640 cm™! is caused by the melting of both -sheet and o-
helical structures. In the t-HDVE spectra, both the maximum intensity at 1671 cm-! and the
minimum intensity at 1640 cm!, show strong temperature dependence, which is due to the
variation of dimer fraction, or for the spectra measured at low T, the insufficient time window

that fails to capture the complete dissociation process.
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Figure S4. Difference t-HDVE spectra as a function of T-jump delay time measured at initial

temperature (a) 30 °C, (b) 35 °C, (¢) 40 °C, and (d) 45 °C, with a T-jump size AT =15+ 1.7 °C.

Polarization is ZZZZ, and C,,; = 10 mg/mL insulin.



Figure S5 further illustrates the relaxation process with time-dependent spectral evolution at
different frequencies. To characterize the relaxation behavior at each frequency, the t-HDVE

traces are fitted using a combination of four stretched exponential functions,

Za exp[ (t/7,) ] (S8)

Here C is a constant value, which is used to account for the baseline offset at initial T-jump
delays. The first and the last stretched exponential functions, are set to capture the fast response
happening before 100 ns Rgo,(?) and the slowest response following the temperature re-
equilibration R; (1), respectively. The other two functions are assigned to describe the kinetics
occurring in the time range of microseconds to milliseconds, indicated with Rx(?) and Rg(?) as a

relatively fast and slow responses.

As shown in Figure S5b, eq S7 provides a good characterization of the relaxation behavior at
different frequencies. To illustrate the difference of these relaxation behavior, the fitting curves
are normalized at 3ms and plotted in Figure S5c¢. The spectral evolution at 1645 and 1671 cm’!
shows extraordinary agreement with their normalized fitting curves hard to be distinguished in
the range of 1us to 1ms. Expect the time trace at 1660 cm™!, the rest all contain a large intensity
change in the t-DPP signal appearing in the 0.1 — 1ms time window, that is expected to arise
from the melting of the dimer interface. The time traces at both 1660 and 1655 cm!, displays a
relaxation behavior spanning the range 1 — 20 ps, suggesting a fast response occurring prior to

the melting of interfacial B-sheet.
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Figure S5. Overview of t-HDVE spectra of 10 mg/mL insulin in 10% DMSO, pH 0.5 solution
measured at T; = 50 °C with dT = 14.4 °C, parallel polarization. (a) Difference t-HDVE spectra as



a function of T-jump delay t. (b) Time traces following the spectral evolution at six detection
frequencies, which are color-coded with dashed lines at 1577, 1615, 1645, 1655, 1660 and 1671
cm! in part a. The black dashed lines are the fitting using eq S7. (c) The fitting curves of kinetic

traces in b, which are normalized at t = 3 ms.

7. Analysis of T-Jump Kinetics and Spectral Component Assignment
For investigating the origin of the fast and slow kinetic responses, the time traces at 1660 and
1671 cm! are selected to represent Ry(2) and Rs(?), respectively. As discussed earlier, the spectral

feature peaked at 1683 cm! is due to the o, vibrational mode of dimer interfacial -sheet, thus

the time-dependent evolution at this frequency serves as a good indicator tracking the dimer
dissociation. However, the t-HDVE signal at this frequency is subtle and can be hard to
characterize due to the low signal-to-noise ratio. The sum of time traces at 1681 and 1687 cm™! is
used instead, for representing the dissociation kinetics and being compared with the spectral
evolution at nearby frequencies which have larger signal response. As shown in Figure S6a, the
time traces are characterized by fitting them with eq S7, which seem to capture a similar slow

relaxation behavior.
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Figure S6. Temperature-dependent relaxation kinetics measured at T; = 50 °C with AT = 14.4 °C,
parallel polarization. (a) t-DPP amplitude at @; = 1671, 1676, and a sum of amplitude at 1681 and
1687 cm!, and their fitting functions Rg(t) + Ry o(t) shown in the same color-coded line. (c) t-
DPP amplitude at ®3 = 1650, 1655 and 1660 cm!, and their fitting functions Rg(t) + Ry o(t) shown

in the same color-coded line. Thinner lines in (b) and (c) are the normalized response functions.



To further test this, this slow kinetic response Kg(?) is represented using a combination of the

component Rg(?) and the temperature re-equilibration term R;(?),
K (t)=Rs(t)+ A5 - R, (1) (S9)

Here, Ag is a scaling factor to ensure Kg(?) is 0 at t = 10 ns. As illustrated in Figure S6b, Ks(?) of
the combined time traces at 1681 and 1687 cm™! is nearly indistinguishable from the one at 1676
cm’!, whereas slower than that of 1671 cm™!. The time-dependent evolution at @3 = 1676 cm™, is

proved to be consistent with loss of intensity in v, B-sheet band arising from the dimer melting,

thus can be used as a sensor tracking the dissociation process which is also consistent with our

previous study on bovine insulin.?

In Figure S6c¢, the t-HDVE time traces at 1650, 1655 and 1660 cm’!, all display a pronounced
fast response spanning in the range of 1 — 20 us. The response Kx(?) is characterized by fitting

these time traces with eq S7 and generated by combining the term Rz(?) and R, (?),
K. (t)=R,(t)+ 4, -R,,(?) (S10)

Apris a scaling factor to ensure Kg(?) is 0 at t = 10 ns. As shown in Figure S6d, the normalized

Kr() at all frequencies report an identical relaxation behavior.

It is clear that Kz(2) and K(2) reflect distinct molecular processes along the dissociation pathway,
however, are convolved in the spectral domain. For further interpretation, the CSVD analysis is
employed to obtain the spectral components that associate with them. The first three spectral and
temporal components in the SVD analysis (whose sum accounts for 72% of the total), are re-
weighted by constraining their temporal component to follow Rg(?), Rp(t) and Ry o(?). As shown
in Figure S7, the spectral component which is constrained to follow the T-jump temperature
profile R;o(?), is consistent with the average spectral evolution before 320 ns, thus reflects the
spectral changes driven by weakening or disrupting H-bonds fluctuations. The spectral
component correlates with Rg(2), has the largest intensity changes in the range of 1660-1690 cm-

I, consistent with loss of intensity in the v, /v, peak band 1635 & 1683 cm! and gain intensity at

1620 and 1670 cm! resulting from the spectral broadening due to the random structures. The
absence of strong B-sheet loss features in other components indicates that this component

captures most of the interfacial B-sheet disruption.
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Figure S7. CSVD analysis of t-HDVE spectra measured at T; = 50 °C with AT = 14.4 °C, parallel
polarization. (left) Spectral component. (right) Temporal component. Components correlated with

Rsor(t), Re(t) and Rg(t) are shown with blue, red and yellow lines, respectively.

The last component associates with Rx(?), displays a gain signal peaked at 1635 cm! and an

intensity loss at 1660 cm!, that are attributed to a transition to a more disordered structure, most

likely due to the solvent exposure of buried residues. As shown in Figure S8, both the amplitude

and relaxation time varies significantly with the temperature.
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Figure S8. Temperature-dependent relaxation kinetics measured various initial temperature with
T-jump size 15+1.7 °C, parallel polarization. (a) Kg(t) generated by fitting t-HDVE amplitude at
o3 = 1660 cm™! using eq S7 and S9. (b) Ks(t) generated by fitting t-HDVE amplitude at m; = 1676
cm! using eq S7 and S8. (¢) t-HDVE time traces at m; = 1660 cm™! and their fitting with eq S7
(dashed line). Due to the low SNR, t-DPP amplitude evolution at 1655 and 1671 cm™! are used

instead to represent the fast and slow kinetic response at T; = 30 °C.



8. Comparison of Observed Rates at Various Temperatures
The T-jump relaxation kinetics observed in our experiments, are influenced by the temperature
of buffer as it re-equilibrates from T¢to T;. The observed time-dependence of the transient signal

S is the convolution of the sample response R and the temperature profile Ry,
S(1)=R(1)®R,, (1) (S11)

Here Ry o(t), is characterized by the absorbance change of the local oscillator pulse, which is well
fit to a stretched exponential of the form R, (t)= exp[—(t/ .Y } where 7, and f are normally

around 13.4 ms and 0.78, respectively. Figure S9a shows examples of simulated T-jump

response by convolving an exponential response of the form exp(-4,,.t) with Ry o(t) based on

rise

Fourier transformation.
S(t)=FT " {FT[R(¢t)|x FT[R,o (1) ]} (S12)

To obtain the correlation between the input and observed rate, each convolved signal is fit to a
bi-exponential function of the form —C[exp(-AviseT) — €XP(-AdecayT)]. Figure SOb illustrates the
mapping between observed rate 4 and the underlying de-convolved rate 1 based on our
kinetic modeling. It is found that 1 matches A when the sample response time is less than 3

ms, and our T-jump experiments fail the detection of any kinetics slower than 11.6 ms.
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Figure S9. Obtained deconvoluted relaxation time from measured experimental rise times. The
observed signal that results from convolution (a) is fit to a bi-exponential with a rise time of 1/A.
The corresponding deconvoluted relaxation time, 1/A, is obtained from the blue correlation line

(b).

Based on eq S11, temperature-dependent Kg(t) and Kg(t) in Figure S8 are fitted using bi-

stretched exponential function. Their average response times are equal to ﬂ‘ll“( B )/1‘1 and

summarized in Table S4 with deviation computed based on 95% confidence interval of fitting.
The other method for extracting the average response time, is the maximum entropy method
(MEM) analysis which can assist in isolating the temporal and spectral information and provides
a smooth rate distribution for the observed kinetics at each detected frequency. Figure S10
illustrates the temperature dependence of the observed dissociation rates. The rates 1/tygy are
calculated based solely on the purple contour centered at 1671 cm!, with Tygy consistently
smaller than the corresponding tg listed in Table S4. The correlation between Tygy and tg can be

described with a linear function,
Ty (108) =1.45x 7 (s ) —332 (S13)

The differences between tygy and tg are probably due to the spectral and temporal overlap of the

fast and slow kinetic responses.
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Figure S10. (left) MEM rate distributions of t-HDVE data of 10 mg/ml insulin in 10% DMSO,
pHO.5 solution measured at final temperature 50, 55, 60 and 65 °C, with AT = 15+1.7 °C. Orange

and purple contours represent positive and negative rate amplitude, respectively. Dashed lines



indicate the position of average observed rate 1/tygm of dissociation process. (right) Comparison
of Tyem and tg in Table S4. Deviation of tygy is computed with the amplitude-weighted standard
deviation of the observed rates across the entirety of the dissociation response. Blue dashed line is

generated according to eq S12.

9. Analysis of Dimer-Monomer Transition

For investigating the correlation between Rg(2) and Rg(?), the average relaxation time Tt and 1
are summarized in Table S4, that are obtained by fitting the corresponding CSVD time
component with stretch exponential function. As shown in Figure 4a, by increasing the
concentration from 10 mg/ml to 30 mg/ml, 15 decreases slightly (<20%) at various temperature.
For a two-state (D22 M) transition, the relaxation time has a linear correlation with the total

concentration Cyy,®

7 =k +8k k,C

tot

= k> +8Kk2K,'C,, (S14)

Here k, and k, are association and dissociation rate constants, respectively. K4 can be computed
using parameters in Table S3. As a concentration-independent value, k; calculated with 1510, and
Ts30) using eq S13 should be consistent. However, the two k; values differ by 20%-40% at
various temperature, informing us that the two-state thermodynamic model overly simplifies the
dimer dissociation process by neglecting the accompanied conformational changes during dimer-
monomer transition. Studies by CD and NMR indicate that a dissociated monomer has less a-
helical structure and a more extended B-strand, compared to the monomer subunit of the dimer !>
16, Our T-jump measurements suggest that the unfolding process Rp(?) destabilizes the
hydrophobic core of dimers thus facilitates the melting of the dimer interface Rg(?). In this

scenario, the transition pathway is described as,

LN ke
D= {D}&==2M+M (S15)

g k,

a

Here {D,} is the ensemble of dimer intermediate states. The observed rates are given as’



7' =0.5p+4/0.25p> —q

p=k, +k.+k,+4k,[M]
q=kk, +4(k, +k)k,[M]

[M] is the monomer concentration at equilibrium. The folding (k;) and unfolding (k) rate
constants characterize the unfolding process of dimer into intermediate states which is not
resolvable with equilibrium instruments. Thus, the equilibrium dissociation constant Ky equals
k,k.'. As discussed earlier, the folding/unfolding process is related with the dimer compaction
that appears at a few us as a solvent exposure signal, while &, and &, only describe the formation
of dimer interface which is characterized by the loss of interfacial B-sheet distributing at sub-ms
timescale. Given the large deviation of 7, due to weak T-jump signal, the accuracy of krand £,
are much worse than that of &, and k,. As summarized in Table S4, k, is 3 magnitudes higher

than k;, suggesting a lower free energy barrier of association than that of folding.

Table S4. Observed Relaxation Times and Three-State Rate Constants*

T; (°C) Tr(10) (HS) Tsq10) (HS) Tsao) (1s) ke (s) k, (s k, (M's!) kq (s
45 260 (£14%) 1137 (£8%) 978 (£15%) 1.13x10°  5.69x10'  1.22x10°  7.18x10?
50 53 (£22%) 619 (£11%) 553 (£17%) 1.68x10°  3.89x10>  5.14x10°  4.52x103
55 34 (£15%) 527 (£7%) 449 (£12%) 2.50x10°  1.90x10>  6.37x10°  8.47x10°
60 23 (x14%) 475 (£4%) 390 (£8%)  2.99x10°  2.58x10?  7.32x10°  1.53x10*
65 11 (£14%) 437 (£7%) 357 (£9%) 2.91x10°  7.01x10%>  1.13x107  3.82x10*

* Deviation of average relaxation time is computed based on 95% confidence intervals. 10 and 30 in

the parentheses indicate the total concentration of insulin.

10. Diffusion-Limited Rate

To testify the idea that the formation of insulin dimer interface is a diffusion-controlled reaction,
we further compare our extracted association rates with predictions using diffusion limited
reaction rate theory. At pH 0.5, each insulin monomer carries a charge of zy; = +6, and is treated

as spherical protein with homogeneously distributed net charge on surface in the calculation,



k® =8zN,D,,R* (S17)

2Ry 1

o pUkT -1
R*=2RMf=D _ dr} (S18)

Here N, is Avogadro’s number, and R* is the critical encounter distance between associating
monomers accounting for solvent screening of monomer charges. The Stokes radius of a
monomer Ry, is 1.19 nm and its diffusion coefficient measured with dynamic light scattering is
Dy = 1.6 X109 cm? .17 U is the Debye-Hiickel potential energy, with Debye length 4.27 A
using the dielectric coefficient of 75.8 for the 10% DMSO/D,0 buffer at 25 °C. The calculated
diffusion limited association rate is 5.37 x10° M-! s-!, which is two order of magnitude larger

than our observed value is 2.02 x107 M-! s1.

11. Effect of Co-Solvents on the Insulin Structure and Dissociation Kinetics

CD spectroscopy is commonly used for characterizing the secondary structure of proteins as a
function of temperature, salt concentration, pH and co-solvent.!3-1? g-helices have two signature
features at 209 and 222 nm, whereas 3-strands have one negative CD signal peaked at 216 nm.
The a-helix content (%a-helix) can be estimated with the mean residue ellipticity at 222 nm

[0,2,] using an empirical function,??

%a — helix =(3000—[6),,]) / 39000 (S19)

Pocker et al. have studied the mean residue ellipticity change of insulin in water at pH 7 by
varying the concentration from 60 nM to 100 uM.!¢ By referring to the literature dimer
dissociation constant Ky, they found that the dimer-monomer transition caused a large change

in %a-helix. The %a0-helix of native-like dimer and monomer are 45% and 24.2%, respectively.

[0,22] of 10 mg/mL insulin in various solution at pH 0.5 are shown in Figure S11a, and their
corresponding %a-helix calculated using eq S18 in Figure S11b. Detector saturation caused by
co-solvents for wavelengths under 200 nm affects the S/N ratio. With temperature increasing
from 20 °C to T,g=70 °C, all solvent conditions result in a monotonic decrease in the ellipticity,
due to the increasing monomer fraction and thermal unfolding of both dimers and monomers.

[0222] in 10% DMSO is nearly identical to the one in H,O, suggesting that 10% DMSO causes



negligible influence on the conformation of insulin molecule and the dissociation constant K.
However, 10% EtOH has a notable effect on [0,,,] making the %a-helix drop from 39.5% to
33.7% at 20 °C, as illustrated in Figure S11b. This has previously been noted, but was attributed
solely to changes in the monomer-dimer equilibrium.?!’ Given that both DMSO and EtOH can
destabilize dimers through hydrophobic interaction, this striking difference in %a-helix may be
attributed to the denaturation of insulin molecule caused by EtOH. By changing the co-solvent
from DMSO to EtOD, the melting of interfacial B-sheet appears at earlier T-jump delay with
TvmeMm decreasing from 378 us to 178 us as shown with dashed lines in Figure S12. The fast

response of insulin is also observed in the 10% EtOD solution, which is centered at 1655 cm™!

and 10° s,
40

< 8000}
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Figure S11. (a) Mean residue ellipticity [0,5,] of 10 mg/mL insulin in pH 0.5 solution with 20 mM
Tris, 100 mM NaCl. Data are the average of at least 3 runs of the same sample. Curves of insulin
in 10% EtOH and 10% DMSO have more noise due to the strong UV absorption of EtOH and
DMSO. (b) The a-helix content of insulin computed with [8,,,] in (a) using eq S18.
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Figure S12. MEM rate distributions of t-HDVE data of 10 mg/ml insulin in pHO0.5 solution
measured at final temperature 60 °C with (left) 10% DMSO and (right) 10% EtOD. Orange and
purple contours represent positive and negative rate amplitude, respectively. Amplitudes are
rescaled with a time-dependent factor (1/t)°3, for better viewing the weaker signal changes at early
T-jump delays. Dashed lines indicate the position of average observed rate 1/tyy of dissociation

process.

As shown in Figure S13c, the fast response is absent in D,0O solution, confirming its origin of co-
solvent effect. The kinetic trace at 1620 cm™!, which tracks the ESA change and represents the
global structural variation, are compared in Figure S13d. The intensity of 1620 cm! approaches
to its maximum at ~3 ms in water and ~1ms in 10% DMSO, indicating a much slower

dissociation kinetics in the absence of co-solvent.
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Figure S13. Dissociation kinetics of 10 mg/ml insulin observed with T-jump experiments

measured at T; = 50 °C with AT = 15 °C. Representative t-HDVE spectra at select delays in

(a)10% DMSO, pH 0.5 solution and (b)D,0, pH 0.5 solution. Comparison of single-frequency

kinetic traces representing the dissociation at (¢) 1655 cm! and (d) 1620 cm! and their fits to eq

S7.
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