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Abstract

Biological functions frequently require protein–protein interactions that involve secondary and 

tertiary structural perturbation. Here we study protein–protein dissociation and reassociation 

dynamics in insulin, a model system for protein oligomerization. Insulin dimer dissociation into 

monomers was induced by a nanosecond temperature-jump (T-jump) of ~8 °C in aqueous solution, 

and the resulting protein and solvent dynamics were tracked by time-resolved X-ray solution 

scattering (TRXSS) on time scales of 10 ns to 100 ms. The protein scattering signals revealed the 

formation of five distinguishable transient species during the association process that deviate from 

simple two-state kinetics. Our results show that the combination of T-jump pump coupled to 

TRXSS probe allows for direct tracking of structural dynamics in nonphotoactive proteins.
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The function and behavior of a protein under physiological conditions are heavily tied to its 

structure, which can be strongly dependent on the local environment.1 For example, control 

over protein association and dissociation can be achieved by altering factors such as local 

pH, temperature and concentration.2–4 These external factors can cause proteins to 

transiently assume different conformations or alter the protein binding affinities to adapt to 

the new conditions.5–7 Understanding the protein responses to the external factors and 

mapping out the protein structural transformation pathways induced by these factors are 

important for unraveling mechanisms of complex biological processes.8

Insulin is a 51-residue protein that has been extensively studied as a model system for 

protein–protein interactions and protein oligomerization because of its ability to form a wide 

range of oligomers, such as tetramers and hexamers.9,10 The smallest insulin oligomer is a 

dimer formed by association of the C-terminal end of the B chains into an intermolecular β-

sheet. The stability of insulin–insulin binding interactions can be tuned by varying the 

environmental conditions, such as concentration, temperature, and pH.11 In aqueous 

mixtures with ethanol at low pH values, the dimer–monomer equilibrium is strongly 

temperature-dependent and shifts from predominantly dimers at 25 °C to predominantly 

monomers at 50 °C.9,12 Thus a sudden perturbation to the thermal equilibrium by a laser-

induced temperature jump (T-jump) can drive a transient increase in monomer population, 

allowing for the study of insulin association dynamics via its reverse process of dissociation, 

which is a first-order process. Such an approach avoids having long-distance protein 

diffusion in solution as the rate-limiting processes and therefore simplifies the extraction of 

the oligomerization structural dynamics. Recently, Zhang et al. investigated the dynamics of 

insulin association by two-dimensional IR (2D-IR) spectroscopy utilizing laser-induced T-

jump experiments.9,12 The 2D-IR results suggest the formation of an intermediate dimer 

conformation on a 5–150 µs time scale, followed by melting of the intermolecular β-sheet 

and dissociation within 250–1000 µs.12 However, questions remain about the nature of the 

transient dimer structure, whether any other structural intermediate states exist, and whether 

Rimmerman et al. Page 2

J Phys Chem Lett. Author manuscript; available in PMC 2018 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



T-jumps can provide information about a possible long-lived encounter complex as the 

system cools back to equilibrium.

In this work, we utilize T-jump-induced time-resolved X-ray solution scattering (TRXSS) to 

directly probe both protein and solvent structural changes. TRXSS enables direct tracking of 

protein dynamics as well as solvent hydrodynamics and may provide additional and 

complementary secondary and tertiary structural information to that derived by IR 

spectroscopy.13 Furthermore, in contrast with IR-based techniques, TRXSS does not require 

the use of deuterated solvent and protein, and thus it allows for interrogation of protein 

dynamics in protonated water environment. Previous TRXSS studies have focused on direct 

laser excitation of photoactive proteins, such as hemoglobin and photoactive yellow protein.
8,14–23 Here we extended the TRXSS technique to study nonphotoactive proteins by 

employing indirect solvent excitation. We report the existence of several new intermediate 

states and show that the system dynamics can be disentangled through a direct comparison 

of the experimental data with signals calculated using protein structures obtained from 

crystallographic data. Furthermore, we observe the existence of a restructured monomer 

state that appears prior to the reassociation of dimers as the system cools back down to 

equilibrium.

Temperature-dependent static X-ray scattering measurements and UV circular dichroism 

(UV-CD) were carried out between 15 and 50 °C. Both techniques confirm that a 

temperature increase is able to dissociate insulin dimers to monomers, as previously reported 

(see the Supporting Information (SI) for details).9,12 The scattering results show that under 

the experimental conditions the radius of gyration (Rg) of insulin at room temperature is 

15.8 Å, a value that is in the range attributed to dimeric insulin.11 As the temperature is 

increased from room temperature to 45 °C the Rg decreases to 13.1 Å, in the range reported 

for monomers.11 Kratky curve analysis was carried out to verify the folding state of the 

dimers and monomers.24 The analysis indicates that both dimers and monomers 

predominantly assume folded conformations in the entire range of investigated temperatures 

and that only two primary species (dimer and monomer) are adopted by the protein in the 

temperature range of 25–50 °C. Furthermore, it was found that insulin monomers in EtOH–

water mixture adopt a more flexible conformation than the compact one that is adopted in 

acetic acid at room temperature (see the SI for details). The UV-CD measurements provide 

further evidence of the temperature dependence of the insulin dimer stability through the 

disappearance of signals associated with the intermolecular β-sheet (see the SI).11,25

T-jump induced TRXSS experiments were performed to study the insulin dimer dissociation 

and association dynamics on time scales of 10 ns to 100 ms following T-jumps from three 

initial temperature conditions, 25, 30, and 35 °C. The T-jump was induced by exciting the 

sample with 7 ns laser pulses at 1.443 µm wavelength, which corresponds to an overtone of 

O–H stretch. TRXSS signals were obtained by subtracting the scattering signals at positive 

time delays from the scattering signal 5 µs before laser excitation. The protein-associated 

signal was separated from the buffer-associated signal (i.e., the hydrodynamic response) by 

fitting the higher angle region of the data with pure buffer heating signal (see Figure 1A, 

details are available in the SI). At early time scales following the T-jump, changes in the 

buffer density are known to cause artifacts when performing optical T-jump experiments;26 
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however, TRXSS allows for direct tracking of the temperature and density changes in the 

buffer (see Figure 1B). The buffer-associated signal was compared with signals obtained 

from static temperature measurements on pure buffer, and it was found that the T-jump 

magnitude was ~8 °C (see the SI). From the hydrodynamics analysis, it is apparent that both 

temperature and density stabilize in ~300 ns after the laser excitation and retain their values 

to within ~10% variation up to 1 ms time delay. TRXSS patterns recorded at 1 s showed no 

detectable difference scattering signal compared with the starting sample solution before the 

laser pulse, indicating that the cool-down process is complete on these time scales (see the 

SI).

Characteristic insulin-associated TRXSS signals for T-jumps from initial temperature of 

35 °C are presented in Figure 2A (for full time series, see the SI). The evolution of the 

TRXSS signal depicts the changes in the protein conformation during dissociation and 

reassociation. The analysis of the TRXSS signal was divided into the small-angle region 

(SAXS) at q < 0.2 Å−1, providing information on tertiary structure, and the wide-angle 

region (WAXS) at q > 0.2 Å−1, providing information on secondary structure. For the SAXS 

region, we observed different kinetic behavior between the q-range of q < 0.04 Å−1 and 0.04 

Å−1 < q < 0.2 Å−1 (Figure 2B, top), particularly in the rise time of the signals at ~1 µs. The 

plateau regions observed in the integrated signal imply the formation of stable transient 

structures, suggesting the existence of an intermediate that arises with the T-jump and, by 

comparing the rise times of both SAXS regions, the formation of at least two more 

intermediates by 1 µs. Furthermore, the increase in the integrated signal intensity on the time 

scale of hundreds of microseconds reveals the existence of an additional intermediate, which 

is also accompanied by the emergence of features in the WAXS region. The WAXS signals 

indicate that this intermediate presents substantial changes in the protein secondary 

structure. Finally, the only other process observed from SAXS signal integration is that the 

magnitude of the integral decreases as the temperature of the system decreases back to 

thermal equilibrium.

Global analysis was performed on the protein associated TRXSS data based on established 

data analysis procedures.17,18,27–31 The singular value decomposition (SVD)-derived 

components were analyzed using a kinetic model to extract physically meaningful TRXSS 

patterns and dynamics that are associated with particular species (see the SI for details). Our 

results show the presence of five transient states. Their species-associated kinetic evolutions 

and TRXSS signals are shown in Figure 2B,C, respectively.

The early time delay data show the formation of an intermediate state (D*) on the time scale 

of the instrument response (~7 ns). Because this early state presents a loss of SAXS intensity 

and emerges concurrently with the T-jump process (Figure 2C), it is ascribed to a “hot” 

dimer state in which solvation shell rearrangement and protein thermal expansion takes 

place due to thermal weakening of hydrogen bonding. Following the initial solvent 

thermalized state, two consecutive states, D1 and D2, emerge on the time scales of 310 and 

900 ns, respectively. The extracted scattering signals for these states represent a loss of 

scattering intensity in the SAXS region without any features in the WAXS region (see Figure 

2C). The D1-associated TRXSS signal contains a positive feature below 0.05 Å−1, which is 

estimated to comprise a ~10% change in the forward scattering relative to the ground state. 
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This feature is attributed to an increase in the protein mass due to solvent uptake by the 

dimer (i.e., increase in solvent accessible surface), whereas overall the decrease in SAXS 

scattering is attributed to slight volume expansion of the dimer.17,31 In addition, the 

scattering intensity loss in the region of q < 0.2 Å−1 in D2 implies that the dimer adopts a 

significantly more expanded state; however the lack of WAXS features in both states implies 

conservation of the protein secondary structure, specifically the intramolecular β-sheet, 

responsible for retaining the dimer form of insulin. Overall, the scattering signal from the D2 

state indicates that the internal rearrangement of the monomer units leads the protein to 

adopt a stable tertiary conformation in which the overall size of the protein is expanded.

Following the early time dynamics, we observed the emergence of another state (2M) 240 µs 

after the T-jump, characterized by a further loss of SAXS intensity and the appearance of 

strong WAXS features (Figure 2B) indicative of changes in the protein secondary structure. 

By comparing the 2M-associated TRXSS signal to the signal calculated from steady-state 

scattering curves taken at 45 and 35 °C, which represents the expected signal for 

dissociation of dimers to monomers, this intermediate is assigned to the dissociated state 

(Figure 3). The good agreement between the steady-state and time-resolved curves in the 

WAXS region allows definitive assignment of the observed WAXS features to the loss of the 

intermolecular β-sheet. We note that the curves have slight disagreement in the SAXS 

region, which is likely due to differences in the change in solvation in the experiment done 

with 8 °C T-jump and the steady-state measurement at 10 °C higher than the starting 

temperature. Finally, we have also compared the 2M associated signal corresponding to 

dissociated monomers with the theoretical signal calculated using insulin dimer and 

monomer structures from the PDB database (entries 2A3G for dimer32 and 2JV1 for 

monomer33) (see the SI for details). The theoretical and TRXSS curves appear to be similar: 

The negative dip at q < 0.2 Å−1, as well as oscillatory features in the WAXS region, are 

qualitatively reproduced by theory, providing additional evidence of the assignment to a 

dissociated state. Discrepancies between theoretical curves and the TRXSS data are likely 

due to the differences in protein environment in crystal and solution forms, such as pH, 

temperature, buffer composition, and crystal packing.

The final intermediate (2M′) emerges with a lifetime of 8 ms and decays on longer time 

scales from 10 to 100 ms as the system temperature cools back to the pre-T-jump 

equilibrium. The decay of 2M′ was successfully reproduced by a stretched exponential 

function exp[−(t/τ)β]; however, because the formation and decay of this intermediate 

appears during the system cool down, the observed lifetimes do not represent physically 

meaningful values. The 2M′-associated signal has a large SAXS signal that is similar to the 

dissociated 2M state, indicating that the system is still largely in the monomer (dissociated) 

state. However, the decay of the WAXS features indicates that the monomers go through an 

internal rearrangement, which brings their secondary structure to a conformation similar to 

that in the dimer state (see the SI). Comparison of calculated difference radial distribution 

functions for 2M and 2M′ states shows that the intensity of the 2M′ signal at distances 

below 25 Å is smaller in comparison with 2M, while the two signals have the same shape 

and intensity at larger distances (see the SI for details). The latter confirms that structural 

rearrangement indeed appears within the insulin monomer state prior to the formation of the 

dimers, although the signal may represent multiple conformations of the monomer rather 
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than one specific structural species. Previous 2D-IR experiments have suggested that the 

reassociation process of insulin monomers is much slower than the diffusion limit, 

suggesting that the rate-determining step represents a so-called induced fit step, where the 

coupled protein folding and binding processes have to search for a correct conformation that 

will result in the dimer formation.12 This suggestion is confirmed by our measurements, as 

the population of the relatively long-lived 2M′ state with a reorganized structure within the 

monomer conformation appears to be a necessary step before the final relaxation to the 

ground (dimer) state during the cool-down process.

Our findings in regards to dissociation can be summarized with a schematic representation 

of the free-energy surface of the dimer in its hot state shown in Figure 4. Immediately after 

the T-jump the dimer population, in its hot D* state, is in a nonequilibrium state. As the 

system evolves with time, two kinetic intermediates are populated in rapid succession, 

leading to the formation of a long-lived expanded dimer intermediate (D2). Finally, the 

dimer dissociates (2M) with changes in the secondary structure, including the loss of the 

intermolecular β-sheet. The following slow process of system cooling and reassociation to 

form the dimer requires the monomers to diffuse and associate while also shifting the 

thermal equilibrium. As the previous 2D-IR study indicated, the process of dimer association 

is not diffusion-limited but rather shows evidence that another intermediate state represents 

the rate-limiting step in the association process. The 2M′ state revealed by TRXSS 

experiments indicates that dimer association is preceded by internal reorganization of 

monomers changing their conformation to one close to the monomer structure within the 

dimer. The subsequent association dynamics are likely to involve the states observed during 

the dissociation process in the reverse order (D2 followed by D1).

T-jump TRXSS measurements were also carried out starting from lower initial temperatures 

of 25 and 30 °C, where the initial state includes a higher dimer to monomer ratio. The 

results showed conservation of all intermediate states, including dissociation to 2M and the 

formation of restructured monomers 2M′ (see the SI). The kinetic analysis of these data sets 

shows that the process of dissociation of the D2 intermediate into insulin monomers 

approximately doubles its lifetime when the ground-state temperature is set to 25 °C (see the 

SI). In contrast, the formation processes of both D1 and D2 intermediates have similar 

lifetimes at all temperatures, implying that these processes are already at their speed limit. 

The appearance of all of the same intermediate states at different temperatures further 

supports the conclusion that insulin association deviates from two-state kinetics regardless of 

the initial temperature conditions.

Comparison of TRXSS results to the previous 2D-IR study reveals a substantially different 

picture of the system structural kinetics. Specifically, at early times 2D-IR results 

demonstrated a single disordered dimer species appearing on time scales of 5–150 µs, in 

contrast with TRXSS, which suggests intermediates form much faster than 5 µs.12 Although 

both TRXSS and 2D-IR methods probe structural dynamics, 2D-IR probes more localized 

dynamics by following the amide-I vibrations of the protein. In contrast, TRXSS provides 

information about the global structure of the protein without details of local atomic 

structure. Because structural dynamics of the protein can vary on different length scales, the 

experimentally observed time required for formation of intermediates can also be different. 
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Additionally, the 2D-IR experiments were performed on deuterated samples where both the 

mechanisms and the time scales of reaction processes can be significantly altered.9 Finally, 

the existence of a 2M′ state was postulated by the 2D-IR study; however, no specific 

evidence was found for it. Here TRXSS results clearly indicate the presence of a 

restructured monomer state, leading to the formation of the dimer.

To conclude, this study shows the utility of combining ultrafast T-jumps with time-resolved 

X-ray scattering to track conformational changes in protein complexes. The ability to 

indirectly induce protein interactions and structural changes by exciting the solvent medium 

allows for time-resolved X-ray studies on proteins that do not have light-activated functions, 

such as insulin. The use of T-jump provides insight into temperature sensitive or thermally 

activated processes, such as protein association, which would otherwise be obscured by 

complex bimolecular interactions, which are subject to rate-limiting processes. In addition, 

our results show that TRXSS can provide additional information on structural dynamics to 

vibrational spectroscopic techniques, like 2D-IR, without the need for deuterated solvents. In 

the case of insulin dimers, TRXSS has revealed the existence of new structural intermediates 

involved in the process of association, demonstrating the complexity of protein–protein 

interactions and deviation from simple kinetic models.

Supplementary Material
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Figure 1. 
(A) Protein sample TRXSS signal at 5 µs time delay fit with the signal from T-jump in pure 

buffer. (B) Temperature (red) and density (black) hydrodynamic response of the buffer 

derived from fitting of pure buffer TRXSS signal to protein sample TRXSS data as a 

function of time from an initial temperature of 35 °C.
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Figure 2. 
(A) Characteristic TRXSS difference curves at various time delays after T-jump, presented 

as time series. (B) (Top) Normalized integrated signal in the region of q < 0.04 Å−1 

(magenta) and 0.04 Å−1 < q < 0.2 Å−1 (black). (Bottom) Population dynamics derived from 

kinetic analysis for associated species along with the scaled temperature derived from fitting 

of pure buffer TRXSS signal to the protein TRXSS signal. (C) Species-associated TRXSS 

difference patterns from kinetic analysis; the signal at q > 0.2 Å−1 is multiplied by a factor 

of 10 to magnify the observed WAXS features. The legend is shared for both B and C 

panels.
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Figure 3. 
Comparison of 2M state TRXSS signal with signal calculated from steady-state scattering 

between 45 and 35 °C and theoretical calculation from crystal structure. The signals are 

magnified ×70 in the q > 0.2 Å region for clarity.
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Figure 4. 
Free-energy surfaces for insulin dissociation reaction as a result of T-jump. The red lines 

represent the nonequilibrium population immediately after T-jump. The yellow line shows 

the ensemble pathway toward dissociation as the system is driven back toward equilibrium.
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