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Time-resolved multirotational dynamics of single solution-phase 
tau proteins reveals details of conformational variation 

Alexander K. Footea
, Lydia H. Mangera, Michael R. Holdenb, Martin Margittaib, and Randall H. 

Goldsmith*a 

Intrinsically disordered proteins (IDPs) are crucial to many cellular processes and have been linked to neurodegenerative 

diseases. Single molecules of tau, an IDP associated with Alzheimer’s disease, are trapped in solution using a microfluidic 

device, and a time-resolved fluorescence anisotropy decay is recorded for each molecule. Multiple rotational components 

are resolved and a novel k-means algorithm is used to sort the molecules into two families of conformations. Differences in 

rotational dynamics suggest a change in the rigidity and steric hindrance surrounding a sequence (306VQIVYK311) which is 

central to paired helical filament formation. This single-molecule approach can be applied to other IDPs to resolve 

heterogeneous populations and underlying differences in conformational dynamics. 

Introduction: 

Tau protein is an intrinsically disordered protein (IDP) at the 

center of the etiology of Alzheimer’s disease.  Tau plays a vital 

role in the human central nervous system by stabilizing 

microtubules in the axons of neurons1 and consists of an N-

terminal projection domain, a proline rich region, a region made 

up of 3 or 4 microtubule-binding repeats (MTBRs), and a C-

terminal tail2. In its pathogenic form the MTBR region loses its 

microtubule affinity, adopts a β-sheet structure, and aggregates 

into filaments associated with Alzheimer’s disease and other 

tauopathies3–6. As tau progresses along its aggregation 

pathway, it passes through a loosely defined ‘soluble’ state in 

which the protein may be hyperphosphorylated, mislocalized, 

conformationally changed, and/or oligomeric before becoming 

fibrillar7. Importantly, it has been suggested that it is these 

soluble tau forms which are toxic, rather than the more 

conspicuous insoluble aggregates7–9. This toxicity underscores 

how critical it is to study tau in the solution-phase, in order to 

understand Alzheimer’s disease etiology. 

Studies of solution-phase, monomeric IDPs have shown, 

through experiment and computation, that they form 

heterogeneous ensembles of structures in aqueous solutions10–

13. Due to this heterogeneous nature of IDPs, the utilization of 

bulk measurements has an inherent limitation: the individual 

conformations are difficult to independently characterize and 

resolve14. For example, NMR studies have also shown clear 

evidence of multiple conformations of tau existing in solution, 

but teasing out the molecular details of these conformers is 

difficult and indirect13.  In contrast, solution-phase single-

molecule measurements are powerful methods for 

characterizing heterogeneous conformations within, and 

interactions involving, IDPs11,14–17. Multiple solution-phase 

Förster resonance energy transfer (FRET) experiments at the 

single-molecule level have revealed unexpected behaviors of 

IDPs including simultaneously existing populations which evolve 

over time18 or multiple static subpopulations19. This observation 

of subpopulations of IDPs could not have been directly observed 

at the bulk level and demonstrates the relevance of single-

molecule approaches to the study of IDPs. 

 In order to probe the conformations and dynamics of tau 

protein, we performed single-molecule time-resolved 

fluorescence anisotropy on solution-phase molecules. 

Fluorescence anisotropy involves first exciting a molecule with 

polarized light, which preferentially excites molecules with 

transition dipoles oriented parallel with the excitation’s 

polarization. Fluorescence emission is then partitioned into 

parallel and perpendicular polarization components and 

collected in separate detection channels.  By using time-

correlated single-photon counting to record the arrival time of 

each photon (i.e. a time-resolved measurement as opposed to 

a steady-state one) we can observe how the ratio of parallel to 

perpendicular components evolves over a nanosecond 

timescale, revealing the  nature of the molecule’s rotational 

diffusion with subnanosecond resolution20. The timescales of 

this rotational diffusion can then report on conformational 

dynamics of the protein. Time-resolved anisotropy has been 

employed to image environments in cells21, distinguish different 

single molecules in solution22,23, and watch rotational dynamics 

of tethered single molecules exposed to solution24. A difficulty 

of using time-resolved anisotropy measurements at the single-

molecule level arises from partitioning the limited number of 

collected photons into their respective time-resolved bins, 
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resulting in a noisy – and thus hard to fit – time-resolved decay. 

Complex protein segmental motions or varying rigidity of 

structures will show up as additional rotational components in 

these anisotropy decays. Without sufficient photons, these 

subtle effects cannot be accurately quantified due to limited 

statistics. In previous time-resolved anisotropy measurements 

of single tethered proteins, limited photon counts (and 

subsequently low S:N ratios) required modeling the parallel and 

perpendicular decays as single exponentials, making it difficult 

to quantify multiple rotational components24. Analysis that is 

capable of taking multiple rotational components into account 

at the single-molecule level is critical to understanding complex 

protein motions, but has remained elusive.  

A common way of yielding more photons (and thus 

achieving higher S:N ratios) is to immobilize the molecule and 

study it for a prolonged period of time. However, computational 

and empirical studies show that immobilization can perturb the 

protein’s conformational dynamics,25–27 and this issue will likely 

be even more severe when studying immobilized IDPs. In the 

absence of immobilization, solution-phase experimental 

methods which involve examining freely diffusing proteins as 

they transiently pass through a confocal volume22 result in 

limited observation times (<10 ms), which are inadequate if we 

wish to observe multiple rotation parameters since too few 

photons are collected. 

To circumvent this constraint, we utilize an anti-Brownian 

electrokinetic (ABEL) trap that allows trapping and monitoring 

of single fluorescent molecules in solution in a non-perturbative 

manner over the course of multiple seconds28. Briefly, an 

excitation beam is rapidly scanned in a predetermined pattern 

through the trapping region of a microfluidic device; each 

detected photon is correlated to the beam’s position, allowing 

application of real-time feedback voltages that induce position-

compensating electrokinetic flows, effectively canceling the 

Brownian motion of the molecule. The ABEL trap has been used 

to observe mobility constants and non-linear hydrodynamic 

interactions of DNA oligomers29,30, hybridization and melting 

rates between single-strand and double-strand DNA31, ATP 

stoichiometry in a multisubunit enzyme32, spectroscopic 

properties and functional roles of pigments in monomeric and 

multimeric photosynthetic antenna protein26,33–35, electron spin 

resonance in fluorescence nanodiamonds36, and even spectral 

properties of objects as small as single organic dyes37,38, all 

while in the solution-phase. Most recently, time-resolved 

anisotropy has been used to quantify simple mixtures of ABEL-

trapped DNA oligomers23.  

A recent study using steady-state fluorescence anisotropy of 

tau protein in an ABEL trap showed that the full-length isoform 

of tau (htau40) has at least two stable families of conformations 

with differences in protein compaction which can be resolved 

by steady-state anisotropy 17. However, steady-state anisotropy 

measurements are unable to determine the different rotational 

parameters that define that compaction. Because compaction 

is an important IDP characteristic that likely regulates inter-

protein interaction (and thus pathological aggregation), 

determining the structural details of the two states and what 

molecular degrees of freedom differentiate them is of high 

importance. Being able to measure the complete time-resolved 

anisotropy of each molecule would provide a substantially more 

information-rich investigation.  

In this study, we use an ABEL trap to take prolonged time-

resolved fluorescence anisotropy measurements of freely 

diffusing monomeric htau40 at the single-molecule level. We 

then apply a rigorous analytical procedure for examining the 

anisotropy decays that takes advantage of the increased 

number of photons and allows classification of multiple 

rotational parameters, a quantification that has not been 

accomplished at the single-molecule level. Upon obtaining 

these rotational parameters, we developed a novel clustering 

algorithm that appropriately weights these multiple parameters 

when classifying molecules into protein subpopulations. These 

experimental and numerical advances result in orders-of-

magnitude more photons in our time-resolved decays, 

quantitative extraction of multiple rotational components from 

these now statistically robust decays, and distinction between 

conformational subpopulations within a heterogeneous 

mixture of freely diffusing single protein molecules based on 

their extracted rotational components. Thus, substantially more 

information is available to understand the complex behavior of 

an important IDP.   

Data collection and Time-resolved Decays: 

Details of the experimental procedures can be found in the SI. 

Samples of htau40 were prepared and labeled with Atto647N in the 

third MTBR as previously described17, and single tau proteins were 

trapped in a buffered solution containing 25% glycerol. The 

fluorescence was resolved into two polarization components which 

were collected on separate detectors (Figure 1a). Analyzed events 

were trapped for an average of 2.7 seconds (SI Figure 13). Each 

detected photon has two arrival times associated with it: the macro-

time, assigned as the time difference between the beginning of the 

acquisition run and the arrival of the photon (with a timescale of ms-

s), and the micro-time, the time difference between the most recent 

laser pulse and the arrival of the photon (with a timescale of ps-ns). 

Data acquisition occurred in 10-minute intervals, and photon macro-

times were recorded and binned into 10 ms bins for analysis (Figure 

1a). After binning, a change-point-finding algorithm39 was run on the 

binned data to determine where intensity changes occurred (Figure 

1a). Changepoints that resulted in an event longer than 1 second, and 

that had an intensity above a threshold were attributed to the 

htau40 protein (see SI). For each of these events, the steady-state 

fluorescence anisotropy was calculated and histogrammed (Figure 

1b). It is apparent from this histogram that there is more than one 

underlying anisotropy population in htau40, as shown previously17.  

In order to analyze the time-resolved components, the micro-

times associated with each detected photon that occurred during a 

trapping event were binned into 16 ps time bins to create the parallel 

and perpendicular channels’ time-resolved decays (Figure 1c). It is 

important to note that the steady-state anisotropy (Figure 1b) is 

time-averaged over an entire trapping event, and does not have the 

resolving power to characterize the multicomponent rotational 

dynamics that define the two populations. Time-resolved 

measurements on the nanosecond scale, however, can both 
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distinguish and characterize these rotational dynamics. Two trapped 

htau40 molecules that resulted in a steady-state anisotropy on either 

ends of the distribution in Figure 1b were analyzed and their parallel 

and perpendicular decays were used to calculate time-resolved 

anisotropy decays for each molecule (Figure 1d). It is clear that the 

molecules displayed conspicuously different conformational 

dynamics, and further analysis showed that other molecules from 

the corresponding areas of the histogram also behaved similarly. The 

time-resolved anisotropy decays contain substantially more 

information on the conformational dynamics of htau40 than the 

steady-state anisotropy, information that originated in the time-

resolved parallel and perpendicular decays (Figure 1c). Below, these 

parallel and perpendicular decays are analyzed to gain insight into 

the multiple rotational parameters, and thus complex structural 

dynamics of the protein. 

The observed decays for the parallel and perpendicular channels 

𝐼∥(𝑡) and 𝐼⊥(𝑡) are a sum of the convolution of the individual 

channel’s instrument response functions 𝐼𝑅𝐹∥(𝑡) and 𝐼𝑅𝐹⊥(𝑡) with 

their corresponding true decays 𝑖∥(𝑡) and  𝑖⊥(𝑡), and each channel’s 

corresponding background 𝐵𝐺∥(𝑡) and 𝐵𝐺⊥(𝑡), such that 

 
𝐼∥(𝑡) =  𝑖∥(𝑡) ⊗ 𝐼𝑅𝐹∥(𝑡) + 𝐵𝐺∥(𝑡) 

𝐼⊥(𝑡) =  𝑖⊥(𝑡) ⊗ 𝐼𝑅𝐹⊥(𝑡) + 𝐵𝐺⊥(𝑡) 

where the true decays are defined as 

 

𝑖∥(𝑡) = 𝐴𝑒−
𝑡−𝑡0,∥

𝜏 [1 + 2 (𝛼𝑙𝑜𝑐𝑎𝑙𝑒
−

𝑡−𝑡0,∥

𝜌𝑙𝑜𝑐𝑎𝑙 + 𝛼𝑖𝑛𝑡𝑒
−

𝑡−𝑡0,∥

𝜌𝑖𝑛𝑡 )] 

𝑖⊥(𝑡) = 𝐴𝑒−
𝑡−𝑡0,⊥

𝜏 [1 − (𝛼𝑙𝑜𝑐𝑎𝑙𝑒
−

𝑡−𝑡0,⊥

𝜌𝑙𝑜𝑐𝑎𝑙 + 𝛼𝑖𝑛𝑡𝑒
−

𝑡−𝑡0,⊥

𝜌𝑖𝑛𝑡 )] 

such that A is an amplitude determined by the number of total 

photons observed during a trapping event, 𝛼𝑙𝑜𝑐𝑎𝑙 and 𝛼𝑖𝑛𝑡  are 

rotational amplitudes of the local and intermediate motions which 

sum to the fundamental anisotropy, τ is the fluorescence lifetime, 

ρlocal and ρint are two rotational correlation times corresponding to 

different protein motions and 𝑡0,∥ and 𝑡0,⊥ are instrumentation 

factors accounting for time delays in the two channels (see SI). As 

described below, the rotational amplitudes (𝛼𝑙𝑜𝑐𝑎𝑙, 𝛼𝑖𝑛𝑡) can be 

connected to cone angles of the respective protein motions. If the 

IRFs on the two detectors have identical shapes, and each detector 

has the same time delay, it is apparent that one can sum both 

equations in 2 to attain a decay which is independent of the 

rotational dynamics of the system, which, when convoluted with the 

instrument’s IRF, yields the following: 

 

𝐼∥(𝑡) + 2𝐺𝐼⊥(𝑡) = 3𝐴𝑒−
𝑡−𝑡0

𝜏 ⊗ 𝐼𝑅𝐹(𝑡) 

Where G is a compensating factor for the different detection 

efficiencies of the two detection pathways, and is simply a ratio of 

the two efficiencies. The above equation can be used to fit the 

lifetime and instrument parameters independent of the rotational 

parameters, which limits errors that arise from finding local minima 

in a large, multi-dimensional parameter space (See SI)24.  

Results and Discussion: 

The two channels’ time-resolved decays were added together to 

remove their rotational dependence (Eq. 3, Figure 1c - purple) and fit 

via Maximum Likelihood Estimation (MLE) (See SI, section 1, 2)40 to 

obtain a lifetime (τ) and instrument time delay (t0). We then fit the 

independent channels’ rotational decays using Equation 2 while 

keeping the now-known values for the lifetime (τ) and instrument 

parameters (𝑡0,∥ and 𝑡0,⊥) constrained. Each molecule’s time-

resolved decays were fit multiple times with different initial 

conditions, and the likelihoods of each fit were compared (See SI), 

with the highest likelihood chosen as the best fit. To test the efficacy 

of this method, simulated data with comparable parameters and 

photon counts to our measured data was run through the same 

fitting process, and the extracted parameters were shown to closely 

match the input values (SI Figure 12).  

 After fitting the decays, we extracted fit parameters of τ, αlocal, 

ρlocal, and ρint for each trapped molecule. Each of these parameters 

contains information about a particular element of the molecules’ 

conformational dynamics. The fluorescent lifetime (τ) informs about 

the microenvironment of the dye, and measuring it allows one to 

determine whether different lifetimes were contributing to the 

distinction between the two anisotropy subpopulations observed in 

Figure 1b. Ideally, the rotational correlation times (ρlocal and ρint), 

inform on the size of the segment contributing to that rotational 

motion (with larger segments giving rise to slower rotations). The 

rotational amplitude (αlocal) describes the space that each rotational 

movement can explore (i.e. that segment’s rotational freedom), and 

informs on the restrictions imposed on that segment’s rotation due 

to the rest of the protein. These rotational amplitudes can be 

converted to a cone angle of rotation by the following41–43 

 

 
𝛼𝑖𝑛𝑡

(𝛼𝑙𝑜𝑐𝑎𝑙+𝛼𝑖𝑛𝑡)
= 𝑆2 = [

1

2
𝑐𝑜𝑠(𝜃)(1 + 𝑐𝑜𝑠(𝜃))]

2
 (4) 

where θ is the angle that defines a spatial cone which the segment 

of protein is able to sample with correlation time ρlocal. This cone 

angle provides an intuitive picture of the flexibility of a region, with 

a larger angle representing a larger cone of spatial orientations that 

a dye or proximal protein regions are able to sample.  

The distribution in Figure 1b reproduces the two tau 

conformational populations observed previously using steady-state 

anisotropy17. However, moving beyond this simple method to sorting 

the trapped molecules into two underlying populations based on 

their time-resolved (instead of steady-state) parameters reveals 

correlations between the different population’s rotational behaviors, 

providing structural information on how the two conformational 

families of tau differ with unprecedented detail. We developed a 

novel k-means algorithm that utilizes a Gaussian weighting scheme 

to sort individual molecules into two populations (See SI, Section 4). 

We tested this sorting algorithm on simulated data where it 

consistently and correctly sorted overlapping populations which 

have comparable parameters to our data (Figure 2), granting high 

confidence in the classification algorithm. In this simulation, events 

were generated into either a red or a blue population. Each of these 

populations had four values associated with it (τ, αlocal, ρlocal, and ρint) 

and each of these parameters had a Gaussian probability 

distribution, Figure 2a. Once generated, the dataset was sorted using 

(1) 

(2) 

(3) 
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our new k-means algorithm (Figure 2b) with >94% accuracy. For 

comparison, the dataset was also sorted using a standard, Euclidean 

distance based k-means algorithm (Figure 2c) which was found to 

sort events with only 54% accuracy. Critically, the standard Euclidean 

method resulted in the analysis ignoring the critical distinction in the 

parameter αlocal, and instead created a clearly unphysically divided 

distinction in ρint, where a single peak was crudely divided in half. 

Having confirmed the algorithm’s ability to sort events while taking 

into account their multiple dimensions, we sorted our experimental 

events into two populations using our measurements of their time-

resolved components (τ, αlocal, ρlocal, and ρint). 

After sorting the events into two populations, each of the 

populations’ parameters derived from equation 2 were 

histogrammed (Figure 3b, d, f, h) and plotted against the 

corresponding trapping event’s steady-state anisotropy (Figure 3i). 

Importantly, the steady-state anisotropy was calculated 

independently from our fitting method by using the total number of 

photons in each detection channel. Although the sorting algorithm 

only took the time-resolved parameters (τ, αlocal, ρlocal, and ρint) as 

inputs, when the steady-state anisotropy values of the two separate 

populations were plotted as histograms, the populations clearly 

separate into high (red) and low (blue) steady-state anisotropy 

populations (Figure 3i). Importantly, this partitioning occurred even 

though the sorting algorithm did not take the steady-state 

anisotropy into consideration while sorting these populations, but 

rather arrived at them organically. To reiterate, we have sorted the 

solution-phase tau protein into two distinct populations (red and 

blue) which are described by two rotational motions measured by 

the time-resolved parameters (τ, αlocal, ρlocal, and ρint). Thus tau is 

rotating on two distinct timescales and the details of these rotations 

are different for the red and blue populations. Fitting the time-

resolved decays using MLE gave the time-resolved parameters that 

describe each population, while sorting those parameters with the k-

means algorithm differentiated the red and blue populations from 

each other. 

Figure 3 has several scatter plots (a, c, e, g) which plot the time-

resolved parameters (τ, θlocal, ρlocal, ρint) against the steady-state 

anisotropy, revealing correlations between the components and the 

steady state anisotropy. For example, in Figure 3c one can see that 

the blue population of θlocal values tends upwards and to the left, and 

the red population tends downwards and to the right. This tendency 

indicates that higher θlocal values (more free rotation) correlate with 

lower anisotropy values in the blue population, and lower θlocal values 

(more constrained rotation) correlate with higher anisotropy values 

in the red population. In contrast, the lifetime scatter plot (Figure 3a) 

shows little vertical correlation, indicating that the lifetime does not 

correlate with a high or low anisotropy value. From these 

correlations, we can determine what physical conformational 

differences between the two subpopulations of htau40 are 

contributing to the steady-state anisotropy differences.  

We will first describe the role of each rotational component 

(ρlocal, θlocal, ρint) before applying them to analysis of htau40. The 

rotational correlation time, ρlocal, and its corresponding rotational 

cone angle, θlocal, are descriptors of a “local” motion, which includes 

the dye label itself as well as segmental motions of the protein loop 

in the immediate vicinity of the dye. These two motions were 

distinguishable with the higher number of photons in bulk time-

resolved studies17 but are not distinguishable here. This detail means 

that any numerical value associated with the local rotational motion 

should be interpreted as deriving from a combination of the dye’s 

motion and the motion of the proximal surrounding protein. A 

smaller ρlocal value indicates faster rotation, while a larger ρlocal value 

indicates that the dye and its immediate protein vicinity are moving 

more slowly. That larger ρlocal value would also suggest a larger 

segment of the protein is contributing to these local motions, which 

in turn suggests an increase in structure surrounding the label. 

Simultaneously, a larger θlocal implies a larger degree of rotational 

freedom, indicating that the structural unit surrounding the dye is 

allowed to sample a wider range of orientations. Meanwhile, the 

intermediate rotational correlation time (ρint) informs on a rotational 

motion involving a larger segment of the protein, or even a global 

motion of the asymmetric protein. It is important to note that a past 

bulk study17 of htau40 revealed three rotational dynamics while we 

are only examining two: local and intermediate. The reason for this 

discrepancy is that even though our measurement enables the 

collection of substantially more photons than in a freely diffusing 

approach, there are still fewer photons than in a bulk experiment, 

and too few photons to effectively discern three separate rotational 

components. We will now describe in greater detail how all of the 

individual time-resolved components (τ, θlocal, ρlocal, ρint) provide 

details regarding the conformational differences between htau40’s 

two populations.  

The lifetime affects the magnitude of the steady-state 

anisotropy, as a shorter lifetime results in a photon being emitted 

before it has a chance to depolarize due to rotational motion of the 

protein or dye. However, because of the high information-content of 

our time-resolved measurement, one can clearly see that the two 

subpopulations of htau40 have no significant difference in lifetime 

(Figure 3a, b). Thus, the conformational changes that happen within 

the protein which distinguish these two subpopulations do not result 

in a significant change in the excited-state dynamics of the dye, such 

as quenching. Most importantly, because the lifetime of the dye is 

the same between the two populations, the underlying cause of the 

two populations must derive from differences in their rotational 

parameters, indicating that there is a significant change in the 

conformational dynamics between the two populations.  

This difference in rotational parameters is captured by our time-

resolved measurements, where certain parameters present a 

conspicuous correlation with steady-state anisotropy (Figure 3c) 

whereas other parameters appear non-correlated (Figure 3g) or even 

anti-correlated (Figure 3e). Differences in the values of these 

parameters across the two populations suggest a conformational 

difference between the populations that affects the protein’s 

rotational dynamics. The θlocal value for the blue population is larger 

than the θlocal for the red population (Figure 3d), indicating a greater 

amount of local rotational freedom and thus a lower steady-state 

anisotropy (Figure 3i) which is consistent with previous work17. 

However, the ρlocal shows a counter-intuitive correlation when 

plotted against the steady state anisotropy (Figure 3e), as its values 

for the blue population are higher than the red population, indicating 

a slower rate of local rotation. A larger ρlocal value in the blue 

population would normally lead one expect it to have a higher 

steady-state anisotropy value. Nonetheless, these effects are 

compensated for by the blue population’s θlocal value being larger 
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than the red population’s θlocal, resulting in the blue population’s net 

lower steady-state anisotropy. Finally, though the average ρint value 

is slightly larger for the blue population than for the red population 

(Figure 3h), the difference is small compared to the width of the 

distribution of values. Simulations suggest that this breadth is due to 

conformational heterogeneity within the individual protein 

populations as opposed to a consequence of limited statistical 

resolution (see SI, end of Section 5), a result consistent with recent 

NMR measurements13. Further analysis of the θlocal, ρlocal, and ρint 

components shows that the θlocal is, indeed, the dominant term, and 

contributes the most to lowering the anisotropy (SI Figure 14), a 

conclusion that is consistent with numerical simulations derived 

from ensemble-averaged time-resolved anisotropy17. Thus, even as 

different rotational components may counter-intuitively pull the 

steady-state anisotropy in different directions, our multiparameter 

analysis can assess each component’s independent contribution.    

 Having extracted the characteristic rotational parameters of the 

two populations, it is now possible to describe in detail the 

differences in structural fluctuations of the protein between the two 

conformer families. Variations in ρlocal and θlocal can be attributed to 

features of the protein’s structure within the immediate vicinity of 

the label (i.e. the third MTBR). The blue population has a larger ρlocal 

value, meaning the dye and proximal protein loop take longer to 

rotate. We attribute the blue population’s larger local rotational 

correlation time to indicate an increased amount of local structure 

and consequent rigidity in the MTBRs proximal to the label, thus 

slowing down the rotational motion due to the segment’s increased 

size (Figure 4, bold blue line). The blue population also has a larger 

θlocal value, suggesting that this segment can sample a larger number 

of orientations through its local motion (Figure 4, light blue), even as 

those local motions are slower.  

Looking at the red population’s rotational values, one can gain 

additional insight into the populations’ conformational differences 

relative to the blue population. The red population has a smaller 

ρlocal, indicating a smaller principle structural unit contributes to this 

rotation (Figure 4, bold red line). At the same time, the red 

population also has a smaller θlocal value, which is indicative of the 

MTBRs of the protein being less able to sample various spatial 

orientations (Figure 4, light red). Of specific interest here are the θlocal 

and ρlocal parameters and the information they contain regarding the 

nature of the local MTBR region. 

It has been shown that assembly of tau filaments is heavily 

dependent on a hexapeptide 306VQIVYK311 near the beginning of the 

third MTBR44,45
, and cryo-EM measurements by Fitzpatrick et al. have 

reported that the third and fourth binding repeats adopt a stable, C-

shaped architecture which forms the core of the protofilament upon 

aggregation46. This region contains our labeled residue (310), and 

this structural model is in agreement with our observations for the 

blue population. The formation of a large, C-shaped structure (Figure 

4, bold blue line) would constitute a structural linking and an increase 

in rigidity of the surrounding MTBR region, resulting in a bulkier 

segment with slower ρlocal. Thus our observation of a slower ρlocal is 

consistent with the formation of a local C-shaped structure, although 

the exact shape of the solution-phase protein’s local structure 

cannot be directly identified through our rotational measurements.  

Simultaneously, a larger θlocal indicates that this local structure, while 

more rigid, is able to sample a larger number of spatial orientations 

(Figure 4, light blue) due to fewer interactions with the surrounding 

protein. This suggests an exposure of the MTBR,  which would 

facilitate inter-molecular contact. 

Our observations of differing rotational dynamics of the two 

populations is also in agreement with single-molecule FRET 

measurements by Elbaum-Garfinkle and co-workers15. It was found 

that the aggregation-prone conformation of monomeric tau protein 

was characterized by a global extension of the N-terminus away from 

the C-terminus, and a compaction of the MTBR region. Both 

structural changes were induced upon addition of heparin, and the 

compaction of the MTBR was also seen upon truncation of the 

protein (where both heparin addition and truncation are shown to 

induce aggregation). The ρlocal and θlocal values of our blue population 

fit well with this model while still incorporating Fitzpatrick’s cryo-EM 

results46: the formation of a rigid, more extended local structural 

motif (Figure 4, bold blue line) would result in a slowing down of the 

local rotational movement (i.e. a slower ρlocal).  Simultaneously, the 

increased magnitude of θlocal in the blue population relates to the 

increased range of spatial orientations the local structural motif can 

sample. In Elbaum-Garfinkle’s model, the tertiary structure of the 

aggregation-prone conformer also changes, with N and C-termini 

extending away from the MTBR. This extension would result in less 

steric crowding of the MTBR, and thus an increase to the newly-

formed local structure’s ability to sample various spatial 

conformations as interactions with the termini are reduced, resulting 

in our observed increase in θlocal (Figure 4, light blue).  

Our observed increase in θlocal also adds to the picture developed 

by Fitzpatrick’s cryo-EM measurements46 by adding information on 

dynamics, which cryo-EM measurements cannot directly describe. 

The C-shaped structure that Fitzpatrick described is a central feature 

of tau’s aggregation process, and may be underlying the same 

increase in structure that our θlocal is reporting on. Increasing the 

number of spatial orientations that this compacted structure 

samples and reducing the steric hindrance of the N and C-termini 

surrounding the structure (both of which are implied by an increase 

in θlocal) would increase its exposure to other tau proteins, and would 

be expected to promote aggregation. It is important to note that 

there are alternative modes of compaction possible besides the 

specific formation of a C-shaped structure, including interactions 

between the different MTBR regions. Such alternative modes are 

hard to distinguish (because of similar rotational parameters), but 

may lead to distinct fibril populations.   

Two families of populations within solution-phase tau are 

observed, similar to previous observations using steady-state 

anisotropy17, where one population (blue) shows rotational 

conformational dynamics that suggest conformational similarity to 

an aggregation-prone structure. The increase in the blue 

population’s θlocal value indicates a reduction of rotational 

constraints on the protein region surrounding the third MTBR, a 

region containing the hexapeptide 306VQIVYK311 and which forms the 

core of the aggregated protofilament44–46. A loss of these constraints 

is indicative of exposure of the MTBR and the ability to explore a 

larger set of spatial orientations, two features that could lead to an 

increased rate of interaction with the MTBRs of other proteins and 

consequent aggregation. This notion builds on top of previous 

models in an important way, as it reveals previously unknown local 
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dynamics in the repeat region which may be important in the initial 

nucleation steps of aggregation. 

While these observations match previous models and make 

intuitive sense for aggregation, further studies are needed to 

conclusively characterize which subpopulation is responsible for 

pathological aggregation. For example, while our experiment is 

comparable to past solution-phase measurements, it should be 

noted that the experiment of Elbaum-Garfinkle and co-workers15 

focused on two structures with and without heparin, whereas our 

work shows two structures co-existing in solution. While addition of 

heparin certainly shifts more of the protein monomers into 

aggregation-prone conformations and may be needed to stabilize 

the fibril nucleus, the existence of aggregation-prone structures does 

not necessitate the presence of heparin. These conformations may 

still exist in solution even without the addition of heparin, a notion 

that is consistent with past NMR studies showing multiple 

conformations existing in solution without heparin13, even if 

aggregation without heparin is still slow due to other kinetic 

requirements. It should also be noted that the cryo-EM 

measurements are of aggregated tau, not monomers in solution. We 

expect solution-phase single-molecule experiments to continue to 

help unravel the mechanistic connection between aggregation-

prone monomers, toxic oligomers, and ultimately mature 

aggregates. 

 

Conclusions 
 In this work we have measured time-resolved anisotropy decays 

of solution-phase monomeric tau proteins using an ABEL trap to 

cancel Brownian motion without covalent attachment to a surface. 

With a larger number of detected photons from each molecule we 

have quantitatively extracted two rotational components from the 

time-resolved decays of each trapped protein and used a k-means 

algorithm to sort the rotational components into two families of 

populations of the protein. Examination of these measured 

parameters suggests that one population has an increased local 

structure surrounding the third MTBR, a region that forms the core 

of tau filaments44,46, as well as an increase in the orientational 

freedom of that region. The rotational parameters measured in this 

work suggest an exposure of the local MTBR in one of the 

populations, offering physical insight into why this structure could be 

prone to aggregation. This work highlights the power of single-

molecule experiments to identify and characterize subpopulations in 

detail based on their local conformational dynamics. Our analysis 

method is general and can be extended to other IDPs and many 

biologically relevant molecules. 
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Figure 1: 

  

Figure 1. a) Macro-time arrivals of photons 
binned in 10 ms bins according to their parallel 
(grey) and perpendicular (green) emission 
relative to excitation polarization. Trapping 
events were found using a change-point 
algorithm (bold line). b) Histogram of steady-
state anisotropy values for N = 671 htau40 
molecules which can be caused by multiple 
rotations (inset). c) Micro-time arrivals of 
photons during a trapping event. Eq 3 is used to 
create and fit the lifetime decay (purple). 
Independent parallel (grey) and perpendicular 
(green) decays are fit (bold line) with Eq 1 and 2. 
d) Two time-resolved anisotropy decays of single 
molecules corresponding to events with a low (r 
= ~0.17, blue) and high (r = ~0.24, red) steady-
state anisotropy value. 
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Figure 2: 
 

  

Figure 2. a) Two simulated sets of data (red and 
blue) described by 4 parameters (τ, ρlocal, ρint, and 
αlocal) each, with a total N=6710. The values of 
the parameters followed two different Gaussian 
probability functions. The left-most column 
shows the true distributions. b) The sorted 
populations output from our Gaussian-based k-
means algorithm. Events were sorted into the 
correct population with 94% accuracy. c) The 
output when sorting the simulated data using a 
k-means algorithm that utilizes a Euclidean 
distance. Events were sorted with only 54% 
accuracy and unphysical partitioning. 
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Figure 3. Scatter plots and histograms of the 
lifetime τ (a-b), and the rotational parameters 
θlocal (c-d), ρlocal (e-f), and ρint (g-h). Scatter plots 
are scattered against steady state anisotropy (i). 
All events (N = 671) are sorted into two 
populations using a k-means algorithm which 
compares rotational parameters and lifetime 
measurements. 
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Figure 4. Model of the two families of populations of htau40 based upon previously reported 
structures15,46 and measured rotational parameters. The ρlocal shows an increased contribution of 
local structure formation around the dye going from red to blue (bold lines). The θlocal shows an 
increase in the available orientations going from red to blue (transparent lines). The ρint is caused by 
a slower rotation of the protein. 
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