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ABSTRACT: Conformational transitions of proteins are governed by chemical kinetics, pften +

toggled by passage through an activated state separating two conformational enseralijles. Tk
passage time of a protein through the activated state can be too fast to be detected 1%
molecule experiments without the aid of viscogenic agents. Here, we use high-bgandwidt
nanopore measurements to resolve microsecond-duration transitions that occur “behween
conformational states of individual protein molecules partly blocking pore current. We measureolding coordinate
the transition state passage time between folded and unfolded states of a;tyworaitat N
and between metastable intermediates and the unfolded state of the multistate |folder®
cytochromee. Consistent with the principle of microscopic reversibility, the transitionzstage. ; :
passage time is the same for the forward and backward reactions. A passage time gi
whose tail is broader than a single exponential observed in cytorlmuggests a
multidimensional energy landscape for this protein.

Time

s in the case of elementary chemical reactions, proteinents of proteins engineered to fold qui¢kurrent single-

folding is typically represented by a free energy landscapglecule uorescence methods necessarily require additives
on which sequential protein némrmational transitions (viscogens or denaturants) as well as dye labeling to achieve
correspond to saddle poih#&hen approximated by Krarhers the required experimental conditions, whereas force experi-
theory; the reaction rate can be split into a prefactor and anents do not directly probe the same reaction coordinate as of
Boltzmann factor that depend on the activation free energspontaneous folding/unfolding. The full resolution of tran-
Unlike isomerization or bond-cleaving reactions of smadition path time for single unlabeled biomolecules under
molecules, where the prefactor has been measured in fa@ling conditions thus remains a challenging task.
subpicosecond rar?gthe transition state passage of proteins Here we use a method complementaryutwescence or
is limited by chain dision within kT of the saddle poiht  force measurementhigh-bandwidth measurement of ionic
and occurs on a slower, up to microseconds, time scal@rrent through a solid state nanopdge monitor the
Nonetheless, theseeting moments when a biomolecular transition state passage of single-protein molecules without
reaction actually occurs aredlilt to capture. _ denaturing or viscogenic additives, mechanical force, or

The passage time des the'speed limitfor folding, with  chemjcal labeling. An electrield holds a single charged

an early estimate ofl s based on chain rearrangement of 1ein near a nanopore by voltage application across the
den_atured cytochronee Ensemble experiments on proteins i, .o15 The voltage induces an ion current through the pore
e_zngmeered to fold very qwckly have reaphed this t'm%. scalfyat probes the protein conformation with submicrosecond
linear response thebpredicts that for barriers approaching 1 time resolution. When the protein switches conformation, the

kT the ensemble signature for transition state passage is qgr?currentjumps, and if the current jump can be resolved, the

fast'molecular phasereceding the activated kinetics, Wh'Ch.transition state passage time can be resolved. Eventually the

has been measured for several proteins with fast fOIdIB%]otein translocates through the pore, yielding maximum ion

times®*® Such proteins are termédownhill folders® or . ;
sincipient downhill folderif the barrier is nearksT but not current. The translocation cycle ends by another protein
settling on the pore.

zero:*

Single-molecule uorescen¢é and optical tweezérs
experiments have been performed as well to measure fReceived: April 6, 2022
transition state passage time of proteins and RNAs, observiifgepted: June 17, 2022
itin the presence of viscogens to slow dowsidn or during
force extension of the amino acid chiathExtrapolation of
single-molecule experiments of slower folding proteins to zero
viscogen concentratidragrees well with ensemble experi-
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Figure 1.Schematic of transition state between the folding to unfolding transition in a two-state N27C mutaepodshar family. (A)

Application of voltage in the trans chamber electrokinetically captures the protein molecules undergoing dynamic equilibrium between native

and unfolded states (U). (B) Potential energy surface for the folding reaction coordinate. (C) Example ionic current trace recorded with a 4 |

pore where activated state between N and N U transitions can be directly observed. The dotted circle and black arrow from (C) to (B)

highlights a transition state passage event. (D) Several more current transients showing both arrival of protein, conformational transitions
nally translocation to restore an open (O) pore.

We observe the transition state passage of two protef@himera VC 100). This instrument can measure the ionic
molecules: a fast two-state folding mutant-refpressor  current through the nanopore at 4.17 MHz sampling frequency
fragment ¢ g5, with a low barrier previously estimated to be( 240 ns sampling time resolution of the instrument). We

4.5ksT,*° and the slow multistate folder cytochrofogt ¢) formed a nanoscale pore on an insulating SiN meribréne,
with a free energy barrier for unfolding previously estimated tohich separates two compartmenis,and trans each
be >21kgT.*” Our single-molecule experiments capture theontaining the same electrolytedsusolution (1 M KCl in
transition state dynamics for both the forward and backwadd mM HEPES, pH 7.5). We keep protein concentration low,
reactions independently for dozens of events for each proteso. proteins duse to the pore at a much lower rate (<26 s
The average forward and backward transition state pass#gn the observed folding, unfolding, or translocation rates.
times are the same, in agreement with the principle d&fpplication of an electric potential on ttansside, while
microscopic reversibility, as observed previously in experimekegping thecis side grounded, generates an ionic current
slowing the transition with viscogénis addition, we nd through the pore that is reduced while a single-protein
that the transition state passage time is not measueabdgla molecule resides near the pore. As described previtarsly,
by the strength of the electrield, suggesting that the su ciently small pores (<4 nm), the ionic current reduction is
transition state dynamics is not strongly coupled to thgreater for a folded protein (N state) in comparison to the
translocation. The average transition state passage time of itiere permeable unfolded protein (U state). Thus, toggling of

-repressor mutant is0.4 s, and that of cyt for passage the ionic current signature while a single protein interconverts
between two derent pairs of states i€0.5 and 3 s, between folded, intermediate, and unfolded states at the
consistent with the expected speed limit extrapolated fromanopore yields information about the forward and backward
high temperature to room temperature in ensemble expetiansition state passage as illustrateayine B. Figure C
ments, the original speed limit estimation based on chairllustrates an example of the nanopore ionic current signature
rearrangement in denturargstimates based on molecular for several reversible folding and unfolding events, which occur
dynamics simulations, and single-molecutgescence after a single protein settles on the pore and before the single-
measurements in viscogens. protein molecule translocates through the pore or retracts back

A schematic of our experimental setup is shofiglne to cis
1A. Previous repotts® demonstrated the ability of solid state  Consistent with the energy landscape theory picture, prior
nanopores to observe ionic current jumps occurring on th&ngle-moleculaiorescence experiments suggested that a fast
microseconds time scale by using a custom voltage senand a slow-folding protein take almost the same time to pass
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from the folded to unfolded state (i.e., two proteins with Singular value decomposition analysigie SP of the
folding/unfolding rate coeients that dier by >1000-fold  distributions of average fractional current blockdde)(as

take almost the same time to pass through ’[ransitior}%tate)a function of voltage validated that N27C can be described as a
Earlier experiments in bulk solution also indicate a similéwo-state (N U) protein with 95% accuracy and that the
speed limit of folding for the folding/unfolding reaction of ~POopulation of the N and U states can be controlled by voltage
repressor and cgtprotein systeni$. To demonstrate this without the need for chemical denaturants. The scatter plots of

principle, we used two dient protein systems fast-folding I/1, vs residence times of the protein at the nanopore for
-repressor mutantN27C)%2* and cytochrome®’ to several single-molecule events are shdviguire S3At low

measure the transition state passage time in single—molecVLﬁ(g[age bIZS (200 m\_/), the \I/ast F"alf”r'fy ng%antof er\]’ ents
nanopore experiments. While N27C and: eyé similar in Correspond to protein translocation shortly after the protein
: : ) : o settles on the pore because the translocation time of the
Size (hroein 3 NM), their folding dynamics areetlent: the  ein (with pore diameter > protein diameter) at lower
N27C mutant folds in a single step and hasla0 times —o|tage bias is shorter than the residence time of the protein in
faster folding rate coeient than cyt,”* which folds in several  ne individual N and U conformational states. However, in
steps. 1% of event(= 55) we observe transitions in ionic current
The two-state nature of the N27C folding transition makes §jockades at rates in the range2§000 100000 s' before
an ideal candidate for directly observing the transition stai@nslocation restores the open-pore current (see example
passage on a microseconds time scale during the folding afses inFigure C,D), consistent with the relaxation time
label-free single molecule. Nanopores smaller than the sizeob$erved previously in T-jump experiniéfitse average rate
the protein only allow the passage of the protein in it®f arrival of a protein molecule to the pore2f0 mV is <25
metastable intermediate and unfolded conformational®statess * (Figure Sy precluding the possibility that the observed
Thus, for the two-state N27C protein we used a pore grapid transitions in ionic current are due to dockir)g_/undsocking
diameter (4 nm) slightly larger than the protein to observe thgf @ second molecule at the pore mouth. Pridings
transition between folded and unfolded states. Example ioffidlicated that the folded state of a protein blocks the current

current traces for the interaction of the N27C mutant with a 4N0ré in comparison to more solvent- and ion-permeable
nm pore are shown Figure 2and more irFigure S1 unfolded state. Thus, observed transitions in ionic current are

due to N-to-U and U-to-N transitions before translocation
occurs. We extracted these events (see the Methods section in
Tiransi =1.85+0.92 Tyansi =0.20+0.16 _ -
A grrenstUtoN) HS Transit (UtoN) * the Supporting Informatiofor the procedure) and used a

sigmoidal tting function to describe the transition state
passage dynamics from single-molecule ionic current signals
within our signal-to-noise ratio in all cases.
z Example N-to-U and U-to-N transitions for the two-state
< N27C mutant and thas with a sigmoidal function are shown
o in Figure 2 andFigure S5The sigmoidalts yield separate
8 transition state passage timgs;for the forwmard U N and
backward N U reaction. For a two-state system, prior
theoretical and experimentdl investigations indicated
exponential behavior of transit time distributions afesutly
long times. A single-exponentigb the histograms of it
(Figure B) yields a similar average transition state passage
time forthe U Nand N U transitions, as expected from
N the principle of microscopic reversibility. However, we note
B [Ttransit (U to N) = 0-44 £ 0.01 us| | Tyransit (N to U) = 0-34 £ 0.01 us that in 60% of the total U N transitions and 68% of the
2 40 - =4 17 _ . total N U transitions the passage times are faster than 0.5
o n=79 n =60 L .. L. .
2 s, our set bandwidth limit. A siguint fraction of N U
& 2 2 transition state passage times are overestimated in our
5 ool @ | @ | measurements due to the limited time resolution of the data
5 2 g because of the 2 MH#ker (rise time of the instrument at this
£ 4 . - bandwidth is 0.25 s). Nevertheless, our measurements
2 Wﬂ Folding coordinate resolve the 3040% of passage times in the tail of the passage
00 5 ”2 ’g é 1'00 > ; ? é ”1'0 time distribution and suggest that the observed transition state

passage reported here at room temperature is faster than the
measurement reported for WW domain i raf a higher
temperature (>60C) near the melting point of the protein
Figure 2.Resolving the transition state passage of the N27C mutagihd also somewhat faster than observed -ffiepressor
between native (N) and unfolded () states. (A) Example extracteflagment in ensemble experiments at higher temperature
transitions of U N (red) and N U (blue) measured witha 4 nm 454 near the thermal unfolding midpdiftt has been
pore using a custom Chimera instrument with a 4.17 MHz sampli . - .

pothesized previously that lowering the temperature speeds

rate at 200 mV and low pas#tered at 2 MHz. The solid curve . L
represents the with a sigmoidal function yielding transit tipg,, UP ansit Decause of reduced hydrophobic sticking of the

between N and U states. (B) Distribution of estimated transition tim@olypeptide chain at lower temperatuaed our present
forU N transitions and N U transitions. The red and blue solid results support this hypothesis through direct observation of
lines in (B) and (C) are exponentits to the data with 0.4 s. faster transition state passage (by about a factor of 4) well

Transit (us)
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Figure 3.Transition state passage of the cytochcteiveen partially folded metastable intermediates to unfolded states. (A) Example extracted
transitions measured with a 3 nm pore using a custom Chimera instrument with a 4.17 MHz sampl8@Drat¢ at 1 M KCI, 0.5 M
guanidinium chloride, and 10 mM HEPESband ltered at 2 MHz. The solid curve represdntsth sigmoidal function yielding transit time
wansit@dmong metastable, intermediate, and unfolded states. (B) Distribution of transition times m&a8uaad 2800 mV. The black solid

lines in (B) are double-exponenttalto the data yielding two average transition timegand yansiiz The dotted lines represent the individual
components of the double-exponential

below the unfolding temperature. An alternative possibility Thus, to compare the transition state passage time of fast-
based on Kramérsiodel is that the curvature of the free folding two-state N27C with a slow-folding multistatewegt
energy barrier becomes smaller at a higher temperatuigiroduced 0.5 M GdmCI in our ker and applied a higher
rendering the transition state passage time scales to be longeltage bias (300 to 500 mV) using a 3 nm pore so that the
This is possible if the unfolded state is less native-like and tHogividual conformational atisitions can be observed.
further from the native state along the reaction coordinate. Example ionic current traces forayteasured at300 and
Previous hydrogen exchange (HX) pulse labeling experi500 mV in a buer solution containing 0.5 M GdmCl are
ments on cyt reported that its folding and unfolding time shown inFigure S6Scatter plots of average current blockade
scale spans between 1 and 108 ke use of a pore of ratio and residence time are showfidgnre S7these results
diameter larger than aywill cause the translocation of the Suggest that the more folded protein state produces deeper and
folded protein on a time scale much shorter (<&p&han Ionger. cqrrerjt blockade in comparison to the qnfolded state.
the lifetime of individual states ofaand therefore would not  1he distribution of current blockage as a function of voltage
allow the observation of transition state passage: proteiffg9ure SBsuggests that the population of unfolded states
would translocate instead of undergoing an equilibriurgfcreases upon increasing the voltage bisS0&mV voltage

between native, intermediate, and unfolded states at tR&S W€ found that nearly 10% of the total events contained
' ' ransitions between drent protein states. As described for

ggﬁ{eg‘? rﬁgﬁgtegreprggfdfxﬁgﬁ duiﬁeOftanssl;gzgii/oimﬁrlLeer N27C, we extracted such events and used a sigmoidal function
- P : tt% escribe the transition state dynamics from single-molecule
milliseconds or longer time scales. However, the use of s

; . . . ic current signals.
pores to increase residence time of the protein at the pore alsqy faw examples of forward and backward single-molecule

causes a low signal-to-noise ratio of individual protein statesahsitions between drent protein states are showRigure

the very high bandwidth of 2 MHz because of the reducegy angrigures S9512 The sigmoidalts of transitions yield
ionic current. Therefore, one needs to have a delicate balaggg transition state passage time; between dierent
among pore diameter, electrolyte concentration, and voltaggnformational states at efient voltage biases800 and

bias to observe the transition state dynamics fousiyly a 500 mV. Histograms of,,ssmeasured for unfolding (e.g., N
nanopore. Only the use of a nanopore of diameter lightly |) and refolding (e.g., U to I) events show a very similar
smaller than cytand in the presence of a small amount ofdjstribution, again coming microscopic reversibility for this
chemical denaturant such as guanidinium chloride (GdmChultistate process when averaged over states. Both histograms
would make the translocation time at higher voltage biasf .. at di erent voltage biases suggest that the transition
comparable to the lifetime of individual folded and unfoldedtate passage time distribution is broader than a single-
protein states to allow observation of the transition statexponential distribution function of times, and at least a
passage. biexponential function is needed ttéhe data. As shown in
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Figure B, using a double-exponentiglwe found similar
time constants at300 and 500 mV, respectively, suggesting
that the transition state dynamics is not coupled to the
translocation bias. Thus, the higher bias results ¢shoyid
still report on a eld-unperturbed passage time at 0.5 M
denaturant.
We found that for 40% of the total transitions €800 mV
and 37% of the total transitions @00 mV the transition
passage times are shorter thand).&nd the remaining >60%
are longer than the 0.5 time scale and thus are resolvable.
The two time constants 3 and 04 obtained from the
histogram of,,,si:iN Figure Torrespond to a combination of
N land | U events and are close to thest “speed limit
inferred from the denatured chain regaration time of cyt
¢ A nonexponential distribution of transition passage time
suggests that a 1-D energy surface, by using just one
coordinate, is not swient to account for the data. In a
prior report, by monitoring two @irent signals (infrared
spectroscopy anduorescence spectroscopy signals), we
showed that the fasmolecular phasedue to transition
state passage also could nottterl by a monoexponential
distributior’:> As a more sophisticated approach than Kramersigure 4 Nonexponential transition state passage. (A) Distribution of
1-D analysis, Langevin dynamics on a two-dimensionansition state passage by combin8@ and 500 mV data. The
reaction surface was consistent with the observed nonexpolid curve ist with a sum of an exponential and a stretched
nential dynamics. Furthermore, recent theoretical inves-exponential; dotted curves drglividual components of the
tigations on single-molecule transition path time strong! xponential and stretched exponential. (B) Distribution of transit

suggest that the broader than the monoexponential distrib{"€ after converting each time to transit raig.l3, The solid
prve represents a with the sum of two exponential upon In

tion of transition state passage time is a signature . ; z
multidimensionality of the free energy landstapes. ﬁrjgig%zma;g' hag)'(ggé(f()fg)z); 33@25 _ G:Olé pré( XoD) *
’ ransi

To further understand the nature of the distributiog,Qf;
for cytcin view of a multidimensional free energy surface, we
constructed the histograms@fsi:and Inkansic(Whereki ansit
= 10/ yansiin the unit of seconds) by combining data for the (including scaling the dision coecient by 1/3 for 1-
two di erent 300 and 500 mV voltage biases. Wehe  dimensional dision along the reaction coordinate), this
histogram ofyansit(Figure A) to a combined exponential and corresponds to a rough width of the saddle point region of 2.4
a stretched exponential e’ ), yielding time constants of 0.4 hm for N27C as well as 1.9 nm (corresponds tspahd 3.2
and 1.1 s with a stretching exponent power ©10.6. These ~ hm (corresponds to 1.5) for cytcwithin 1kgT of the top of
values are remarkably close to the ensemifier the the barrier when the end-to-end distance is used as a reaction
reconguration time of cyt® and the stretching exponent coorc_iinate. These length scales are in the range of radius of

tted for downhill folding of lambda repre$saere a 2-D  gyration for the unfolded states of these proteins and therefore

energy surface was sient to reproduce the nonexponentia| pIaUSIbIe. We note that estimates of the transition state passage
“downhill kinetics. time in terms of its inverse, tmeolecular ratg have yielded

To quantitatively analyze the nature of saddle point regidimes in the 100 n40 s range, consistent with loop closure
in the conformational transitions, we follow the Szabo an@f tertiary structure contact formation as a rate-limiting step.
Hummer approach where the passage time is related to th@ll results are also consistent with molecular dynamics
di usion coecientD' (m?s) at the barrier top, the curvature Simulations of transition state pasSagihough the viscosity

12 of the barrier top, and the temperatufé as of TIP3P wg\ter is too low by about a factor of 3 compared to
experiment’ MD simulations show that transition state
T , passage for a very similar lambda repressor fragment occurs
kg e G 3129 4,0
TSP —— In on the order of 1 s; typical of Type | or Type lla
D °? ks T 0
folders.

, ) Kramersanalysis of a recent force experiment has yielded a
Here, is Eules constant (0.577),G" is the free energy much longer passage time for PrP dimer (0.5*@supled
barrier separating two conformational statesBoltzmarnis  \jth the resulting very smallation coecient this analysis
constant, and’ is the temperature. If we use ausion  yielded a folding barrier «IT for the reaction (downhill
coe cient for peptide loop closure rate that is consistent ifolding), inconsistent with the measured PrP dimer folding
both simulations and experinféfiD" 60 nnf/ sand G* time of several secoridsVe surmise that PrP dimer instead
= 4.5kgsT, we obtzéun for the curvature of the barrier 8= folds by the type 11B mechanism proposed by Bryngelson et
0.28 kJ mot nm 2 for the observedsp 0.4 sfor N27C ) 1%it undergoes a glass transition and progresses very slowly
mutant. T?” the other hand, UZS"@ = 21kgT for Cylc we  from the unfolded state to the native state. Whether PrP dimer
obtain 2= 0.44 kJ mot nm ? and 0.16 kJ mdinm ? to folds downhill or is a type IIB folder, either way Kramers
obtain the time constants 0.4 and $.hFigure A. UsingG model using a single barrier-top curvature is not applicable,
=G g "2 for the free energy near the barrier top and PrP is not a typical example of transit times.
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