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ABSTRACT: Measurements of the thermodynamic properties of ji
biomolecular folding (AG°, AH°, AS°, etc.) provide a wealth of
information on the folding process and have long played a central role
in biophysical investigation. In particular, the excess heat capacity of
folding (ACp) is crucial, as typically measured in bulk ensemble
studies by differential scanning calorimetry (DSC) and isothermal
titration calorimetry (ITC). Here, we report the first measurements of
ACp at the single-molecule level using the single-molecule
fluorescence resonance energy transfer (SmFRET) as well as the
very first measurements of the heat capacity change associated with
achieving the transition state (ACY,) for nucleic acid folding. The Base pairs
deoxyribonucleic acid (DNA) hairpin used in these studies exhibits an Co
excess heat capacity for hybridization (AC, = —340 + 60 J/mol/K per

base pair) consistent with the range of literature expectations (ACp = —100 to —420 J/mol/K per base pair). Furthermore, the
measured activation heat capacities (AC*;) for such hairpin unfolding are consistent with a folding transition state containing few
fully formed base pairs, in agreement with prevailing models of DNA hybridization.
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ization event that is inaccessible from the measurements of
2,7,9,10,1
AH® and AS° alone.””*'%'*

The existence of such finite excess heat capacities (ACp # 0)

1. INTRODUCTION

The thermodynamics of nucleic acid folding/hybridization is
of primary interest to the biophysics community.'~* It is
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widely understood that predicting the temperature stability
profile of a deoxyribonucleic acid (DNA) duplex requires
knowledge of the folding enthalpy AH® and entropy AS°®, as,
for instance, often estimated from nearest-neighbor models.”®
Less well investigated are heat capacities and, in particular, heat
capacity differences between hybridized and unhybridized
states, the “excess” heat capacity (ACp) for a given
conformational transition,””~"® which directly affects any
predictions for the temperature dependence in AH° and
AS°. As a result, the neglect of such excess heat capacity effects
results in erroneous extrapolation of nucleic acid folding to
conditions other than the reference temperature at which
thermodynamic parameters have been determined. Such errors
can arise, for example, in the prediction of polymerase chain
reaction (PCR) primer stabilities, due to the requisite
operation at much higher than body temperatures.” As a
second example, attempts to unify disparate sets of nearest-
neighbor model parameters for nucleic acid stabilities have
proven challenging due to the need for comparison/
extrapolation between different temperature conditions."
Even beyond such technological concerns, a knowledge of
excess heat capacities offers first insights into the microscopic
dynamics of solvent restructuring during the folding/hybrid-
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in nucleic acid folding is well-established, with the majority of
AC, measurements obtained from precision calorimetric
methods under bulk ensemble conditions. Specifically,
isothermal titration calorimetry (ITC) represents a precision
tool for measuring ACp in systems of medium- to high-affinity

. L 2,1215-17
bimolecular association,” ~

while differential scanning
calorimetry (DSC) is able to sensitively report on ACp even
for weak association processes as well as unimolecular folding
17729 Ultraviolet (UV) absorption optical detection
methods offer yet another alternative, whereby hypochromic
shifts in DNA absorbance can be used to determine folding

equilibrium constants (K,y), which are subsequently analyzed

dynamics.

via temperature-dependent van’t Hoff theory in order to
extract ACp.” Each of these approaches offers a powerful and
sensitive window into heat capacity differences associated with
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biomolecular conformational change, though up until now
constrained to equilibrium bulk ensemble conditions.

The last two decades have witnessed considerable interest in
extending the thermodynamic study of variables such as AG°®,
AH®, and AS° based on single-molecule methods,”' ¢ which
offer a unique opportunity to probe thermodynamic “land-
scapes” down at the ultimate single-molecule sensitivity limit.
Application of such measurement techniques to ACp, however,
has proven far more challenging and been notably absent in the
single-molecule literature. In particular, temperature-depend-
ent single-molecule folding studies are now relatively
straightforward"”” but to date have focused exclusively on
measurements of folding free energies, enthalpies, and
entropies rather than excess heat capacities. Indeed, despite
an initial report by Williams et al. on establishing the feasibility
of determining AC, via optical tweezers,”” 20 years have
passed without the publication of any articles utilizing single-
molecule methods to extract ACy.

In this work, we revisit the prospect for the determination of
ACp at the single-molecule level, based on high-precision
temperature-dependent studies with the single-molecule
fluorescence resonance energy transfer (smFRET).B’26 We
acknowledge at the outset that ITC and DSC measurements
under bulk conditions offer greater sensitivity and precision;
our goal is simply to establish the smFRET measurement of
AC; as a viable, alternative tool in the single-molecule toolbox.
Although this proves more experimentally challenging than
conventional van’t Hoff temperature measurements of AH®
and AS°, we note that such an approach nevertheless does
offer unique new insights into oligomer hybridization
dynamics. In particular, the smFRET methods described
herein provide additional access to folding kinetics unavailable
to ITC and DSC approaches, from which we can report first
measurements of excess heat capacities involved in accessing
the transition state (i.e, AC}) for hybridization in nucleic acid
oligomers.

2. METHODS

The smFRET construct used in these studies is a DNA hairpin
consisting of a 7-base pair stem and a 40-(dA) adenosine loop,
which we have previously characterized.””** As depicted
schematically in Figure 1, the construct is fluorescently labeled
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Figure 1. Schematic of DNA hairpin construct used in these studies.

biotin
streptavidin

BSA <

with Cy3 and CyS for FRET measurements, and a biotin
moiety is attached to the 3’ end for surface tethering. The full
DNA sequence (5'-CyS-CTTCAGT-A4-Cy3-ACTGAAG-A, ;-
biotin-3') is purchased in a high-performance liquid
chromatography (HPLC) purified form from Integrated
DNA Technologies. (Any company names listed herein are
in the interest of completeness, not as the endorsement of the
vendor.)
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Glass surfaces are cleaned and decorated with the smFRET
construct in accordance with previously described proto-
cols.”*! Simply summarized, glass coverslips are soaked in
acetone and treated in a UV-ozone cleaner for 30 min. The
cleaned coverslips are then exposed, in sequence, to (i) 10%-
biotinylated bovine serum albumin (10 mg/mL), (ii)
streptavidin (0.2 mg/mL), and finally (iii) the DNA construct
(100 pM; 1 pM = 1 pmol/L). The resulting sample has a
surface density of ~1 construct per 10 um? vyielding
approximately 100 molecules in the microscopic field of
view. Molecules are observed in buffer (50 mM HEPES, pH
7.6) with 120 mM monovalent (K*) ions. To decrease the rate
of fluorophore photobleaching, an enzymatic oxygen scaveng-
ing cocktail®> (100 nM protocatechuate 3,4-dioxygenase, 5
mM protocatechuic acid, and 2 mM Trolox) is also present.

Single-molecule fluorescence measurements are taken on a
through-objective total internal reflection fluorescence (TIRF)
microscope.‘n"?’3 Briefly, laser light at 532 nm is focused onto
the back focal plane of a high numerical aperture oil-immersion
microscope objective, with a pair of mirrors translating the
beam off axis to increase the angle of incidence at the sample
until total internal reflection is achieved. Widefield fluores-
cence is collected by the objective and separated by a dichroic
mirror into Cy3 and Cy$S emission channels, which are each
focused onto a charge-coupled device (CCD) video camera.
To increase accuracy when measuring folding rate constants
comparable to the CCD frame rate, we exploit stroboscopic
excitation methods by modulating the laser to excite the
sample for the first 20% of each frame.”* Single-molecule
FRET trajectories are extracted from CCD movies by’' (i)
applying a brightness threshold to locate particles, (ii)
summing pixels in a circular neighborhood around each
particle to obtain fluorescence rates as a function of time, (iii)
subtracting local background, (iv) spatially pairing Cy3 and
CyS5 particles by a calibrated affine map,” and (v) computing
the FRET efficiency, FRET(t) = Icys(t)/(ICy3(t) + ICyS(t))'
FRET trajectories are analyzed by dwell time analysis with
correction for stroboscopic excitation®® to yield folding and
unfolding rate constants (kp and ky) as well as equilibrium
constants (K., = kg/ky). Agreement between K., values
measured by ratios of rate constants to those determined from
integrated fractional time spent in the unfolded (Ty) vs folded
(Tg) state (Keq = Tg/Ty) is routinely at the <2% level.

Sample temperature is controlled using thermoelectric
cooling/heating modules under servo loop control, as
established previously.”’ To prevent thermal gradients, the
sample is heated from above by a module in direct contact with
the sample and from below by a module attached to the
microscope objective, which maintains thermal contact with
the sample by the immersion oil. The system temperature is
measured by thermistors, which we have calibrated by in situ
measurements of the sample temperature using a thin-wire
thermocouple. The thermistor readings are used as an input to
the thermoelectric modules for computer-based feedback
stabilization with a 0.015 Hz bandwidth, resulting in 0.1 °C
temperature accuracy and stability on the 1-min time scale.

3. RESULTS

3.1. Heat Capacity in van’t Hoff Analysis. Measurement
of an equilibrium constant at multiple temperatures provides
insight into the thermodynamic parameters (enthalpy/
entropy) of the underlying process. In particular, the van’t
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Hoff equation® describes the dependence of the equilibrium A T=13°C
constant K., as a function of overall AH® and entropy AS®: ~ 1.0
o o E 0.5 1
1n(1<eq) =- AHAT) (i) + ASY(T) * 004
R T R (1) |
0 20 40
where T is the absolute temperature and R is the gas constant. Time (Sz
Notably, if AH® and AS° are independent of temperature, then T=33°C
the resulting van’t Hoff plot of In(K,y) vs 1/T is predicted to SO
be linear, with slope — AH°/R and intercept AS°/R. £05
If products and reactants have different heat capacities Cp, 0.0
then the overall reaction will have a nonzero excess heat 0 2 4
capacity ACp = Cp (products) — Cp (reactants). The excess . Time (s) i
heat capacity is related to AH® and AS° by the fundamental B > r=isc > r=3s°c
thermodynamic expressions” § 1] glu=028s7} E 1] wke=17sT}
S 014 F e o1q P
AC, = %(AHO)P @) % 0,014 K F % 0.01 4 b
(%0.0011 . kF'= j,s 's‘1l r (%0.001-! II<U =.28 s'j '”or
a 0 5 10 15 20 00 02 04 06
AC, = TG_T(ASO)P 3) Dwell Time (s) Dwell Time (s)

If ACp is approximated as a constant over the measured

temperature range, we may integrate these equations and

substitute the resulting temperature-dependent AH°(T) and

AS°(T) into eq 1 to produce the ACp-modified van’t Hoff
4+ ol

equation
AHpe (1
In(K,y) = —5=(5) + 5

- 5| (5) + ()] @)

where T, is an arbitrary reference temperature and AH[,; and
ASS¢ are AH®(T) and AS°(T) evaluated at T, respectively.
Most importantly, the additional logarithmic term introduces
nonlinearity into the van’t Hoff plot, which provides a simple
experimental diagnostic for nonzero ACy.

3.2. smFRET Measurements Reveal Nonzero AGC; in
DNA Folding. In order to explore this predicted non-linearity
and extract changes in heat capacity, we have measured the
folding kinetics of a FRET-labeled DNA hairpin (see Figure 1)
as a function of temperature. Across all temperatures (13—35.5
°C), smFRET trajectories exhibit clear switching between two
distinct FRET states (see Figure 2), representing unhybridized
(Egger ® 0) and hybridized (Egggr & 0.8) conformations. As
expected for an exothermic folding process (AH® < 0), the
population of the folded state decreases with increasing
temperature relative to the unfolded state, corresponding to
heat-induced denaturation or “melting” of the DNA hairpin.**
In order to extract the folding/unfolding dynamics in more
quantitative detail, we perform dwell time analysis on the
smFRET trajectories.’® At each temperature, the folding and
unfolding cumulative dwell time distributions are well-fit by
single exponential decays, indicative of simple two-state
kinetics governed by the unimolecular rate constants kp and
ky. From these rate constants, we can directly compute the
folding equilibrium constant K., = kg/ky as a function of
temperature.

The temperature-dependence of K, for the DNA hairpin is
presented as a van’t Hoff plot in Figure 3. By the way of a first-
order treatment, we have analyzed these data with a simple
linear fit (Figure 3A, red line), which is equivalent to setting
ACp = 0 in Eq. 4. From the fit residuals (Figure 3C), however,
the data clearly deviate systematically from such a linear model,
with the fit overestimating K, at both the lowest and highest

AS,,

T-T,

ref

T
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Figure 2. Sample single-molecule FRET time trajectories (A) and
dwell time distributions (B) for DNA hairpin folding at 13 and 33 °C.

ACp=0 ACp#0
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Figure 3. van’t Hoff analysis of smFRET-derived equilibrium
constants with and without modifications for nonzero excess heat
capacity (ACp). (A) Linear van’t Hoff fit. (B) Fit with ACp term to
account for curvature. (C) Fit residuals for the linear fit show
systematic deviations away from linearity, while (D) residuals for
ACp-modified fit exhibit no temperature dependence.

temperatures. To account for such curvature in the van’t Hoff
plot, we therefore fit the data to the modified van’t Hoff
equation (eq 4), permitting ACp # 0. The residuals now
exhibit little to no systematic temperature dependence,
suggesting a more satisfactory model fit. From a nonlinear
weighted least squares fit, we infer the excess heat capacity to
be ACp, = —2.5 + 0.4 kJ/mol/K, where the uncertainty
represents lo standard deviation. The small fractional
uncertainty (<20%) in ACp provides additional support for
data consistency with nonzero excess heat capacity (ACp # 0)
upon DNA oligo hybridization.

3.3. Arrhenius Analysis of Rate Constants: Transition
State Excess Heat Capacity. Temperature-dependent
equilibrium constants provide clear evidence for the influence
of finite excess heat capacity (ACp # 0) on the overall DNA
hybridization event, as observed herein at the single-molecule
level. However, there is also additional thermodynamic

https://doi.org/10.1021/acs.jpcb.1c05555
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information encoded in the kinetics of such single-molecule
data, which is not readily accessible in bulk ITC or DSC
studies. In particular, we can exploit Arrhenius plots of In(k) vs
1/T to further obtain thermodynamic information about the
transition state for DNA hybridization. For example, the kinetic
data are often fit to the standard Eyring transition state theory
(TST) result®”*®

@(i) L AS(D)
R

In(k) = — T

+ In(v*

@) )
where k is the folding or unfolding rate constant, AH* is the
activation enthalpy, AS* is the activation entropy, and v* is the
attempt frequency for the system to reach the transition state.
Similar to the van’t Hoff analysis (eqs 2—4), we can extend the
TST expression in eq S to include nonzero excess heat capacity
between the transition state and the reactants, yielding

In(k) =~ (1) 4 2

¢

- %[(—T TTYE') + ln(%ﬂ + In(v%) ©)
where AH%; and AS%; are AH*(T) and AS*(T) evaluated at
the reference temperature T, and ACj is the excess activation
heat capacity. Just as in our van’t Hoff analysis, a nonzero AC}
results in curvature in the Arrhenius plot, which for AC} = 0
would be perfectly linear. We note that AS% and In(2*) cannot
be determined independently of such an analysis, since both
parameters are perfectly correlated and simply account for a
vertical offset. However, such potential ambiguity in ASZ and
In(v*) has no effect on AC*;, which is a function only of
curvature in the temperature-dependent Arrhenius plot. We
also note that the applicability of TST to nucleic acid folding is
complicated by the presence of multiple folding pathways, as is
posited, for instance, in the kinetic zipper model of DNA
hybridization®”™*' (see Section 4). In such a scenario, the
measured AH%L; ASL; and AC) represent a thermal average
over these folding pathways.

The temperature-dependent unfolding kinetic measure-
ments for the DNA hairpin are reported in Figure 4A, where
the black squares represent experimental data and the solid red
and black lines reflect the linear (AC} = 0) and higher-order,

ASE

ref
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Figure 4. Arrhenius analysis of unfolding rate constant ky. (A) Data
are fit to linear (red) and nonlinear (blue) models. (B) Linear fit
residuals exhibit systematic errors compared to (C) nonlinear fit
residuals, in support of non-negligible AC,.
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nonlinear approximations (ACj # 0), respectively. The rate
constants increase by more than two orders of magnitude over
the temperature range tested, from 0.28 + 0.01 s™' at 13 °C to
48 + 4 s at 35.5 °C. We have fit these data with both a AC%;
= 0 two-parameter fit (eq 5) and a variable AC¥, # 0 three-
parameter fit (eq 6), with differences between the two fits
highlighted by examining the residuals (Figure 4B,C). The
residuals for the ACH 0 fit clearly show systematic
temperature-dependent deviations, with the linear fit under-
estimating measured rate constants at both low and high
temperatures. Allowance for a nonzero ACY, results in
significant improvement, though not as dramatically as for
the van’t Hoff analysis (Figure 3C,D). To help evaluate the
quality of fit (and suitability of the underlying model), we have
examined the reduced y* statistic, which is the average of the
square of the residuals divided by their variance (* = ((y; —
yi,ﬁt)z/ 62)), which should be =1 for a physically correct
model.** For the linear fit (AC} = 0), we find y* = 2.7, whereas
for the nonlinear fit (AC} # 0), > = 0.98, which signals clear
justification for the higher-level analysis. In summary, the
nonlinear least squares fits yield ACj = 2.3 + 0.7 kJ/mol/K for
the excess activation heat capacity between the (i) fully folded
and (ii) transition state for unfolding of the smFRET
construct.

A similar analysis can of course be performed on kg, though
the curvature in such an Arrhenius plot (see Figure S) is much

T (K)
A 310 300 290
1 1 1
41 Folding
3 2 -
X
=
0_ -
_2 T T T
32 33 34 35
1000/T (K™)
B ACp=0 C ACw0
g 0.2 L 0.2
» Py X =
8 00 i,’,f t it ooteiiieits
= .0.2 L 0.2
L T T T T T T
32 33 34 35 32 33 34 35
1000/T (K) 1000/T (K)

Figure S. Arrhenius analysis of folding rate constant k. (A) Linear
(red) and nonlinear (blue) fits for kg are visually indistinguishable.
(B) Residuals of the linear fit are unstructured, and (C) introduction
of a nonzero ACy in fitting has little effect on residual errors.

reduced, with a nonzero value of AC} on the threshold of our
experimental resolution. Inspection of the fit residuals shows
negligible visible improvement in the residuals upon
introducing a nonzero ACj term. Indeed, this is confirmed
by the y* values for the folding rate constant statistics, which
are close to unity for both linear (y* = 1.7) and nonlinear (y* =
1.3) fits. Nevertheless, an error-propagated estimate of AC},
—0.7 + 0.4 kJ/mol/K, for unfolding kinetic data appears finite,
though zero within 95% (20) uncertainty. The results from all
fits of the equilibrium and rate constants to van’t Hoff and
Arrhenius models with finite excess heat capacity are
summarized in Table 1.
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Table 1. Fit Results of Temperature-Dependent
Measurements”

AHY (k]/mol) AS¢ (J/mol K) AC; (kJ/mol K)

—-88 (2) —294 (8) -2.5 (4)
AHL; (KJ/mol)  ASi; (J/mol K)  ACE (kJ/mol K)
folding 85 (2) 57 (7) —-0.7 (4)
unfolding 176 (4) 357 (13) 2.3 (7)

“The reference temperature is T\¢ = 300 K and the attempt frequency
is ¥ = 6 X 10" 57\, See text for details.

4. DISCUSSION

In this work, we have explored the capacity of single-molecule
FRET microscopy for measuring excess heat capacities in
biomolecular folding. As a proof-of-concept demonstration, we
have measured the folding dynamics of a DNA hairpin test
system””*" (Figure 1) from 13 to 35.5 °C on a single-molecule
TIRF microscope. Deviations from the linear behavior in van’t
Hoft plots of K., and Arrhenius plots of ky (Figures 3 and 4)
both indicate clear effects due to nonzero excess heat
capacities. From the curvature in these plots, we have extracted
differential heat capacities for the overall folding reaction
(ACp) and for the approach to the transition state (ACh) from
the reactants and products (Table 1).

The ability to perform such measurements for excess heat
capacity ACp requires the combination of a large temperature
range and precise rate-constant measurements. For example,
maximal deviations from linearity in the Arrhenius plot for the
unfolding rate constant ky (Figure 4) are only of order = 0.1
logarithmic units, which in turn demands <10% fractional
uncertainties to observe. We achieve this level of precision by
acquiring 20,000 dwell times from 300 molecules for each of
10 different temperatures. Obviously, a high-throughput
method such as widefield TIRF microscopy greatly facilitates
this level of data acquisition in comparison to confocal
microscopy.” Such demands on precision can be relaxed if the
temperature range is expanded, as the deviations from linearity
grow quadratically with AT. However, the experimentally
available range of temperatures is restricted by the stability of
the folding, since smFRET kinetic measurements are, in
practice, typically limited®® to systems with 0.1 < K, <101t
is worth noting that this restriction only applies when
measuring equilibrium constants via K = kp/ky, with the
dynamic range of measurable K., values 1—2 orders of
magnitude greater if one instead integrates FRET histograms
to determine population ratios. The measurement of rate
constants is clearly worth the additional effort, however, since
such kinetic data provide the additional capacity to measure
excess activation heat capacities for accessing the transition state,
which represents one unique advantage of using single-
molecule methods over ITC or DSC.

Excess heat capacities in protein and nucleic acid folding are
phenomenoloigically linked to changes in surface area during
folding.”””'*">'* The surface area effect has been ascribed to
solvent interactions with the nucleic acid, including the
hydrophobic effect, perturbations of intramolecular vibrations,
and hydrogen bonding."’ Proteins undergo significant surface
area loss during folding, whereas the higher charge densities of
polyanionic nucleic acids prevent such compactification. Thus,
nucleic acids tend to have smaller specific excess heat
capacities than proteins.13 As a consequence, excess heat
capacities in nucleic acids have been more challenging to
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measure than for proteins and were indeed once thought to be
identically zero."” Nonzero AC, values for nucleic acid folding
are now well-established,”*>** with burial of hydrophobic
nucleobases during base pairing considered the primary
contributor.”

The current single-molecule data for excess heat capacities
of nucleic acid folding can be usefully compared with results
from bulk calorimetric studies. The specific DNA hairpin
construct explored in these studies experiences a decrease in
heat capacity upon folding (ACp, = —2.4 + 0.4 kJ/mol/K),
which is consistent with the general literature consensus of
ACp < 0 due to a decrease in accessible surface area. Since the
surface area loss is proportional to the number of base pairs
formed, and since ACp values are at least thought to have only
a minor sensitivity to DNA sequence,' >’ it is convenient to
report ACp values per base pair, which for our 7 base pair
hairpin is —340 + 60 J/mol/K/bp (bp = base pair). Previous
literature values for AC, from bulk studies exhibit a rather
broad range from —100 to —420 J/mol/K/bp with a recent
metastudy’ recommending —130 J/mol/K/bp, against which
the current single-molecule measurement is high but never-
theless qualitatively consistent. Indeed, the 3-fold dynamic
range of these literature results is an indication of the
significant experimental challenges involved even in bulk
studies of DNA folding as well as additional sensitivity to the
nature of the DNA construct.

As a particularly important conformational distinction, most
bulk studies have explored duplex formation for bimolecular
rather than unimolecular folding, as is the case for the 7 bp
DNA hairpin construct connected by a 40-adenine loop
utilized in the current single-molecule efforts. Indeed, if we
further limit the previous literature comparison only to
measurements on unimolecular hairpins, the reported ACp
values grow significantly to —300 J/mol/K/bp, which is now in
even better agreement with our single-molecule results.*~*
Other aspects of single-molecule experimental design can
influence duplex stability, including surface tethering™ and
fluorophore incorporation,*” which may limit comparison with
bulk studies of freely diffusing, unlabeled oligonucleotides.
Finally, the polyadenosine (poly-dA) loop in the hairpin is
known to form single-stranded base-stacked structures® which
are likely disrupted during folding, leading to an increase in
surface area and a concomitant increase in Cp. Therefore, loop
sequences that are less prone to base-stacking, such as
polythymidine (poly-dT), may have a more negative AC; for
folding. These comparisons serve to further highlight the level
of complexity in such measurements, with expectations for a
possible dependence on loop sequence and GC/AT
composition in our smFRET construct.

In addition to the overall heat capacity change during
folding (ACp), we have measured the heat capacity change
required to reach the folding transition state (ACj). While
activation heat capacities have been reported for proteins,”’
this work provides, to the best of our knowledge, the first such
measurement of AC; for nucleic acid folding. As one simple
check, we confirm that the overall folding heat capacity (AC, =
—2.5 + 0.4 kJ/mol/K) is within uncertainty of the sum of the
activation heat capacities (AC} pog + (—ACH, ynora) = —3.0 +
0.8 kJ/mol/K), as required since C, is a state function. We can
combine this information in ACp and AC} to construct a
profile of the system heat capacity “landscape” along the
reaction coordinate (Figure 6). If negative excess heat
capacities in nucleic acid folding arise primarily from the loss
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Figure 6. Excess heat capacity “landscape” changes along the folding
reaction coordinate, relative to the folded state. U = unfolded state,
TS = transition state, F = folded state. Note the monotonic decrease
in this excess heat capacity upon hybridization of the 7 bp DNA stem
and the relatively small activation heat capacity in approaching the
transition state from the unfolded direction. The right axis indicates
the number of base pairs formed at each state, based on a simple
linear model for heat capacity proportional to solvent accessible
surface area. Such behavior suggests minimal base pairing at the
transition state, which is entirely consistent with “zippering” models
for DNA hybridization.*** Error bars reflect one standard error of
the mean.

of accessible surface area during base pair formation, as is the
literature consensus,”'” then one consistent expectation is that
the heat capacity of the transition state should lie between the
folded and unfolded values, since the transition state cannot
form more base pairs than the folded state nor less base pairs
than the unfolded state. Indeed, the experimental ACp
landscape profile reveals an intermediate transition state heat
capacity between that of the unfolded and folded states, in
good agreement with this expectation. Interestingly, the
transition state excess heat capacity Cf; appears to be closer
to that of the completely unhybridized unfolded state. If one
assumes linearity in these excess heat capacities with the
hybridization sequence length, this would suggest that
relatively few base pairs (ngP 1 + 1) are fully formed in
the transition state, certainly including zero within error.

The conclusion that few base pairs are formed at the DNA
hairpin’s folding transition state is in good agreement with the
current kinetic zipper model of nucleic acid hybridiza-
tion.*~*5%%3 In the zipper model, the free energy barrier
for folding is primarily entropic, as the two DNA strands must
“pre-align” in a correct orientation before forming one or more
key base pair contact(s).”* This nucleation site then catalyzes
the formation of base pairs at adjacent sites in an enthalpically
downbhill cascade to the folded state. The number of base pairs
in the transition state is a subject of ongoing investigation, with
evidence ranging for a transition state containing a single base
pair,”® a minimum of 2 base pairs,”" or the absence of any
nascent base pairs at all.’**” Clearly, more work is warranted,
and while the uncertainty in our results is too large to resolve
these possibilities (nf, = 1 + 1), our heat capacity-based
measurement provides further confirmation of the kinetic
zipper prediction of an “early” transition state for hybrid-
ization; ie, a transition state having few if any fully formed
base pairs.

5. SUMMARY AND CONCLUSION

In this report, we demonstrate the use of smFRET to measure
excess and activation heat capacities in biomolecular folding.
By combining a large temperature range with high-level data
collection statistics, our method achieves the necessary
precision to resolve nonzero heat capacities in the folding of
a DNA hairpin. The measured value of ACp (340 + 60 J/mol/
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K per base pair) is in good agreement with literature
calorimetric results on similar constructs, which provides
confirming evidence for the accuracy of our method.
Furthermore, the present single-molecule studies provide
kinetic evidence for finite excess heat capacities upon approach
to the transition state (ACj), which provides novel
confirmation that the transition state contains only few fully
formed base pairs (nf, = 1 + 1) and support of the “kinetic
zipper” model for DNA hybridization kinetics. In summary,
heat capacity measurements at the single-molecule level offer a
useful complement to calorimetric bulk methods and are
uniquely capable of inspecting heat capacities of transition
states.
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