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Chapter 27

Molecular Replica Symmetry Breaking
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A brief overview of mechanical unzipping experiments of single nucleic acids and
proteins shows the power of single-molecule techniques to unravel molecular energy
landscapes with kcal/mol accuracy. I argue that pulling experiments offer an ideal
playground to explore rugged free-energy landscapes and replica symmetry breaking
at the single-molecule level.

27.1. Biomolecules and spin glasses

Nucleic acids (NA) are found in double-stranded and single-stranded forms [1]. The
DNA double helix comprises two covalently linked sugar-phosphate strands of nu-
cleotides (see previous chapter by Cocco and colleagues) stabilized by base pairing and
stacking interactions. RNA is mostly found in single-stranded form and participates in
many regulatory processes in the cell. Chemically, RNA differs from DNA in that the
nucleotide U-uracyl replaces T-thymine, and the sugar (ribose) in the phosphate chain
contains a polarizable OH group that coordinates metal ions such as magnesium and
calcium [2—4]. In contrast, proteins are chains of covalently linked amino acids that
fold into specific three-dimensional shapes [5] with multiple structural, signaling, and
enzymatic functions. Proteins catalyze a myriad of reactions essential for life.

NA and proteins are intrinsically disordered and heterogeneous, their extraordinary
organizing power is due to the strong sensitivity of the monomer interactions to changes
in sequence and environment. This sensitivity originates from the acute energy balance
of molecular interactions in water. Multiple forces such as hydrogen bonding, Van der
Waals, and the hydrophobic effect concur to fold biomolecules into the specific native
structure, a free energy minimum in the space of conformations [6]. In thermodynamics,
Gibbs free energy G = H — T'S results from the balance between enthalpy H (the
equivalent of the potential energy in mechanics) and entropy S, a statistical measure
of the disorder, with T" the temperature. Minimizing G requires H minimum and S
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maximum, which for molecular driving forces often leads to conflicting results. An
example of the competition between H and S is the hydrophobic effect of non-polar
molecules that repel water. In truth, it is the opposite effect; non-polar molecules tend
to form stable hydrogen bonds with water (~ 7 kcal/mol per bond), yet this comes at the
price of a large entropic cost of hydrogen-bonding alignment, so the overall free energy
change is positive. Enthalpy-entropy compensation in molecular folding results in very
low folding AG (positive) values compared to AH and TAS, AG <« AH,TAS with
AH comparable to TAS. For example, at room temperature T' = 25°C, the 110 amino
acids ribonuclease protein barnase has a folding free energy value of AG = 10 kcal/mol
(kilocalories per mole) with AH ~ 115kcal/mol, TAS = 105 kcal/mol. Hydrogen bonds
and Van der Waals forces are critical for folding. While hydrogen bonding mostly drives
the formation of the transition state that precedes native folding, Van der Waals forces
are responsible for closely packing nucleotides in NA and side chains in proteins. The
large 1/7% energy dependence of the latter contributes to the large energy collapse
between the transition and the native state.

Structural rearrangements in NA and proteins lead to conflicting energy interac-
tions and rugged free energy landscapes, a typical feature of spin glasses containing
disorder and frustration. Two are the main differences though. While biomolecules are
nanometer-sized, spin and structural glass samples are meso- and macroscopic. More-
over, evolutionary forces have built biomolecules into polymer chains that have a specific
purpose or function, a feature absent in ordinary matter such as spin glasses (diluted
random alloys) and structural glasses. Many structural glasses are homogeneous liquids
that crystallize if cooled slowly enough. Otherwise, they enter the supercooled liquid
region and a glassy phase [7]. Although covalent bonds determine the high viscous
phase of glass-forming liquids such as pure silica (SiO3), which crystallizes at 1475K,
weak interactions also form glassy phases in organic substances and water [8].

Spin glasses, structural glasses, and disordered matter are characterized by rough free
energy landscapes with many states, mathematically described by the replica symmetry
breaking transition (RSB) in spin glass theory [9]. Can the remarkable thermodynamic
and kinetic phenomena of replica symmetry breaking be observed at the molecular level
in NAs and proteins? A primary tool to answer this question is single-molecule force
spectroscopy, where an individual molecule can be mechanically pulled from its ends
to monitor the folding reaction in real-time [10, 11]. Pulling experiments permit us
to derive free energy differences by mechanical work measurements, mostly with laser
optical tweezers and magnetic tweezers, atomic force cantilevers, acoustic sound waves,
and others [12, 13].

27.2. Molecular free energy landscapes

In pulling experiments, the end-to-end distance z is a reaction coordinate that quantifies
the progress of the hybridization reaction in a DNA duplex and the folding of an RNA
or protein. In single-trap optical tweezers [14, 15], the molecule under study is inserted
between flanking handles. The molecular construct is tethered between a surface and an
optically trapped bead using specific linkages (Fig.27.1A). The trap-position distance A
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comprises the extension of the handles and the molecule under study = and the micron-
sized bead displacement, A = x;, + z. In this experimental setup, A is the control
parameter and does not fluctuate, whereas x and the force applied to the system, f =
kpxy, fluctuate due to Brownian noise. Typically, the bead stiffness k;, ~ 0.01 — 1pN/nm
permits force measurements in the range 0.1 —100pN. By repeatedly moving the optical
trap back and forth, we measure the force-distance curve (FDC), where the force f
is plotted versus the distance A. In unzipping experiments a DNA hairpin is tethered
between the two extremities and the two strands pulled apart by mechanical forces
[16, 17]. Figure 27.1B shows the FDC of unzipping a 6.8kbp DNA molecule at standard
conditions (T" = 298K, 1M NaCl). In the upper panel, we show the average FDC (black
line) and the raw data (grey band) showing Brownian force fluctuations. In the bottom
panel, the unzipping (grey) and rezipping (black) curves superimpose, showing that the
unzipping-rezipping reaction is quasi-reversible [18].
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Fig. 27.1. Unzipping free energy landscapes. A) Experimental setup. B) Unzipping FDC of a 6.8kbp
DNA hairpin. (Top) Filtered data at 1Hz (continuous black line) and raw data at 1kHz (grey band).
(Bottom) Unzipping (grey) and rezipping (black) FDCs are near reversible, except for the effect of
the refolding loop at the end. Data from Ref. [18] C,D) Free-energy landscapes in the trap-position
ensemble G () for a given trap position A and in the force ensemble G ().

For fixed A, experimental measurements of the fluctuating extension x, permit us to
extract the molecular free energy landscape, G (), using the Boltzmann formula,
exp(—BG(@))

Z
with Z) the equilibrium partition function. The constant G = —kgT log Z) is the
equilibrium free energy of the molecule at A, an overall shift to the free energy landscape.
A typical unzipping free energy landscape G (x) for a given trap position A is shown in
Fig.27.1C. The profile has been calculated using the nearest neighbor (NN) model for
DNA [19]. In the NN model, the free energy of the duplex is the sum of the stacking

Py(z) = ; Ga(x) = —kpTlog Py(z) — kpT log Z» (27.1)
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and hydrogen bond interactions between all adjacent base pairs. The free energy is
rough with many local minima, a feature of disordered and frustrated systems. From
G (z) one can also calculate the free energy landscape in the force-ensemble where
force is fixed, G(z). This ensemble is implemented in magnetic tweezers where a pair
of magnets produce a constant magnetic field gradient force. G;(z) for the 6.8kbp DNA
is shown in Fig.27.1D for three force values, 16.9,17.1,17.3pN. Again, Gf(x) is rough
with many minima (inset) and energy barriers of roughly 20kgT.

The unzipping free energy landscape is an experimental realization of the 1D Sinai’s
model commonly used to illustrate spin-glass free energy landscapes. Unzipping mea-
surements permit us to measure free energy differences by applying the thermodynamic
identity, AGy = W with W the mechanical work exerted by the optical tweezers instru-
ment on the molecule. By comparing the measured FDC with the theoretical prediction
based on the NN model, the ten nearest-neighbor energy parameters have been derived
over several decades of salt concentration in sodium and magnesium with 0.1kcal/mol
accuracy [20, 21].

27.3. Barrier energy landscapes

Disorder and frustration also affect the folding kinetics of biomolecules [22]. RNAs form
secondary structures made of single-stranded unpaired regions and stem loops stabilized
by hydrogen bonds and stacking [23]. The promiscuity of base pairing in RNA is facili-
tated by non-Watson-Crick or wobble base pairs (such as GU) that enlarge the diversity
of tertiary structures. The ribose C3’-endo conformation also makes RNA adopt the
more compact A-form with stronger base stacking than for DNA. Upon folding, RNA
can be kinetically trapped into structures other than the native (misfolding), a typical
feature of glassy matter. In Figure 27.2A, we show unzipping curves at room temper-
ature (T=298K) and 10mM MgCl, for a 2kbp RNA hairpin [24]. Compared to DNA
(Fig.27.1B, bottom), hysteresis between the unzipping (grey) and rezipping (black)
FDCs is apparent. Such irreversibility has been interpreted as due to competing off-
pathway structures formed along the unpaired strands during the unzipping-rezipping
reaction, Fig.27.2B [24, 25]. Segments of various lengths Ly, Lo, .., Lj, can be transiently
stabilized at forces as high as 17pN. BEL minima are correlated with high hysteresis
regions (e.g., Fig.27.2B, zoom).

The notion of the BEL finds its most natural example in Kramers theory of 1D
systems. For a NA hairpin of N bases pulled at a force f, the kinetic rate of unfolding
ky is given by [27, 28],

N

ku(f) = ko exp(*i[;(;:)) ; i[;(:,{) =log()_ > exp(Gm(f)k;TG w0y (or2)
m=0m’'=0

with ko an attempt rate, By (f) the kinetic barrier, and G,,(f) (m = 0,1,..,N) the
free energy landscape at force f. For landscapes with a maximum at a force-dependent
position m = m*(f), the sum over m in By(f) is dominated by m*(f) giving the
Arrhenius formula, ky (f) = ko exp(—%) and AG - (f) = G () — Go. In gen-
eral, m* depends on f leading to brittle (m* small) or fragile (m* large) behavior [29].
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Fig. 27.2. Barrier energy landscapes. A) Unzipping (grey) and rezipping (black) FDCs of 2kbp RNA
hairpin at 10mM MgCly showing hysteresis. Data from Ref. [24]. B) The barrier energy landscape
(BEL,bottom) is determined by stem-loops formed along the unpaired strands. C) A hairpin sequence
with an internal loop produces a folding intermediate. D) Energy landscape showing different states and
kinetic rates. E) Force-dependent kinetic barriers between different states (N, native; I, intermediate;
U, unfolded) obtained from kinetic rates measured in nonequilibrium pulling (Pull) and equilibrium
hopping (Hop) compared to the Kramers formula Eq.(27.2).Data in C,D,E from Ref. [26]

Equation (27.2) has been used to derive ko and the folding free energy of NA hairpins
(Figure 27.2C) in free energy landscapes with one intermediate (Figure 27.2D). The bar-
rier to unfold By (f), and the equivalent one to fold Br(f) (obtained by transforming
m — —m in Eq.(27.2)), fulfill detailed balance, AGn(f) = Bu(f) — Br(f). Experi-
mental measurement of ky(f), kp(f) permit us to calculate By (f), Br(f) (Eq.(27.2),
lhs) and derive AGy(f) by matching the profiles of By (f) and By(f) + AGn(f).
The Continuous Effective Barrier Approach (CEBA) works well for deriving free energy
differences of NA hairpins with multiple intermediates and pathways [26].

The mathematical expression for By (f) in Eq.(27.2) reminds of a partition func-
tion or potential of mean force. For disordered landscapes, By (f) is sensitive to small
changes in the energies explaining the strong dependence of folding kinetics with NA
sequence. Equation (27.2) cannot explain the irreversibility observed in Fig.27.2A, par-
ticularly upon upon comparing with the DNA case (Fig.27.1A). Off-pathway structures
are then needed to estimate barrier energy landscapes, a difficult problem without reli-
able tertiary RNA prediction tools.

27.4. From NAs to protein folding

Randomized ssDNA folds into heterogeneous structures. To investigate ssDNA folding,
we use the blocking oligo method [30, 31] in which a specifically designed 20-30b oligo
hybridizes with the loop region preventing hairpin reannealing below 15 pN (Fig.27.3A).
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A helix-coil model [32] of compact and free alternating regions describes the pulling
curves at different salt conditions (Fig.27.3B). The model contains two parameters:
the energy gain per base in a compact domain, €, and the cooperativity parameter ~y
for the interfacial energy of a domain wall separating compact and free regions. The
compact regions formed by the ssDNA are heterogeneous blobs containing 10-30 bases on
average. More important, the cooperativity parameter is salt independent ~0.7kcal /mol
(Fig.27.3C), and larger than the energy per base in compact regions, ¢ ~ 0—0.2 kcal/mol.
Parameters v, e are equivalent to the magnetic field h and exchange coupling J in
the 1D Ising model, showing that cooperativity drives non-specific secondary structure
formation in ssDNA.
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Fig. 27.3. ssDNA and protein folding. A) ssDNA unzipping and the blocking oligo method. Devia-

tions of the releasing FDC from the ideal elastic response are due to non-specific secondary structure
formation. B) Helix coil model fits (continuous light color lines) to the experimental force versus
extension/base data in magnesium (dots). The back line is the ideal elastic response obtained by
measurements in glyoxal. C) Cooperative parameter v fitted to v = o + m~ log(c) with ¢ the salt con-
centration in molar units (dashed lines). The value of m, < vo(= v(c = 1)) (both in kcal/mol) shows
weak salt dependence. D) Pulling a protein using dsDNA handles. E) Calorimetric force spectroscopy
measurements of unfolding (empty symbols) and folding (filled symbols) kinetic rates at various tem-
peratures fitted to the Bell-Evans model (dashed lines). F) Extrapolated rates at zero force. G) Funnel
free energy landscape representation where the z-axis stands for the free energy and the x-y plane the
change in the number of degrees of freedom n upon folding. The latter is related to the measured heat
capacity change, AC, = kpAn/2. A-C data from Ref. [32]. D-G data from Ref. [33]

Cooperativity is also key in protein folding. In the foldon hypothesis (FH), amino
acids chains fold by forming compact units (foldons) sequentially and cooperatively
[34, 35]. In the energy landscape hypothesis (ELH), there are multiple folding pathways
connecting the unfolded (U) chain and the native (N) state in a funnel-like or golf-course
energy landscape [36, 37]. The hole in that landscape represents the transition state
(TS) that precedes folding to N. The nature of TS has been long debated. In the molten

page 6
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globule hypothesis (MGH) the TS is a native-like expanded structure with the backbone
formed, but with side chains loosely packed [38, 39]. Related to the ELH is the downbhill
hypothesis (DH) where folding is barrierless even in two-state proteins [40].

Protein folding kinetics can be measured by calorimetric force spectroscopy carrying
out pulling experiments (Fig.27.3D) at different temperatures (5-40°C) using a temper-
ature jump optical trap [41]. Figure 27.3E shows measurements of the force-dependent
kinetic rates in the 110 amino acids protein barnase [33, 42]. Unfolding and folding
kinetics rates were extrapolated to zero force (continuous lines) using the Bell-Evans
model combined with the temperature-dependent elastic properties of the polypeptide
chain. While the unfolding kinetic rate k_, changes by ten decades over the explored
temperature range, the folding rate k. is nearly temperature independent (Fig.27.3F).
These results support the ELH, where the unfolded chain folds into to a molten globule
first (the hole of the landscape), followed by the collapse of the molten globule into
N (Fig.27.3G). It was found [33] that 80% of the free energy, enthalpy and entropy of
folding of barnase occurs in the collapse between TS and N, whereas 90% of the total
folding heat capacity change, AC}, ~1000cal/(mol K), occurs between U and T'S. These
results highlight a TS of high energy and low configurational entropy that is structurally
similar to N. Barnase is an example of a protein where the FH,ELH,MGH and DH are
compatible. We emphasize the close connection between protein folding and the first-
order RSB transition in structural glasses [43]. The loss of the configurational entropy
(also denoted as complexity) between U and TS defines a transition between a disor-
dered paramagnetic phase (the unfolded chain) and a spin-glass phase (molten globule)
where side chains are rightly positioned in space but loosely packed. The transition
between the molten globule and N is a solidification transition driven by enthalpy and
entropy collapse.

The folding kinetics of biomolecules and spin glasses share much in common. En-
dowed with single-molecule tools, scientists can now monitor folding events one molecule
at a time and test the most elusive predictions of RSB. In 1969, Levinthal noticed a
polypeptide chain could not fold into the native state by random search in configura-
tional space [44]. The configurational space of biomolecules is large enough to abide by
the tenets of spin glass theory [45]. Single-molecule research offers a terrific playground
for a future test of its most notable predictions.
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