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Abstract: The folding of larger proteins generally differs from the folding of similarly large nucleic
acids in the number and stability of the intermediates involved. To date, however, no similar com-
parison has been made between the folding of smaller proteins, which typically fold without well-
populated intermediates, and the folding of small, simple nucleic acids. In response, in this study,
we compare the folding of a 38-base DNA aptamer with the folding of a set of equivalently simple
proteins. We find that, as is true for the large majority of simple, single domain proteins, the
aptamer folds through a concerted, millisecond-scale process lacking well-populated intermedi-
ates. Perhaps surprisingly, the observed folding rate falls within error of a previously described
relationship between the folding kinetics of single-domain proteins and their native state topology.
Likewise, similarly to single-domain proteins, the aptamer exhibits a relatively low urea-derived
Tanford f, suggesting that its folding transition state is modestly ordered. In contrast to this, how-
ever, and in contrast to the behavior of proteins, ¢-value analysis suggests that the aptamer’s fold-
ing transition state is highly ordered, a discrepancy that presumably reflects the markedly more
important role that secondary structure formation plays in the folding of nucleic acids. This differ-
ence notwithstanding, the similarities that we observe between the two-state folding of single-
domain proteins and the two-state folding of this similarly simple DNA presumably reflect proper-
ties that are universal in the folding of all sufficiently cooperative heteropolymers

irrespective of their chemical details.
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Introduction

Since Jackson and Fersht reported the first “type
specimen” in 1991 (Ref. 1), dozens of small, single
domain proteins have been described that fold via a
highly concerted, approximately two-state process
lacking well-populated intermediate states. The rela-
tive simplicity of such folding has allowed for mean-
ingful, quantitative comparisons of folding kinetics

Published by Wiley-Blackwell. © 2013 The Protein Society
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Figure 1. In this study, we have characterized the folding of
a DNA aptamer, a DNA molecule selected in vitro to bind to
a specific target molecule and that adopts a reasonably com-
plex, protein-like structure. Specifically, we have character-
ized the folding kinetics and thermodynamics of the 38-base
cocaine-binding aptamer of Stojanovic, which is thought to
adopt the three-way junction structure shown.'®'* With 185
freely rotating bonds, the number of conformations accessi-
ble to the unfolded aptamer is comparable to those of an
unfolded, 94-residue protein (186 rotatable bonds) suggesting
that comparison of the aptamer’s folding kinetics with those
of equivalently simple single-domain proteins may prove
informative. Of note, what, if any, tertiary contacts the
aptamer forms in the absence of cocaine binding is unknown;
NMR-based studies of its structure have not identified any
base-base contacts other than those that would be seen
given the predicted secondary structure.'

of this otherwise diverse set of small proteins, and
the discovery of a number of general principles.
Their folding rates, for example, are strongly corre-
lated with simple, scalar measures of their native
state topology? (reviewed in Ref. 3). Their folding
transition states also bury significant amounts of
hydrophobic surface area (between 40 and 96% of
that buried in the native state; e.g., Ref. 4) and yet
their transition states contain relatively little
native-like side-chain packing as defined by ¢ val-
ues®; the vast majority of reported ¢ values, for
example, fall below 0.3, suggesting that the folding
transition states of two-state proteins are relatively
unstructured (see, e.g., Fig. 1 in Ref. 6).

In contrast to the folding of single domain pro-
teins, the folding kinetics of most of the nucleic acids
characterized to date are highly heterogeneous. That
is, other than a few studies of the folding of simple
secondary structures (such as hairpins, e.g., Ref. 7;
and G-quadruplexes, e.g., Ref. 8) or more complex, if
still simple topologies (pseudoknots, e.g., Ref. 9), the
folding kinetics of the large majority of nucleic acid
described in the literature involve highly stable on-
and even off-pathway intermediates (see Refs. 10
and 11 for relevant discussions). This lack of well
characterized, topologically-complex, yet  still
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“two-state” nucleic acids has rendered it impossible
to determine whether the general rules uncovered
via studies of the two-state folding of the simplest
proteins also hold for the folding of other simple
polymers (although see Ref. 12 for an attempt at rec-
onciliation). In response we describe in this study a
small, yet reasonably topologically complex DNA
aptamer that is analogous to the large majority of
single domain proteins in that it folds in a concerted,
approximately two-state process. Detailed compari-
son of the folding kinetics of this simple, single
domain DNA with those of similarly simple, single-
domain proteins can thus inform on those properties
of folding that are universal and are not dependent
on the detailed chemistry of the polymer involved.

Results

As our test bed we have used a short DNA aptamer
selected in vitro for its ability to bind cocaine and
reported*®1* to adopt a three-way junction structure
(Fig. 1). And although, at 38 bases, the aptamer is
significantly shorter than all but the shortest single
domain proteins studied to date (such as Refs. 15—
17), the complexity of the conformational search
associated with its folding nevertheless approaches
that of more typical single domain proteins. Nucleic
acids, for example, contain five rather than two
freely rotating bonds per monomer (one of the six
bonds in the backbone of nucleic acids is in the pen-
tose ring and therefore rotationally fixed), and thus
the Levinthal-esque difficulty of the search for the
native conformation'® of a 38-base oligomer (contain-
ing 185 freely rotating bonds in its backbone) is sim-
ilar to that of a 94-residue protein (with 186 freely
rotating bonds). With 830 non-hydrogen atoms the
size of the aptamer is likewise similar to the number
of non-hydrogen atoms found in a 105-residue pro-
tein of average amino acid composition.

As is true for the large majority of proteins of
similar size and complexity,'® the equilibrium fold-
ing of the aptamer is a concerted process well
approximated as two-state (Fig. 2). For example, an
equilibrium urea “melt” of a fluorophore- and
quencher-modified aptamer is well fitted by the
standard model used for the study of proteins, which
assumes two-state behavior and a linear relationship
between folding free energy and denaturant concen-
tration. Specifically, our data are well fit (Fig. 2;
R?=10.997) to a two-state model.

Ff +Fu e*AGg*meq [urea]

Fubs - (1)

1+e—AGo—1meq [urea]

where AGy is the folding free energy in the absence
of denaturant, m., is a measure of the extent to
which the denaturant modulates this free energy,
and Fy, F,, and F,, are the fluorescence of the
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Figure 2. The urea-induced equilibrium unfolding of the
aptamer is well approximated (R? = 0.997) as a two-state
process lacking well-populated intermediate states. A fit to
the two-state model [Eq. (1)] is shown (solid line).

folded state, the unfolded state, and the equilibrium
(observed) mixture at any given urea concentration,
respectively. Given the precision of this fit, which
produces estimates of the folding free energy and m-
value of 7.52+0.40 kdJ/mol and 3.13*x0.15 kdJ/
mol.M, respectively, it appears that there are no
well-populated intermediates in the equilibrium
unfolding of the aptamer.

To probe the extent to which the aptamer’s equi-
librium folding is two-state in more detail we have
studied its folding at the single molecule level. Specif-
ically, we have used single-molecule Forster reso-
nance energy transfer (FRET), which provides a
measure of the distance between two appropriate
dyes, to monitor the equilibrium unfolding of the
aptamer in urea. As expected, we observe only two-
states: a relatively low-transfer efficiency, unfolded
state, and the higher-transfer efficiency (i.e., more
compact) folded state (Fig. 3). As we shift from high
to low denaturant, the relative populations of these
two-states shift in concert without the population of
any states of intermediate transfer efficiency (.e.,
intermediate size), offering further evidence that the
equilibrium folding of the aptamer is well approxi-
mated as two-state and that the unfolded state of the
aptamer remains fully unfolded even at low denatur-
ant. This said, the transfer efficiency observed for the
unfolded state does decrease slightly with increasing
denaturant. Similar denaturant dependence has been
seen for energy transfer across the unfolded states of
effectively all of the appropriately characterized
single-domain proteins described to date; it may or
may not reflect contraction of the unfolded state at
low denaturant (see discussion in Ref. 20).

As is also true for the large majority of proteins
of similar size and complexity,!® the aptamer’s fold-
ing/unfolding kinetics are likewise well approximated
as a simple, two-state process lacking well-populated

58  PROTEINSCIENCE.ORG

intermediate states. First, the aptamer’s folding
kinetics are well fitted to a single-exponential decay
[Fig. 4(A)], producing fit residuals similar in magni-
tude (<2% of total amplitude) to those seen in non-
folding controls performed under the same conditions.
Second, a plot of the log of observed relaxation rate
as a function of urea concentration — a so-called chev-
ron curve — is well fit by the linear free energy rela-
tionship [Fig. 4(b); RZ = 0.979] expected for a process
lacking well-populated intermediates’:

ln(kobs )=ln [e(lnkﬁrm,c [D]/RT) + e(lnku+mu [D]/RT)] (2)

where ks is the experimentally observed relaxation
rate, k¢ and k, are the folding and unfolding rates

1000
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6aey folilad
400
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m ]
c r
=]
E 1200j
Eg 900- 2 M urea
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5 ]
E 300 f()lded
g _ —A_
Z 1000
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200+
0 0.5 1

Energy transfer efficiency

Figure 3. Single-molecule Forster resonance energy transfer
(FRET) studies likewise support the claimed two-state equilib-
rium unfolding of the aptamer. As expected, in addition to a
large peak near zero transfer efficiency arising due to misla-
beled or photobleached molecules lacking an acceptor dye,
we observe only two-states: a relatively low-transfer-
efficiency, unfolded state, and the higher-transfer-efficiency
(i.e., more compact) folded state. As we shift from high to
low denaturant, the relative populations of these two states
shift in concert without the population of any states of inter-
mediate transfer efficiency (i.e., intermediate size). This said,
the transfer efficiency observed for the unfolded state does
decrease slightly with increasing denaturant, which may, or
may not, reflect contraction of the unfolded state at low
denaturant (see discussion in Ref. 20).

Two-state Aptamer and Protein Folding
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Figure 4. As is true for the majority of similarly simple,
single-domain proteins,'® the aptamer’s folding kinetics are
well approximated as a concerted, two-state process lacking
well-populated intermediates. (A) For example, as shown
here a representative folding trace (gray data points) is well
fitted as single exponential (R? = 0.997; blue line) and pro-
duces residuals (blue) of less than 2% of the total amplitude.
A double-exponential fit (red residuals) is not statistically sig-
nificantly improved. (B) Likewise, a chevron plot [a plot of
In(relaxation rate) versus denaturant concentration] exhibits
linear arms and produces equilibrium folding free energy and
Meq value estimates, 7.07 + 0.28 kJ/mol and 3.02 + 0.25
kd/mol.M, respectively, within error of the 7.52 + 0.40 kdJ/mol
and 3.13 £ 0.15 kd/mol.M estimates obtained from the
equilibrium melt.! These data were collected in 100 mM
NaCl, corresponding to an ionic strength of 105 mM (when
the buffer contribution is included).

under “standard” conditions (here these are the
absence of denaturant), [D] is denaturant concentra-
tion, and m¢ and m, are the kinetic “m-values” and
denote the extent to which denaturant modulates
the stability of the folding transition state. Third,
the folding thermodynamics derived from this chev-
ron are effectively indistinguishable from those
obtained at equilibrium, suggesting that the folding
process lacks any thermodynamically stable interme-
diate states. That is, the unfolding free energy and
Mmeq-value derived from these kinetic data,
7.07 = 0.28 kd/mol and 3.02 = 0.25 kd/mol.M, respec-
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tively, are within error of the values obtained from
the equilibrium urea melt data described above (Fig.
2), suggesting that any structure that may (or may
not) be formed in the dead-time of the kinetic experi-
ments (e.g., if the change in transfer efficiency seen
for the unfolded state at low denaturant — Fig. 3 —
represents a small degree of unfolded state compac-
tion) is thermodynamically inconsequential.
Extrapolation of the chevron plot to zero urea
predicts a folding rate for the aptamer of 494 + 22
s !in the absence of denaturant. And although com-
parison of the structure of an oligonucleotide with
that of a protein is, of course, subject to potentially
significant qualifications, this value is, perhaps sur-
prisingly, close to the folding rate that would be pre-
dicted for a protein of comparable topological
complexity. To see this we note that the putative
structure of the aptamer (see Fig. 1, which was
adopted from Ref. 13; also see Refs. 14, 21) includes
15 sequence-distant (more than five bases, or 25
freely rotating bonds, apart) base-pair contacts, giv-
ing a long-range-order (number of sequence-distant

log (k. / Q)

0 0.5 1
Q/N

Figure 5. The folding rates of simple, single domain proteins
(light gray) are reasonably well correlated with several simple
measures of their native-state topology. Shown, for example,
is a plot of (log) folding rates versus long-range order,?
defined as the number of sequence-distant native contacts
(Q = number of native contacts separated by 12 or more resi-
dues, corresponding to >24 freely-rotating bonds) divided by
the total polymer length, N, (data adopted from Makarov and
Plaxco®). The observed folding rate of the aptamer appears
to obey this same relationship (where sequence-distant con-
tacts in the aptamer are defined as >5 bases, corresponding
to >25 freely rotating bonds). This suggests that topology’s
role in defining (two-state) folding rates may not be unique to
proteins. Note, the aptamer folding rate shown was deter-
mined at 105 mM ionic strength, which is about a third higher
than the ~75 mM ionic strength at which protein folding rates
are perhaps most often measured”; the folding rate of the
aptamer, however, is only mildly dependent on ionic strength,
varying only ~2-fold (Fig. 7) over the 20-100 mM range of
ionic strengths typically used in studies of protein folding.
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Figure 6. The aptamer’s Tanford fi4en, @ metric describing
the degree of consolidation of hydrophobic surface area in
the folding transition state, lies nearer the bottom of a set of
37 well-characterized two-state proteins adopted from two
previously described data sets.*®" Since this value is known
to anti-correlate with topological complexity,? the relatively
low value observed for the aptamer may arise due to its rela-
tively low topological complexity. The protein data were col-
lected using either urea or guanidinium chloride (GuHCI) as
denaturant. It should be noted that SH3 domains in this data-
set are overrepresented; seven of these 37 proteins are SH3
domains, the Bgen values of which range from 0.64 to 0.89.

contacts per residue??) of 0.39. Inserting this value
into the known rate/long-range-order relationship
for single domain proteins (using a cutoff of 12 resi-
dues or 24 freely rotating bonds) predicts a folding
rate of 720 s~ ! for the aptamer, which is within a
factor of 1.5 of the experimentally observed value
(Fig. 5). The topology-estimated folding rate of the
aptamer is thus quite close to the observed value
relative to the more than million-fold range of two-
state protein folding rates. This said, some approxi-
mations and assumptions were, obviously, necessary
to make this comparison. First, the tertiary struc-
ture of the aptamer is not known with certainty
(indeed, the aptamer may not form any tertiary
structure; i.e., a lack of sequence-distant NOEs in
the aptamer’s NMR spectra suggests that the sec-
ondary structure plot shown in Fig. 1 may well serve
as a complete description of the biopolymer’s struc-
ture'®). Second, unfolded DNA may be more prone
than unfolded proteins to retain residual structure,
which would presumably reduce the effective num-
ber of rotatable bonds and thus increase the uncer-
tainty in the placement of the aptamer on the
folding rate/long-range-order plot. Finally, the
assumed equivalence between one freely rotating
bond in the nucleic acid backbone and one freely
rotating bond in the polypeptide backbone is like-
wise speculative. Given these concerns, the study of
more (and better structurally characterized)
aptamers is clearly necessary before we can confirm

80  PROTEINSCIENCE.ORG

this surprising, if perhaps theoretically expected
(see discussion), correlation.

Urea chevron plots also provide a means of
probing the extent to which hydrophobic surface is
buried in the folding transition state. Specifically,
the ratio of slope of the folding arm of the chevron
to the difference in the slopes of the folding and
unfolding arms is thought to reflect the fraction of
the total hydrophobic surface area buried upon fold-
ing that is buried in the folding transition state! (we
note that this may be an oversimplified interpreta-
tion of fg4.,; urea may also disrupt hydrogen bond-
ing: e.g., backbone hydrogen bonding in proteins and
base pairing in nucleic acids). The value so obtained,
Paen = md(mg — my), is 0.55 = 0.04. Although this falls
toward the low end of the range of values seen for
similarly small, single-domain proteins (Fig. 6), it
has previously been shown that, like folding rates,
Baen is correlated with topological complexity? and
thus, given the aptamer’s relatively sequence-local
structure, its relatively low f4, would appear to
represent yet another similarity with proteins.

Aptamers, like all nucleic acids, are more highly
charged than is typical for proteins, suggesting that
studies of the ionic strength dependence of the
aptamer’s folding may highlight differences between
the two. To characterize this we modulated the ionic
strength by varying the concentration of sodium
chloride, under the argument that sodium and chlo-
ride are monovalent (minimizing the possibility of
specific binding effects) and fall in the middle of
their respective Hofmeister series (minimizing cha-
otropic or kosmotropic effects). To access low ionic
strengths we performed these experiments in 10
mM tris at pH 8.1, conditions in which the buffer
contributes only ~5 mM to the overall ionic
strength. To measure both the folding and unfolding
of the aptamer we conducted these experiments in
4 M urea.

To employ salt to probe the role that electro-
statics play in folding we must first establish an
equation that describes the manner in which the
presence of salt alters the stability of the folding
transition state. For studies using the denaturants
urea or guanidine (e.g., Fig. 2), a linear free energy
relationship is usually used [i.e., the transition state
energy, and thus log(relaxation rate) is linear in
denaturant concentration: Eq. (2)]. Unfortunately,
however, the correct functionality for AG(I), the free
energy as a function of ionic strength and/or ion con-
centration, I, is not clear, with some authors (includ-
ing us?®) claiming Debye-Huckel-type square-root of
ionic strength dependence, others claiming that free
energy (or T,,) goes with the log of salt concentra-
tion (e.g., Refs. 24-26), and still others claiming
more complex behaviors.2” Moreover, given that the
Debye-Huckel square root dependence arises due to
the assumption that ions are point charges,?® and

Two-state Aptamer and Protein Folding
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Figure 7. Due to the high charge of the aptamer’s backbone it
would appear likely that electrostatics would play an important
role in its folding. To explore this we constructed a chevron plot
(analogous to the denaturant chevron presented in Fig. 2) varying
salt concentration. We fit this chevron under two assumptions:
that the free energy of the folding transition state is linear in log|[-
NaCl] or in square-root of ionic strength (see text for rationale).
The experiment was conducted in 4 M urea, conditions under
which both folding and unfolding can be accessed. Raw data for
this figure can be found in the supplementary material.

that the logarithmic dependence of free energy on
ionic strength is a consequence of the model in
which a line of charges interacts with a point
charge,?? it is possible that neither model accurately
captures electrostatics in a complex, highly charged
structure such as an aptamer.

In the absence of a single, compelling model for
AG(I), we present in this study, the kinetic parame-
ters for both: a Debye-Huckel-type square-root-ionic
strength dependence,

1n(k0bs)=ln |:e(1nkf+m?H\[I)+e(lnku+mEH\[I) (3)

and a logarithmic salt concentration dependence,

In (ks )=In [e (Inke+m log [NaCl]) +elln ko +ml% log [NaCl])]

4)

where k¢ and &, are the folding and unfolding rates
under standard conditions (here in either zero ionic
strength for Eq. (3) or in 1 M NaCl for Eq. (4), and,
by analogy to m¢ and m,, mPHand mPHand m” and
ml°¢ describe the effects of ionic strength or salt con-
centration on the folding rate or unfolding rate,
respectively. Measuring the folding and unfolding of
our aptamer over a range of salt concentrations we
find that both relationships fit observed kinetics
reasonably well [R? = 0.946 and 0.937 for Eq. (3) and
(4), respectively; Fig. 7], rendering it difficult to
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determine which model better describes the
aptamer’s behavior.

Using the linear in log-salt strength and linear
in square-root-ionic-strength models we can, by
analogy to the urea chevron analysis performed
above, define a NaCl-derived Tanford f indicative of
the degree to which native-like ionic interactions are
formed in the transition state. The resultant B}giol
(i.e., wusing the linear in log-salt model) is
0.71 +0.15, suggesting that the phosphate—sodium
electrostatic interactions in the folding transition
state are as well or better formed than are hydro-
phobic interactions (from above, f4., = 0.55 + 0.04).
The linear in square-root-ionic-strength value, BIS\?;&
is, however, just 0.27 =0.05, suggesting that the
electrostatic interactions in the transition state are
less well formed than the hydrophobic interactions.
Given that electrostatic interactions are likely longer
range than are hydrophobic interactions this inter-
pretation of the effects of salt would appear less
physically sound.

In contrast to Pgen, Which suggests that the
aptamer’s folding transition state is only modestly
consolidated, ¢-value analysis® suggests that many,
if not the large majority, of the aptamer’s nucleo-
bases are in well-structured, native-like environ-
ments in the transition state. ®-values are obtained
by comparing the folding kinetics and thermodynam-
ics of a substituted variant sequence to a reference
sequence (for a protein this is typically the wild type
sequence; in this study, we have used the parent
aptamer sequence). Specifically, ¢ is the ratio of the
extent to which the substitution (de)stabilizes the
folding transition state (AAGu.; that is, the differ-
ence between the substituted protein compared to
the wild type in the change in free energy between
the unfolded and transition state) to the extent to
which it (de)stabilizes the native state (AAGy; or, the
difference between the substituted protein and wild
type in folding free energy):

AAGu -+ _ Aln (kf)

AAG; Aln (kf)— Aln (ky) ®)

Although the interpretation of ¢ can be compli-
cated by issues such as residual structure in the
unfolded state (see, e.g., discussion in Ref. 30), the
most commonly held view is that ¢ reflects the
extent to which the mutated side chain participates
in native-like structure in the folding transition
state.

To perform ¢-value analysis on the aptamer we
have used abasic substitutions in which the nucleo-
base on one sugar has been ablated, leaving behind
its ribose-phosphate backbone. Specifically, we have
characterized the folding kinetics of eight abasic
mutants (Fig. 8 and Table I). Two of these, ab17 and
ab28, produce ¢ of 0.80*+0.07 and 0.76 =0.04,

PROTEIN SCIENCE ‘ VOL 23:56-66 61
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Figure 8. @ value analysis suggests that the folding transition state of the aptamer may be rather well structured. (A) To probe
this, we characterized eight abasic substitution variants. Unfortunately, however, only two of these eight, those at positions 17
and 28, produce changes in folding free energy that fall within the narrow window necessary to perform accurate ¢-value analy-
sis (see body of text). For both of these the observed ¢ value falls above 0.75. Although we cannot accurately estimate ¢ for
the remaining three variants, we can nevertheless state that the ¢-value for ab11 falls statistically significantly above 0.5. Data
points collected are only shown for ab17, ab28, and the parent aptamer to minimize cluttering; the remaining data are pre-
sented in the Sl (Supporting Information Fig. S1 and SI_phichev.xIsx). (B) Abasic sites mapped onto the proposed aptamer sec-
ondary structure. Those in gray failed to fold at all. For ab17 and ab28, ¢ are calculated directly from Eq. (4); for ab11, simple
rearrangement of the ¢ relationship allows us to demonstrate that, although the exact ¢-value cannot be determined with preci-
sion, it can be shown with good statistical significance to be greater than 0.5.

respectively. Unfortunately, however, because ¢ is the
ratio of differences between experimental observables,
this analytic approach tends to suffer from large
errors unless the mutation produces a fairly large
change in folding free energy.®! Given that the fold-
ing free energy of the parent aptamer is just —7.5
kdJ/mol, achieving an appropriately large denominator
whilst still allowing the aptamer to fold is problem-
atic. Problematic enough that three of the eight aba-
sic variants we have characterized, ab2, ab34, and
ab35, do not fold at all, precluding ¢—value analysis.
In contrast, the change in free energy associated
with the remaining three substitutions are all too low
to accurately constrain ¢. This said, however, inspec-
tion of Eq. (5) shows that, if —Aln(ky) > Aln(k,), ¢
must be >0.5. This relationship provides an alternate
means of characterizing the transition state that,
while less quantitative than formal ¢-value analysis,
has the advantage of not placing an often poorly con-
strained experimental value (AAGy is the difference
in differences between four experimental measure-
ments and thus often subject to significant error) in

the denominator. Using this approach we find that,
in addition to the mutants ab17 and ab28, for which
¢ >0.75, the ¢ value observed for the abasic variant
at position 11 is also above 0.5. (For positions 8 and
31 the values of Aln(k¢) and Aln(k,) are within error
and thus no such analysis is possible.)

It appears that, in terms of ¢-defined structure,
the folding transition state of our aptamer differs
significantly from those of single-domain proteins.
First, ¢-value analysis suggests that the aptamer’s
folding transition state is more structured than would
be predicted from the f4., analysis described above.
This contrasts strongly with the case for single-
domain proteins, for which fg., is invariably higher
than the mean observed ¢-value. The ¢-values of the
aptamer also differ from those of proteins in an abso-
lute sense; whereas both of the well-defined ¢ values
we have measured fall above 0.75, the mean ¢ value
observed for a data set of 424 characterized substitu-
tions in 15 single-domain proteins is just 0.28. Indeed,
only 6% of all reportedly statistically significant ¢ val-
ues (i.e., those for which the reported error bars do

Table I. Kinetic and Thermodynamic Parameters for the Parent Aptamer and Various Abasic Variants

In(ky) In(k,) AG, kdJ/mol D AAG,; kJ/mol AAG, kJ/mol Aln(ky) Aln(k,)
parent 6.11*+0.03 3.23*+0.08 7.06+0.12 - - - - —
ab8 5.95+0.03 3.35+0.08 6.38+0.12 0.58*0.25 0.40 +0.10 0.69 +0.26 -0.16 =0.04 0.12+0.11
abll 5.84+0.03 3.18+0.08 6.52*+0.12 1.20=*0.59 0.65+0.10 0.54 +0.26 -0.27+0.04 -0.05=*0.11
ab17 5.20+0.03 3.46=*+0.07 4.27+0.13 0.80=*0.07 2.22+0.11 2.79+0.28 —0.91+0.04 0.23+0.11
ab28 4.81+0.05 3.65+0.06 2.86*+0.16 0.76=+0.04 3.18+0.14 4.21+0.31 —1.30=0.06 0.42 +0.10
ab31 5.78+0.03 3.00*+0.08 6.83+0.12 3.33+3.61 0.79 +0.10 0.24 +0.26 -0.33+0.04 -0.23*0.11
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Figure 9. The aptamer’s folding transition state would
appear to contain significantly more ¢-value defined structure
than is typical for similarly simple, single-domain proteins.
For example, although the two sites in the aptamer with pre-
cisely measurable ¢-values both fall above 0.75, only 6% of
the ¢ in a set of 424 single-site ¢-values taken from the liter-
ature on 15 two-state proteins are similarly large (data set
from Ref. 51).

not overlap with zero) are greater than 0.75 (Fig. 9).
Likewise, although all three of the ¢ values we can
put constraints on are above 0.5, only 21% of the ¢
values reported for single-domain proteins are simi-
larly high (Fig. 9), and many of these are artifacts
(i.e., not statistically significant; see discussion in Ref.
32). Moreover, we are not aware of any single domain
protein for which more than 33% of the reported ¢-
values are above 0.5 (i.e., eight of 24 characterized
positions in alpha spectrin SH3237%%), much less any
proteins for which all reported ¢-values are this high.
Thus, as defined by ¢, the aptamer’s folding transition
state appears to be much more highly structured than
those of the equivalent single-domain proteins.

Discussion

The 38-base cocaine-binding aptamer of Stojanovic,
which is of similar complexity to a ~100 residue pro-
tein, folds via a process lacking readily observed,
well-populated intermediates. The simplicity of this
behavior allows for ready comparison with the appa-
rently two-state folding kinetics of a large set of sim-
ilarly simple, single-domain proteins. Making this
comparison we find that, perhaps surprisingly, the
aptamer’s folding rate is quite close to the rate that
would be predicted for a protein of similar topologi-
cal complexity. We likewise find that, although the
aptamer’s Tanford fg4., falls within the range of val-
ues observed for proteins, it falls at the lower end of
this range suggesting that, as is often true for topo-
logically simple proteins,? the hydrophobic interac-
tions in its folding transition state are relatively
poorly consolidated. Finally, the aptamer’s folding
differs from those of proteins in terms of its ¢-value-
defined transition state. That is, unlike the case for
proteins, where fg4.n, which is a global measure of
transition state consolidation, invariably predicts
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more structure than is seen by ¢-value analysis, for
the aptamer this is reversed. Indeed, ¢-value analy-
sis suggests that many, if not the large majority, of
the aptamer’s nucleobases are in far more native-
like environments in its folding transition state than
is typical for the side chains of single domain
proteins.

The late 1990s saw the development of a num-
ber of theories of protein folding kinetics, predomi-
nantly derived from simulations of the folding of
highly simplified “toy models,” including lattice poly-
mers and simple, off-lattice Go polymers. These
include the hypothesis of Wolynes, that to ensure
rapid folding it is sufficient that nature create a
“funnel-shaped,” monotonically decreasing “energy
landscape” (reviewed in Ref. 36); the hypothesis of
Karplus, that it is a necessary and sufficient condi-
tion to ensure rapid folding that the native state be
a pronounced minimum relative to all other compact
states and that folding rates are correlated with the
size of the gap (e.g., Ref. 37); and the hypothesis of
Thirumalai, that folding kinetics are related to the
extent to which equilibrium collapse and folding are
concomitant as the temperature or solvent quality
drops from destabilizing to permissive of folding
(e.g., Ref. 38).

Given that the above theories were derived from
observations of the folding of highly simplified toy
models no more (or less) protein-like than DNA-like,
we would believe that their predictive value, if any,
should also hold for the aptamer we have investi-
gated. This said, the data we have collected here
(and indeed, the vast body of data collected from
proteins) provide unfortunately few direct tests of
these theories (see discussion in Ref. 39). For exam-
ple, as is true with proteins, there is no experimen-
tal method by which we can map the folding energy
landscape of an aptamer, thus rendering it impossi-
ble to test the “funnel hypothesis” experimentally.>®
Likewise, in the absence of detailed knowledge of
the aptamer’s energy landscape we cannot estimate
the size of its “energy gap,” and thus cannot discern
whether or not it is larger (or smaller) than those of
biopolymers that fold faster (or slower). In contrast,
our single-molecule FRET studies (Fig. 3) suggest
that the aptamer’s collapse and folding are more-or-
less concomitant, as is predicted to be true for the
most rapidly folding polymers.® Previous studies
have shown, however, that collapse and folding are
concomitant for many, if not all two-state proteins
and thus that the extent to which these processes
overlap is not, as predicted,® correlated with folding
rates. %0

Although the above arguments suggest that it is
difficult to use our data (or, again, any experimental
data—again, see discussion in Ref. 39) to directly test
most current theories of folding kinetics, our data do
provide an important, if indirect, test of lattice-
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polymer-derived theories of folding kinetics. Specifi-
cally, based on the results of lattice polymer simula-
tions multiple authors have argued that the
properties necessary to support rapid folding (e.g., a
sufficient energy gap, a smooth landscape, suffi-
ciently concerted collapse and folding) are rare
among even “foldable” sequences (i.e., sequences
that adapt a unique and stable native conforma-
tion).**** This prediction, however, is difficult to
test using naturally occurring biopolymers, as these
maust fold in a biologically relevant timeframe to pro-
vide a selective advantage for their host. Our
aptamer, however, was produced via an in wvitro
selection scheme that places no significant pressure
on the sequence to fold rapidly (given the timescale
of the typical selection, even folding times measured
in hours would not produce a selective disadvantage
[M. Stojanovic, Pers. Comm.]). The rapid folding of
our aptamer thus speaks against an important, if
indirect, prediction of many of the dominant existing
theories of protein folding kinetics (for further dis-
cussion of this issue and its exploration using pro-
teins see Ref. 45).

In contrast to the above arguments, our results
may be consistent with the topomer search model of
two-state folding. This model argues that, because
the formation of local structural elements is rapid,
the folding of any sufficiently cooperative polymer
(i.e., polymers lacking well populated kinetic traps)
will be limited by the entropic cost of finding the
correct overall topology (the so-called “topomer
search” process®*®*7). Moreover, this theory says
nothing about the nature of the polymer itself; that
is, the theory argues that, irrespective of the chemi-
cal makeup of the polymer the entropy of the top-
omer search will dominate the folding barrier for
any sufficiently cooperative folding reaction. Given
this, the correlation between the observed and the
topology-predicted folding rates of this highly coop-
erative aptamer is perhaps gratifyingly close (Fig.
5), albeit with the obvious caveat that this specula-
tion is based on a single observation that uses an, at
best, low-resolution predicted structure and that
relies on several assumptions regarding how to map
measures of protein topological complexity onto an
oligonucleotide. Given this, we look forward to
watching how this story evolves as more data are
reported regarding the folding kinetics of two-state
nucleic acids.

Of course, the topomer search model is not with-
out potential significant limitations. The model, for
example, completely ignores the contribution of spe-
cific side chain interactions in the folding transition
state. This said, the model does predict the experi-
mentally observed folding rates of proteins with rea-
sonable accuracy, suggesting that the impact of this
omission is not significant. That is, although it is
clear from ¢-value analysis that side-chain interac-
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tions form in the folding transition state, that the
topomer search model ignores them and yet still
predicts relative rates with good accuracy suggests
that the ¢-value-defined structure in the transition
state plays only a minor role in explaining why
some proteins fold more rapidly than others (see
arguments in Gillespie and Plaxco®®). Consistent
with this, the ¢ values observed for two-state pro-
teins are, as noted above, generally quite low (Fig.
9), arguing, perhaps, that the structure they reflect
may not impact folding rates significantly (see dis-
cussion in Ref. 39). We note, too, that an alternative
metric of residue-level transition state structure, V-
value analysis,*® predicts that, for many proteins,
the folding transition state involves the formation
of a more native-like toplogy than may be implied
by ¢-value analysis.*® Conversely, however, the lim-
ited ¢-value analysis we have performed on our
aptamer suggests that specific, native-like interac-
tions are a common feature of its folding transition
state. This suggests that the relative contribution
of the topomer search process and the formation of
specific, native-like interactions are better balanced
in the folding of the aptamer than is the case for
two-state proteins, suggesting in turn that, despite
the correlation reported here (Fig. 5), the topomer
search model may prove a less complete model of
two-state DNA folding than it has of two-state pro-
tein folding.

The aptamer examined here exhibits similar-
ities to proteins in its folding behavior, including
highly concerted, two-state folding, a transition
state that is only modestly consolidated in terms
of hydrophobic burial and electrostatics, and, per-
haps, the predictability of folding rates based on
the topomer search model. That these similarities
occur, despite the seemingly significant chemical
differences between DNA and proteins, and despite
the fact that the aptamer was created artificially
and is not the product of natural selection sug-
gests that they speak to properties that are uni-
versal in the folding of all sufficiently cooperative
heteropolymers.

Materials and Methods

Materials

Urea (ultrapure) was purchased from Affymetrix
(Cleveland, OH). Tris base and sodium chloride were
purchased from Fisher (Fair Lawn, NJ). All buffers
were filtered before use. Fluorescent oligonucleotides
were purchased HPLC purified from IBA (Gottingen,
Germany) and used as received. For all save our
single molecule studies we used the fluorophore
5-Carboxyfluorescein (5-FAM) at the 5 terminus
and the quencher 4-((4-(dimethylamino)phenyl)azo)
benzoic acid (DABCYL) on the 3’ terminus of the
aptamer. For our single molecule studies we used a
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construct with an Alexa fluor 488 at its 5 terminus
and an Alexa fluor 594 on its 3’ terminus.

Equilibrium titrations

Fluorescence was monitored at 520 nm using a Cary
Eclipse fluorimeter (Varian). Instrument settings
were: 5 nm slit widths, 490 nm excitation. Aptamer
concentration was 100 nM. All experiments were
performed at 22°C. The buffer used for urea titra-
tions was 10 mM tris, 100 mM NaCl, pH 8.1. Salt
titrations were performed in conditions identical to
those for the urea titrations except that, instead of
holding the NaCl concentration constant at 100 mM
and varying the urea concentration, the urea was
kept at a constant 4 M and the salt concentration
was varied. All samples were equilibrated for 30 min
at room temperature before measurement.

Using the nonlinear curve fitting function in
Kaleidograph we fit our equilibrium unfolding data
to Eq. (1) to obtain thermodynamic parameters from
the urea equilibrium titration. We chose a four
parameter fit (fixed, non-sloped baselines) as the use
of a more complex model with fitted baseline slopes
returned estimates of these slopes well within error
of zero. Reported errors on parameters from the fit
are estimated standard errors.

Single molecule measurements

Single-molecule measurements were performed on a
custom built confocal microscope, described previ-
ously.®® In brief, this consists of a confocal fluores-
cence microscope, with excitation provided by a 488
nm continuous laser. Individual photons, collected
from molecules as they diffuse through the collection
volume, are split onto a donor and acceptor channel
for FRET measurements.

Kinetic measurements

Kinetic traces were captured using an Applied Pho-
tophysics SX.18MV stopped flow fluorimeter (Leath-
erhead, UK). The excitation wavelength was 490
nm, the path length was 10 mm, and a long pass fil-
ter of 495 nm was used. The volume ratio was 1:10.
Post-mixing aptamer concentration was 180 nM. For
folding experiments in urea, the unfolded aptamer
in 4-6 M urea (depending on the mutant) was
diluted into 10 mM tris, 100 mM NaCl, pH 8.1
buffer, with varying concentrations of urea. For
unfolding experiments in urea, the folded aptamer
sample before reaction was in 0 M urea.

We measured kinetics as a function of sodium
chloride concentration under the same conditions we
used for the urea kinetic experiments above (at a con-
stant urea concentration of 4 M urea). However, these
were slightly more complicated to capture; because of
the limit 1:10 mixing ratio and the 6 order of magni-
tude span of sodium chloride concentrations, several
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starting (premixing) sodium chloride concentrations
were necessary in the unfolding region of the plot.

We obtained the best fit values and estimated
errors for In(ky), In(k,), mg m,, and ¢ for kinetic
data obtained over varying urea [Figs. 4(b) and 8(a)]
using previously reported methods.?? We fit the
kinetic data obtained over varying salt to Eq. (3)
and (4) using Kaleidograph, with the reported errors
reflecting estimated standard errors.

Protein kinetic parameter data sets

The rate and long-range-order data set (Fig. 5) was
adapted from a previously described data set® and
used without modification. The tabulated Bg.n values
we used (Fig. 6) were taken from two previously
described data sets of two-state proteins*®!; all pro-
teins in the two data sets were included except mus-
cle acylphosphatase, the fg.n of which was excluded
as being erroneous (F. Chiti, Pers. Comm.). The ¢-
value data set (Fig. 9) we used comes from a set of
the 15 two-state proteins that have been the most
exhaustively characterized in terms of ¢-values and
was taken from the literature as presented.?!
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