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The folding funnel concept' has provided a useful and effective
means of interpreting and understanding the process of protein
folding. A key aspect of this model is that foldable proteins favor
contacts that lock in the correct topology and thus commit a protein
to folding before the protein becomes so compact that the rate of
conformational rearrangement becomes slow or glassy. Such
minimally frustrated energy landscapes lead to efficient folding,
the rate of which increases as the stability of a protein increases.?
Due to the funneling of the energy landscapes of foldable proteins,
less is known about the rate of conformational rearrangements at
the bottom of a folding funnel.”® While it is clear that decreased
protein stability slows the overall rate of protein folding, experi-
mental measurements of the effect of decreased stability on the
glassy kinetics at the bottom of a funneled protein folding landscape
are lacking. Here, we use engineered proteins in conjunction with
novel conformationally gated electron transfer (ET) methods to
assess the response of the kinetics at the bottom of a folding funnel
to global stability.

In previous work, we have shown that a Lys73—His (K73H)
variant of iso-1-cytochrome ¢ (iso-1-cytc) stabilizes a compact,
partially unfolded form of the protein via His73—heme ligation that
is 0.38 & 0.01 kcal/mol less stable than the native state at pH 7.5.%
Thermodynamic data are consistent with the red surface loop in
Figure 1 being involved in partial unfolding of the protein.>* The
global stability of this variant is 4.32 4 0.12 kcal/mol.** For
decreased global stability, we use another variant of iso-1-cytc,
AcH73,> that also contains the K73H mutation (also contains the
mutations T(—5)S and K(—2)L, which lead to N-terminal acety-
lation, and H33N and H39Q, which remove solvent-exposed
histidines; see Supporting Information for details). We confirm here
that the global stability of this variant is half-that of the K73H
variant (Figure 2; AG°,(H,0) = 2.02 £ 0.15 kcal/mol, m = 2.68
+ 0.21 kcal/(mol x M)).° We attribute the loss in global stability
to the His26—Asn mutation in this variant, which likely disrupts
the bridging hydrogen bond between the green and gray surface
loops (Figure 1).° To evaluate partial unfolding of the AcH73
variant, guanidine hydrochloride (gdnHCI) denaturation is moni-
tored at 695 nm (loss of the Met80—heme ligation of the native
state”). At pH 7.5, very little Met80—heme ligation remains even
in 0 M gdnHCI. Only at pH 5 (distavors His73—heme ligation) is
substantial Met80—heme ligation seen at 0 M gdnHCI (Figure 2).
The native Met80—heme (N) to His73—heme partially unfolded
form (I) equilibrium of the AcH73 variant is measured by pH
titration observed at 695 nm (Figure 2, inset), yielding AGn; =
—0.3 &£ 0.2 kcal/mol. Thus, the global stability of the AcH73 variant
is 2-fold lower than that of the K73H variant, and the relative
stabilities of the N and I forms are similar, although for the AcH73
variant I is more stable than N at pH 7.5.

The pH dependence of the N to I equilibrium allows the kinetics
of interconversion between these states to be monitored by pH jump
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Figure 1. Iso-1-cytc showing the side chains of His73 (K73H mutation)
and Lys79 as stick models. The heme cofactor is shown in blue with the
heme ligands Met80 and His18 colored by atom type. The side chain of
His26 is shown hydrogen-bonded to the carbonyl of Glu44 and the amide
NH of Asn31. The substructures of cytochrome ¢ as defined by Englander
and co-workers* are shown from least to most stable in the colors gray,
red, yellow, green, and blue.
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Figure 2. Global (open blue circles, pH 7.5) and partial unfolding (open
red squares, pH 7.5, open red triangles, pH 5.0) of the AcH73 variant due
to gdnHCI at 25 °C monitored by circular dichroism and at 695 nm,
respectively. Solid curves are fits of the data to a two-state model. Inset:
pH-dependent partial unfolding of the AcH73 variant monitored at 695 nm.
Solid curve is a fit to a model®® involving partial unfolding to a His73—heme
form near pH 7.5 and a Lys79—heme form at higher pH.

stopped-flow mixing, yielding kobs = kni + kin. Near physiological
PH, kobs varies little with pH for the AcH73 variant and is about
3-fold the magnitude of ks for the K73H variant® (Figure 3). Due
to the complex pH dependence of the N to I kinetics,® ky; and ki,
needed to assess the relative height of the barrier between N and I,
in the stable K73H versus the unstable AcH73 variant, are difficult
to extract from ks near pH 7.

We take advantage of a novel gated ET method, which allows
trapping of the native conformer as it forms® to evaluate ky; and
kin for the AcH73 variant. The low reduction potential of I (~0
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Figure 3. Observed rate constant, Kops (s 1), as a function of pH at 25 °C
for the formation of the partially unfolded form of the AcH73 (filled
triangles) and K73H (open squares, data from ref 8) variants. Initial
conditions were pH 5, 0.1 M NaCl, and final conditions were 0.1 M NaCl
and 10 mM buffer at the indicated pH after stopped flow mixing. Inset
shows amplitude data for the AcH73 variant.The solid curve is a fit of the
data to a conformational transition triggered by one ionizable group. The
fit yields pKy = 6.7 & 0.1, consistent with ionization of His73.

Scheme 1. Gated ET Kinetic Mechanism
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mV vs NHE) relative to N (290 mV vs NHE) leads to selective
reaction of the inorganic reagent, hexaamineruthenium(II) chloride
(asRu?") with N (Scheme 1).° When kgr[agRu?t] > ki, kops for
reduction of the His73—heme conformer is equal to kv (gated ET),
and when ky; > kgr[asRu?t], kobs & ket x Kin (coupled ET). At
pH 7.5, the I to N ratio is about 2:1 for the AcH73 variant. Thus,
reaction with agRu”" yields a fast phase due to direct ET with N
and a slower phase due to ET starting from I (Supporting
Information). For each phase, kqps as a function of [a¢Ru>*"] is shown
in Figure 4. Clearly, the ET reaction of I proceeds from the coupled
to the gated ET regimes.'® Using kg = 56 £ 1 mM ™' s~ (Figure
4, inset), a fit of the ET data for I to the expression for ks in
Scheme 1 yields kxy = 28.1 £ 2.4 s land kpy = 13.1 £ 0.2 571,
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Figure 4. Observed pseudo-first-order rate constant, Kops (s™Y), for the
reaction of agRu®" with the His73—heme conformer of the AcH73 variant
as a function of [agRu**]. The solid curve is a fit of the data to the equation
in Scheme 1. Data were acquired at 25 °C in the presence of 10 mM sodium
phosphate pH 7.5, 0.1 M NaCl. Inset shows kgps (s~ 1) for the reaction of
agRu?" with the native conformer of the AcH73 variant as a function of
[asRu*"]. A straight line fit yields kgr = 56 £ 1 mM ' s~

AtpH 7.5, kg = 3.5+ 0.2 s " and ki = 7.0 & 0.4 s~ ! for the
more stable K73H variant. Thus, the kinetics of the interconversion
of N and I for the less stable AcH73 variant are faster in both
directions, consistent with the barriers at the bottom of a folding
funnel decreasing as a protein becomes less stable.

The global folding kinetics of cytc at high driving force in the
absence of misfolding are fast (z ~ 10 ms),"" compared to the
conversion of I to N at pH 7.5 for either the K73H or the AcH73
variant (t ~ 100 ms). Thus, the rate of formation of N from the
compact I state is slow as expected for glassy behavior. Multiex-
ponential kinetics is not observed, indicating that I and N dominate
the bottom of the energy landscape of these proteins.

For random sequence proteins, energy landscape theory predicts
a flattened landscape with sizable barriers between minima in the
energy landscape.'® Our data indicate that the funneled landscapes
of foldable proteins behave very differently when they flatten out.
In a funneled landscape, lower stability seems to relax barriers
between conformations. This observation is analogous to the
behavior of cold-adapted enzymes from psychrophilic organisms.
The dynamics in these less stable enzymes are enhanced, allowing
the catalytically active state to still be readily accessed at low
temperature.'> Thus, it appears that funneled landscapes have
evolved such that even unstable proteins are unlikely to become
trapped in alternate conformers en route to the native state.'?
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