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Topic

The main reading assignment to prepare for the exam is Chapters 17, 18 and 19 of the
book:

Fersht, A. (1998). Structure and mechanism in protein science: a guide to
enzyme catalysis and protein folding. WH Freeman.

You will be asked more specific questions/problems about:

• two-state folding kinetics (Chapter 18)

• chevron plots (Chapter 18, starting at p. 543)

• phi-value analysis (Chapter 18, starting at p. 559)

• m-values and βT -values (Chapter 18, starting at p. 543)

Other good phi-value references can be found in the text and citations on: https:

//en.wikipedia.org/wiki/Phi_value_analysis

A very good reference on measuring and analyzing protein folding kinetic data, and
chevron plots can be found here:

Zarrine-Afsar, A., and Davidson, A. R. (2004). The analysis of protein folding
kinetic data produced in protein engineering experiments. Methods, 34(1),
41–50. http://doi.org/10.1016/j.ymeth.2004.03.013

1



Questions

1. (5 pts) Why is folding “two-state”? Describe in words why proteins have (ef-
fectively) two favorable thermodynamic states, “unfolded” and “native”. Express this in
terms of the favorable free energy of folding ∆G = ∆H − T∆S, commenting on the role
of enthalpy (H) and entropy (S) in each state.

While there are many conformational (micro)states available to polypeptide chain, only
two (macro)states have appreciable population that can be detected experimentally at equi-
librium . One state is the native state, which is essentially a single conformational state
with very low conformational entropy, and the other is the unfolded state, which com-
prises a huge number non-native conformations and therefore has a large conformational
entropy. Near the temperatures at which a protein normally operates, the folding reaction
is favorable, with ∆G < 0, from thermodynamic driving forces ascribed to both the pro-
tein and the solvent. The enthalpy of folding is favorable (∆H < 0), due mainly to the
protein making backbone hydrogen bonds and favorable van der Waals interactions from
tight packing. While the conformational entropy change of folding is highly disfavorable
(∆Sconf < 0), the entropy change of the solvent is highly favorable (∆Ssolv > 0), due to the
hydrophobic effect–i.e. the burial of non-polar protein groups in the interior of a protein
liberates bound waters, increasing their entropy. The free energy reward for desolvation
is cooperative, in the sense that it is maximized only when all of the native structure of
the protein has been formed; this is the main reason for why folding intermediates are not
typically observed for two-state folders.

2. (5 pts) Relation between two-state rates and equilibrium. Consider the two-
state kinetic model for folding:

U
kf
�
ku

N

Here, U is the unfolded state, N is the native folded state, kf is the folding rate, and
ku is the unfolding rate.

a. Write down first-order rate equations for d[U]/dt and d[N]/dt, and use the steady-
state criterion d[U]/dt = 0 (or equivalently, d[N]/dt = 0 ) to show that the equilibrium
constant is given by K = kf/ku.

d

dt
[U] = −kf [U] + ku[N] =0 (1)

ku[N] =kf [U] (2)

[N]

[U]
=
kf
ku

= K (3)
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3. (10 pts) Observed kinetics in two-state folding. Consider the time-dependent
relaxation to the equilibrium state. Let the unfolded, concentration at equilibrium be [U0].

a. Show that the total concentration can be written as [total] = [U0](1 +K).
If the initial concentrations of the unfolded and native states are [U0] and [N0], respec-

tively, then according to the relation from 2a, the total concentration can be written:

[total] = [U0] + [N0] = [U0] + [U0]K = [U0](1 +K)

b. Next, substitute [N] = [total] - [U] into the first-order rate equation for d([U] -
[U0])/dt and show that the time-dependence of [U]-[U0] is given by an exponential decay
with the observed rate of kobs = kf + ku. Hint : Note that d([U] - [U0])/dt is the same as
d[U]/dt, because [U0] is a constant.

d

dt
([U] − [U0]) = −kf [U] + ku[N] (4)

= −kf [U] + ku
(
[total] − [U]

)
(5)

= −kf [U] + ku
(
[U0](1 +K) − [U]

)
(6)

= −kf [U] + ku
(
[U0](1 +

kf
ku

) − [U]
)

(7)

= −kf [U] + ku[U0] + kf [U0] − ku[U] (8)

d

dt
([U] − [U0]) = −(kf + ku)([U] − [U0]) (9)

(10)

The time-dependent solution to this equation is ([U]−[U0])(t) = ([U]−[U0])(0) exp(−kobst),
where the observed relaxation rate is kobs = kf + ku.

c. Name and describe at least two experimental methods for measuring protein folding
kinetics.

There are many possible answers to this question. In general, many proteins fold on
the millisecond (or faster) time scale, so it is essential that time-resolved experiments use
methods to induce fast mixing from denaturant to buffer solutions (or vice versa) on this
time scale. This can be achieved in so-called ‘stopped-flow‘ mixers, or in continuous-flow
mixers. An example of the latter is a microfluidic mixer, in which two solutions are mixed
in a turbulently mixing region; the time after mixing can be calibrated to the spatial
displacement after this region, assuming a fixed output flow velocity.

Any spectroscopic signal that changes between the folded and unfolded state can be used
to monitor the change in the folded population. Fluorescence or absorbance is a common
observable, with typical fluorophores coming from either aromatic resides or covalently
attached fluorescent dyes. A very common signal is the UV fluorescence of tryptophan
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(Trp), which absorbs around 280 nm, and is sensitive to solvent exposure. Site-directed
mutagenesis is often employed to engineer a single Trp residue into proteins for this sole
purpose. IR spectroscopy can be used to monitor folding through shifts in the amide bond
absorptions (namely C=O amide stretches) due to hydrogen bonding. This technique is
often coupled with fast refolding from a laser-induced temperature jump.

Hydrogen-deuterium exchange (HDX) is an NMR method that can measure folding/unfolding
rates using the observed rate of exchange between H and D on backbone amides, depends
both on the intrinsic exchange rates in the folded and unfolded states, and the rate at
which unfolded and folded states interconvert.

4. (10 pts) The chevron plot. One way to determine protein folding and unfolding
rates is to measure observed folding kinetics in varying concentrations of denaturant ([den]).
Common denaturants for proteins include guanidinium hydrochloride (GuHCl) or urea.
These results of these experiments are typically presented in a so-called chevron plot.

a. Draw a typical chevron plot of ln(kobs) vs [den]. On the plot, show what the mf

and mu values correspond to.
Your drawing should look something like the figure below. The mf and mu values are

the slopes of the left and right asymptotes, respectively.

plot in which the logarithm of the observed folding rate
(kobs) is plotted against the concentration of denaturant
at which the rate was measured (Fig. 1). To maximize
accuracy, folding rates are determined at as many dena-
turant concentrations as is practical (generally 10 ormore
points per arm of the chevron plot). At low concentra-
tions of denaturant (i.e., below 2M in Fig. 1), conditions
in which most of the protein molecules are folded,
(ln kobs) is dominated by the folding rate (kf ). In a similar
manner, (ln kobs) is determined primarily by the unfolding
rate (ku) at high concentrations of denaturant. The lowest
point on the chevron curve lies at the denaturant con-
centration at which 50% of molecules are folded (Cm).
Linear extrapolation of the folding and unfolding arms of
the chevron plot to 0M denaturant provides values for
the logarithms of the folding and unfolding rates in
aqueous solution without denaturant, kH2O

f and kH2O
u ,

respectively. In practice, chevron plots are usually fit to a
single equation with the following form:

lnðkobsÞ ¼ lnðkH2O
f Þ $ ðm f ½denaturant&Þ þ lnðkH2O

u Þ
þ ðm u½denaturant&Þ: ð1Þ

While, mathematically, this is the equivalent of fitting
kobs to the sum of two exponents (i.e., not taking the
logarithm of both sides of Eq. (1)), this approach differs
in terms of how it weights the observations. Fitting kobs,
rather than (ln kobs), heavily weights the most rapid
folding rates, which are often the most difficult rates to
measure experimentally. Fitting (ln kobs), more equitably
weights all of the data points. The m f and m u values
determined from fitting chevron plots express the linear
dependence of (ln kf ) and (ln ku), respectively, on the
concentration of denaturant. These parameters can be

related to the solvent accessibility of the folding transi-
tion state, as described below.

3.2. Evaluating errors in folding kinetics studies

The kH2O
f and kH2O

u values derived from chevron plots
are extrapolated from many individual rate determina-
tions performed at a variety of denaturant concentra-
tions, and the rate at each denaturant concentration is
averaged from several repetitions of the same injection
volumes into the stopped-flow cell (these repetitions can
be performed quite easily). For these reasons, the fold-
ing parameters derived from chevron plots are generally
highly reproducible. However, quantitation of errors in
the kinetic values of the large numbers of mutants
characterized in typical protein engineering projects is
difficult because of the impracticality of performing
multiple repetitions on each mutant. Thus, error esti-
mates of folding and unfolding rates based on averages
and standard deviations from repetitions of independent
experiments are seldom presented. In practice, the error
estimates shown in most studies are the fitting errors
generated from analysis of the chevron curve for each
mutant, and these are generally quite small (<5%). It is
reasonable to wonder whether the fitting errors truly
represent the accuracy of the kinetic parameters because
all of the folding or unfolding data for a given mutant
are collected in a single experiment with one set of so-
lutions. Experimental errors that might arise from day
to day variations in machine performance, pipetting
errors, or solution impurities are not evaluated. The
errors indicated in most publications may consequently
be somewhat underestimated. In our own experimental
work, we have performed 2–4 independent repetitions of
folding kinetics experiments on many mutants. An
analysis of repetitions on more than a dozen mutants
demonstrated that the error in the folding rate calcu-
lated from the standard deviation between experiments
was 9% on average as compared to an estimated average
error of 6% from the fitting errors. We concluded that
the chevron plot fitting errors provide a reasonable,
though slightly underestimated, evaluation of the real
errors associated with folding kinetics experiments.

Although the errors in folding kinetics experiments
may be low on average, values determined for some
individual mutants could deviate quite significantly from
reality. For this reason, it is important to cross-evaluate
parameters derived from kinetics experiments with those
from equilibrium experiments. In many studies, chemi-
cal denaturation experiments for each mutant are also
performed at equilibrium. These experiments allow di-
rect calculation of the change in the free energy of un-
folding of the mutant as compared to wild-type
(DDGf!u). The DDGf!u value for each mutant can also
be calculated from the folding kinetic data using the
following formula:

Fig. 1. A typical chevron plot. The lnðkobsÞ of each mutant is plotted
against the concentration of GuHCl at which the measurement was
made. These plots are generally fit to Eq. (1). Linear extrapolations of
the folding and unfolding arms of the plot are shown here to indicate
the rates without denaturant. The parameters used to generate this plot
are as follows:kf ¼ 150 s$1, m f ¼ 2; ku ¼ 0:04 s$1, and m u ¼ 1.

A. Zarrine-Afsar, A.R. Davidson / Methods 34 (2004) 41–50 43

Figure 1: A typical chevron plot. Graphic reproduced from Zarrine-Afsar, A., and David-
son, A. R. (2004).
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b. What is special about the concentration [den] at the minimum values of kobs?
The concentration [den] where kobs is at a minimum is the denaturant concentration

where exactly half of the population at equilibrium is folded, and half is unfolded, i.e. the
denaturation midpoint. At this point, kf = ku.

c. How can one use the chevron plot to calculate the folding and unfolding rates in the
absence of denaturant? Mark these values on the chevron plot.

Assuming linear dependence of the folding rate with denaturant concentration, one can
linearly extrapolate the folding and unfolding arms of the chevron plot to zero denaturant,
where the extrapolated values of kH2O

f and kH2O
u are where the interpolated lines cross the

y-axis.
d. How can one use the chevron plot to calculate the folding stability in the absence of

denaturant?
From the extrapolated values of kH2O

f and kH2O
u , the free energy of folding in the absence

of denaturant can be calculated as ∆GH2O = −RT ln(kH2O
f /kH2O

u ).

5. (ungraded) Chevron plot m-values. Consider mf and mu in the chevron plot,
which correspond to the denaturant dependence of the folding and unfolding rates sepa-
rately:

ln kf = ln kH2O
f −mf [den] (11)

ln ku = ln kH2O
u +mu[den] (12)

Use the definition of ∆G in terms of K to show that ∆G = ∆GH2O −m[den], where
m = mf +mu.

Unfortunately, there’s a typo in this question, so I left this problem ungraded.
The question should read: m = −RT (mf + mu). (This is shown in the Zarrine-Afsar

et al. paper, but not explained well in Fersht’s book. While mf and mu are proportion-
ality constants in units of M−1, the thermodynamic proportionality is in terms of molar
free energy per molar concentration of denaturant, kJ mol−1 M−1 ). The derivation is
straightforward substitution:

∆G = −RT ln
kf
ku

(13)

= −RT
(

ln kf + ln ku
)

(14)

= −RT
(

ln kH2O
f −mf [den] − ln kH2O

u −mu[den]
)

(15)

= −RT ln
kH2O
f

kH2O
u

+RT (mf +mu)[den] (16)

= ∆GH2O −m[den] (17)
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6. (10 pts) Structural information about transition states from m-values. In
our simple model of two-state folding kinetics, folding and unfolding rates obey Arrhenius
kinetics, where the folding rate is determined by an activation barrier G‡ − GU and the
unfolding rate is determined by an activation barrier G‡−GN , as shown in the free energy
diagram below:

∆G of folding

GU

GN

G‡

G‡ - GU
G‡ - GN

Figure 2: Folding free energy diagram

According to the Arrhenius rate law:

kf ∼ k0 exp(−(G‡ −GU )/RT ) (18)

ku ∼ k0 exp(−(G‡ −GN )/RT ) (19)

where GU , GN , and G‡ are the free energies of the unfolded state, folded state, and
transition state, respectively; and k0 is a pre-factor constant (related to intramolecular
diffusion).

a. Take the logarithm of the above equations, and compare with problem 5, to find the
denaturant-dependence of the folding barriers.

Taking the logarithm of kf , we get

ln kf = ln k0 − (G‡ −GU )/RT = ln kH2O
f −mf [den],

and solving for the folding barrier (G‡ −GU ), we obtain:

(G‡ −GU ) = −RT
(

ln
kH2O
f

k0

)
+mf [den],

This means that the activation barrier for folding increases as the concentration of denat-
urant increases.
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Using a similar procedure for (G‡ −GN ), we obtain:

(G‡ −GN ) = −RT
(

ln
kH2O
u

k0

)
−mu[den],

This means that the activation barrier for unfolding decreases as the concentration of
denaturant increases.

b. It is known that chemical denaturants have more significant denaturing effects (i.e.
a greater m value) for protein states that have greater average solvent exposure. Suppose
we perform a series of kinetics experiments and find that mf is four times as large as mu.
What does this say about the average solvent exposure of the transition state? Is it more
like the unfolded state (very solvent-exposed), or is it more like the folded state (compact,
with low solvent exposure)? Use the idea of the Tanford β values to explain.

If mf ≈ 4mu, that means that the transition state has a solvent exposure more like
that of the native state than the unfolded state. The Tanford βT value measures the extent
to which the solvent exposure of the transition state resembles that of the folded state:

βT =
mf

mf +mu

In this case, βT ≈ 4mu/(4mu + mu) = 4/5, so the transition state would be about 4/5 of
way to native state in terms of solvent exposure. Below is a picture illustrating this.

7. (15 pts) Structural information about transition states from phi-values. a.
Explain what a phi-value is, and how they can be measured using single-point mutation
and folding kinetics studies.

The Φ-value is a quantity measured for (usually) a single-point mutation at a specific
residue. It is defined as the ratio of the apparent free energy change ∆∆G‡ in the unfolded-
to-transition state barrier, to the change in the folding free energy ∆∆G:

Φ =
∆∆G‡
∆∆G

where ∆∆G‡ = −RT ln(kmut
f /kwt

f ) is inferred from the change in the folding rates from
wild type (wt) to mutant (mut).

b. What key assumption is made about the unfolded state when calculating phi-values?
Besides the larger assumption of two-state folding, a key assumption is that mutational

effects for the unfolded state are negligible, so that all changes in ∆∆G result from changes
in native-state stability. This can be seen above in Figure 4.

Another assumption is that native-like structure is acquired along a single reaction
pathway, in an all-or-nothing way. This assumption is discussed below.

c. How does a phi-value tell you information about the structure of a protein folding
transition state?

7



GU

GN

G‡

U-like 
solvent 

exposure

sensitivity to 
denaturant

G'U

G'‡

mf ⇡ 4mu
<latexit sha1_base64="3UyXVQ1VIRJQeHSU6qSTDnQWP6E=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovQVUlqQZcFNy4r2Ae0IUymk3boPMLMRC2xn+LGhSJu/RJ3/o3TNgttPXDhcM693HtPlDCqjed9O4WNza3tneJuaW//4PDILR93tEwVJm0smVS9CGnCqCBtQw0jvUQRxCNGutHkeu5374nSVIo7M01IwNFI0JhiZKwUumUexnCAkkTJR9iAPExDt+LVvAXgOvFzUgE5WqH7NRhKnHIiDGZI677vJSbIkDIUMzIrDVJNEoQnaET6lgrEiQ6yxekzeG6VIYylsiUMXKi/JzLEtZ7yyHZyZMZ61ZuL/3n91MRXQUZFkhoi8HJRnDJoJJznAIdUEWzY1BKEFbW3QjxGCmFj0yrZEPzVl9dJp17zL2r120alWc3jKIJTcAaqwAeXoAluQAu0AQYP4Bm8gjfnyXlx3p2PZWvByWdOwB84nz818pM8</latexit>

mu
<latexit sha1_base64="Bdw2MCj98FvGackrBPefHagAvrs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoOQU9iNgh4DXjxGNA9IljA7mU2GzMwu8xDCkk/w4kERr36RN//GSbIHTSxoKKq66e6KUs608f1vr7CxubW9U9wt7e0fHB6Vj0/aOrGK0BZJeKK6EdaUM0lbhhlOu6miWEScdqLJ7dzvPFGlWSIfzTSlocAjyWJGsHHSgxjYQbni1/wF0DoJclKBHM1B+as/TIgVVBrCsda9wE9NmGFlGOF0VupbTVNMJnhEe45KLKgOs8WpM3ThlCGKE+VKGrRQf09kWGg9FZHrFNiM9ao3F//zetbEN2HGZGoNlWS5KLYcmQTN/0ZDpigxfOoIJoq5WxEZY4WJcemUXAjB6svrpF2vBZe1+v1VpVHN4yjCGZxDFQK4hgbcQRNaQGAEz/AKbx73Xrx372PZWvDymVP4A+/zB1t6jcM=</latexit>

mf
<latexit sha1_base64="yQqIjZTrS26WQ0Qr4hIY2dmp0oo=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvQU9mtgh4LXjxWtB/QLiWbZtvQJLskWaEs/QlePCji1V/kzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObud+54lpw2P1aKcJCyQZKR5xSqyTHuQgGpQrXs1bAK8TPycVyNEclL/6w5imkilLBTGm53uJDTKiLaeCzUr91LCE0AkZsZ6jikhmgmxx6gxfOGWIo1i7UhYv1N8TGZHGTGXoOiWxY7PqzcX/vF5qo5sg4ypJLVN0uShKBbYxnv+Nh1wzasXUEUI1d7diOiaaUOvSKbkQ/NWX10m7XvMva/X7q0qjmsdRhDM4hyr4cA0NuIMmtIDCCJ7hFd6QQC/oHX0sWwsonzmFP0CfP0S+jbQ=</latexit>

mu
<latexit sha1_base64="Bdw2MCj98FvGackrBPefHagAvrs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoOQU9iNgh4DXjxGNA9IljA7mU2GzMwu8xDCkk/w4kERr36RN//GSbIHTSxoKKq66e6KUs608f1vr7CxubW9U9wt7e0fHB6Vj0/aOrGK0BZJeKK6EdaUM0lbhhlOu6miWEScdqLJ7dzvPFGlWSIfzTSlocAjyWJGsHHSgxjYQbni1/wF0DoJclKBHM1B+as/TIgVVBrCsda9wE9NmGFlGOF0VupbTVNMJnhEe45KLKgOs8WpM3ThlCGKE+VKGrRQf09kWGg9FZHrFNiM9ao3F//zetbEN2HGZGoNlWS5KLYcmQTN/0ZDpigxfOoIJoq5WxEZY4WJcemUXAjB6svrpF2vBZe1+v1VpVHN4yjCGZxDFQK4hgbcQRNaQGAEz/AKbx73Xrx372PZWvDymVP4A+/zB1t6jcM=</latexit>

N-like 
solvent 

exposure

�T =
mf

mf + mu
=

4

5
<latexit sha1_base64="uTbVUNpIt9BENccYC4wLN6iecCM=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0UoiCWpFd0IBTcuK/QFTQmT6aQdOpOEmYlQQr7Cjb/ixoUibsWdf+OkDaKtB+7lcM69zNzjRYxKZVlfRmFldW19o7hZ2tre2d0z9w86MowFJm0cslD0PCQJowFpK6oY6UWCIO4x0vUmN5nfvSdC0jBoqWlEBhyNAupTjJSWXPPM8YhCbgteQ8cXCCfc9dOswVPI3Tj90etpcpG6ZtmqWjPAZWLnpAxyNF3z0xmGOOYkUJghKfu2FalBgoSimJG05MSSRAhP0Ij0NQ0QJ3KQzM5K4YlWhtAPha5AwZn6eyNBXMop9/QkR2osF71M/M/rx8q/GiQ0iGJFAjx/yI8ZVCHMMoJDKghWbKoJwoLqv0I8RjoFpZMs6RDsxZOXSadWtc+rtbt6uVHJ4yiCI3AMKsAGl6ABbkETtAEGD+AJvIBX49F4Nt6M9/lowch3DsEfGB/fhu+eRQ==</latexit>

Figure 3: an illustration of the Tanford βT value.
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Figure 4: an illustration of the quantities used in computing Φ values.

The interpretation of a Φ-value comes thinking about the order in which native structure
is acquired along the folding reaction coordinate. The key question is whether native-
like structure is formed before, or after the transition state (TS). A mutation at a given
residue will disrupt the stability of native state through the interactions made in the native
conformation. If this structure forms only after the TS is reached, then we would expect
mutations to have negligible impact on the TS, making ∆∆G‡ = 0, resulting in a Φ-value
of 0. If, on the other hand, the residue participates in native-like structure formation before
the TS is reached, we would expect ∆∆G‡ = ∆∆G, resulting in a Φ-value of 1.

In a perfectly two-state folding mechanism, with sequential acquisition of native struc-
ture along a well-defined reaction coordinate, one would expect that alanine-scanning muta-
genesis studies (i.e. measuring folding kinetics for a series of single-point alanine mutants)
would reveal a set of residues with Φ-values of 1, representing the set of residues that
is folded in the TS. The remaining residues should have Φ-values of 0. In practice, this
is almost never is the case. Fractional Φ-values are instead measured, indicating partial
structuring, or suggesting the existence multiple pathways. Non-canonical Φ-values that
are less than zero, or greater then one are also often measured. One reason for this is no
doubt statistical uncertainty, because the measured values of the ∆∆G are often so close
to zero that the calculated ratio ∆∆G‡/∆∆G is highly uncertain. Another reason may be
unfolded-state effects, which is not accounted for in Fersht’s model.

d. A protein mutation F46A destabilizes the folded state and has a phi-value of 1.
Draw a possible scenario for wild-type and mutation chevron plots. (Draw and label these
on the same set of axes.)

A Φ-value of 1 means that the folding rate would be slowed, but the unfolding should
remain the same.

e. A protein mutation D55A is stabilizes the folded state and has a phi-value of 0.
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Figure 5: A protein mutation F46A destabilizes the folded state and has a Φ-value of 1.
Note: this assumes there are no changes in the m-values.

Draw a possible scenario for wild-type and mutation chevron plots. (Draw and label these
on the same set of axes.)

A Φ-value of 0 means that the folding rate will be unchanged, but the unfolding rate
should be slower (because the native state is stabilized).

GU

GN

G'N

wt

mut

[den]

ln kobs (s
-1)

folding unfolding

Figure 6: A protein mutation D55A stabilizes the folded state and has a Φ-value of 0.
Note: this assumes there are no changes in the m-values.
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