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Refolding rate of stability-enhanced cytochrome ¢
is independent of thermodynamic driving force
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Abstract

NS52I iso-2 cytochrome c is a variant of yeast iso-2 cytochrome ¢ in which asparagine substitutes for isoleucine 52 in
an alpha helical segment composed of residues 49-56. The N52I substitution results in a significant increase in both
stability and cooperativity of equilibrium unfolding, and acts as a “global suppressor” of destabilizing mutations. The
equilibrium m-value for denaturant-induced unfolding of N52I iso-2 increases by 30%, a surprisingly large amount for
a single residue substitution. The folding/unfolding kinetics for N52I iso-2 have been measured by stopped-flow mixing
and by manual mixing, and are compared to the kinetics of folding/unfolding of wild-type protein, iso-2 cytochrome c.
The results show that the observable folding rate and the guanidine hydrochloride dependence of the folding rate are the
same for iso-2 and N52I iso-2, despite the greater thermodynamic stability of N52I iso-2. Thus, there is no linear
free-energy relationship between mutation-induced changes in stability and observable refolding rates. However, for
NS52I iso-2 the unfolding rate is slower and the guanidine hydrochloride dependence of the unfolding rate is smaller than
for iso-2. The differences in the denaturant dependence of the unfolding rates suggest that the N52I substitution
decreases the change in the solvent accessible hydrophobic surface between the native state and the transition state. Two
aspects of the results are inconsistent with a two-state folding/unfolding mechanism and imply the presence of folding
intermediates: (1) observable refolding rate constants calculated from the two-state mechanism by combining equilib-
rium data and unfolding rate measurements deviate from the observed refolding rate constants; (2) kinetically unresolved
signal changes (“burst phase”) are observed for both N52I iso-2 and iso-2 refolding. The “burst phase” amplitude is
larger for N52I iso-2 than for iso-2, suggesting that the intermediates formed during the “burst phase” are stabilized by

the N52I substitution.
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The stability enhancing properties of the asparagine to isoleucine
(NS52I) substitution at position 52 in cytochrome ¢ are well known
from extensive thermodynamic and X-ray crystallographic studies
of N52I iso-1 cytochrome ¢ (Das et al., 1989; Hickey et al., 1991;
Berghuis et al., 1994; Komar-Panicucci et al., 1994) and N52I
iso-2 cytochrome ¢ (Fig. 1) (McGee et al., 1996). For example,
scanning calorimetry measurements of thermal unfolding of N52I
iso-2 show that the N521I substitution increases the stability of both
the oxidized and reduced forms by 2-3 kcal/mol (McGee et al.,
1996). The N52I substitution is also known to act as a “global
suppressor” mutation (Shortle & Lin, 1985) by reverting other
nonfunctional (second site) mutations to yield functional cyto-
chrome ¢ (Berroteran & Hampsey, 1991). The X-ray crystallo-
graphic structures of N52I iso-1 (Berghuis et al., 1994) and N52I
is0-2 (McGee et al., 1996) show a substantial rearrangement in the
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hydrogen bonding of residues near the heme that results in the loss
of a conserved water molecule, denoted Wat106 in iso-2 (Murphy
et al., 1992) (Fig. 2A,B). The N52I substitution, while compatible
with function, alters the electrochemical properties of the protein
by reducing E,,, the midpoint potential (Gao et al., 1992; Berghuis
et al.,, 1994; McGee et al.,, 1996). For example at 25°C, E,, =
288 mV for iso-2 and E,, = 243 mV for N52I iso-2 (McGee et al.,
1996).

Energetic relationships between folding intermediates, transition
states, and the native state may provide insight into the structural
determinants of protein folding pathways. One test for structural
and energetic similarity between the folding transition state and the
native conformation is the relationship between equilibrium free
energies and activation free energies of folding (Matouschek &
Fersht, 1993; Matthews & Fersht, 1995). Tests for a relationship
between stability and folding rates for cytochromes ¢ have com-
pared the kinetics of folding of yeast iso cytochromes ¢ (Nall &
Landers, 1981; Mines et al., 1996) to the folding kinetics of the
more stable horse cytochrome ¢ (Ikai et al., 1973; Tsong, 1976).
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Fig. 1. Ribbon diagram of yeast iso-2 cytochrome c¢. The heme (red) is
linked through thioether bonds to Cys14 and Cys17 (yellow) to the poly-
peptide. The side-chain heme ligands, His18 and Met80 (cyan), form co-
ordinate bonds to the heme. Asn52 (green) is the position of the substitution
to Ile. TrpS9 (blue) is the fluorescence probe used to monitor folding.
Coordinates are from the X-ray structure of iso-2 (Murphy et al., 1992;
Murphy, 1993).

Horse and yeast cytochromes ¢ have large differences in the stan-
dard free energy of unfolding: AG{, = 4.2—4.9 kcal mol ! for iso-2
(Veeraraghavan et al., 1995; McGee et al., 1996); AG{, = 7.3 kcal
mol ! for horse cytochrome ¢ (Knapp & Pace, 1974). Despite the
large stability difference, the horse and yeast homologues share
essentially the same backbone fold (Louie & Brayer, 1990; Mur-
phy et al., 1992). A relationship between thermodynamic stability
and folding rates, if present, should be readily detected by com-
paring these distantly related members of the mitochondrial cyto-
chrome ¢ family. There are two ways of testing the linear free
energy hypothesis: refolding rates for cytochrome ¢ homologues
can be compared (1) at the same thermodynamic stability by ad-
justing the final denaturant concentration, or (2) at different thermo-
dynamic stabilities under the same refolding conditions, for example,
same denaturant concentration, temperature, pH. The observation
that folding rates for horse and yeast iso-2 cytochromes c are
similar when compared at the same thermodynamic stability (Nall
& Landers, 1981) is in accord with the linear free-energy hypoth-
esis. Refolding compared at different thermodynamic stabilities is
also in accord with a linear relationship between equilibrium free
energies and activation free energies for folding: folding of the
more stable horse cytochrome c is substantially faster than folding
of less stable yeast iso-1 (Mines et al., 1996). Results reported here
for the kinetics of folding of N52I iso-2 provide an exception to the
linear free energy “rule”: stability is increased, but the refolding
rate is unchanged.

Quantitative predictions of refolding rates from a two-state analy-
sis combining equilibrium unfolding data and kinetic unfolding
rate measurements provide an important test for the presence of
folding intermediates (Matouschek et al., 1990). Equilibrium un-
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Fig. 2. Diagram of active site region of (A) iso-2 and (B) N52I iso-2
showing the structural differences between iso-2 and the stability-enhanced
variant, N52I iso-2. The N52I substitution leads to a change in hydrogen
bonding and loss of conserved Wat106. The hydrogen bond between the
Tyr67 O-H and a sulfur lone pair of Met80 is broken. Other changes
include hydrogen bonds involving Thr78 and the heme propionates. Co-
ordinates are from the X-ray structures of iso-2 (Murphy et al., 1992;
Murphy, 1993) and N52I iso-2 (McGee et al., 1996).

folding experiments are carried out to determine the denaturant
dependence of the unfolding equilibrium constant, K,,. Similarly,
unfolding kinetic experiments measure the denaturant dependence
of the unfolding rate constant, k,. The unfolding rate measure-
ments are carried out above the transition midpoint where the
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formation of intermediates is unlikely and a two state kinetic analy-
sis is feasible. By combining the equilibrium and kinetic measure-
ments, the dependence of the refolding rate, k;, on denaturant
concentration is calculated from the two-state model: kr = k./X,,.
Evidence of intermediates is obtained when the calculated values
of ks exceed those measured directly in refolding kinetic experi-
ments. An important consequence of this approach is that an esti-
mate of the stability of intermediates is also obtained. Application
of this test to N52I iso-2 and iso-2 shows that there are significant
deviations from the two-state model for N52I iso-2 folding, indi-
cating that the N52I substitution stabilizes folding intermediates.

Other evidence for cytochrome ¢ folding intermediates is the
presence of a kinetically unresolved “burst phase” (Elove et al.,
1992), which is defined as the fraction (or percent) of the equilib-
rium signal change that occurs at a rate too fast (<2-4 ms) to be
detected by stopped-flow refolding. For horse cytochrome ¢ the
“burst phase” involves the rapid formation of a compact state early
in folding (Colon et al., 1996), which may be a nonspecific re-
sponse of the unfolded protein to low denaturant concentration
(Sosnick et al., 1997). A “burst phase” has also been reported for
the kinetics of folding of iso-2 (Nall, 1983). Typically, the “burst
phase” amplitude is strongly dependent on denaturant concentra-
tion present in the final folding conditions. For refolding at 0.25 M
Gdn-HCI, 20 °C, over half of the signal change occurs in the “burst
phase” for N52I iso-2 compared to about 15% for iso-2, indicating
that the N52I substitution enhances the population of “burst phase”
intermediates.

Results

Equilibrium unfolding

Figure 3 shows the Gdn - HCl-induced equilibrium unfolding curves
of is0-2 and NS52I iso-2 monitored by fluorescence emission at
350 nm. A shift in C,,, the transition midpoint, to higher Gdn-HCI
is evident for N52I iso-2 (filled squares). Thermodynamic param-
eters are obtained by analyzing the data using the linear extrapo-
lation model according to Santoro and Bolen (Santoro & Bolen,
1988). As summarized in Table 1, the N52I substitution changes all
three of the parameters describing the unfolding transition: C,, is
increased by 0.7 M Gdn-HCl; AGY, by 3.9 kcal mol !; and the
m-value by almost 30%.

Folding/unfolding kinetics

Figure 4 compares kinetic traces for fast phase (7,) refolding of
iso-2 (Fig. 4A) and N52I iso-2 (Fig. 4B) at the same final Gdn -HCI
concentration. The refolding conditions strongly favor formation
of native structure for both proteins, although the thermodynamic
driving force (—AGy,) is substantially greater for N52I iso-2. For
example, the equilibrium parameters in Table 1 can be used to
calculate the equilibrium folding free energy at the final refolding
conditions for both proteins: —AG,(0.6 M) = —2.8 = 0.3 kcal
mol ! for iso-2; —AG (0.6 M) = —6.2 + 0.5 kcal mol ! for N521
iso-2. Figure 4 shows that the apparent rate for fast phase ()
refolding (k,,; = 1/15) is the same, despite the differences in the
equilibrium unfolding free energy. This result is in direct conflict
with expectations of a linear free energy “rule” for refolding, which
requires the activation free energy for folding to be proportional to
the equilibrium unfolding free energy.

1073

£

c 08
o

lo -
o

[b] o
bs] 0.6
C L
[ 4
8 1
© 044
k=

o L
2 L
LL L
o 0.2+
2 1
- L
&

rfrorjrrrjgreyryrreprrryrrer ey

é) 0 1 2 3 4 5 6

GdnHCI (M)

Fig. 3. Guanidine hydrochloride induced equilibrium unfolding of iso-2
(circles) and NS52I iso-2 (squares) at 20°C, 0.1 M sodium phosphate,
pH 6.0. Fluorescence at 350 nm (excitation 285 nm) relative to the fluo-
rescence of an equal molar concentration of N-acetyltryptophanamide is
measured as a function of guanidine hydrochloride concentration. The pro-
tein concentrations were 4 uM. The curves were analyzed using the method
described by Santoro and Bolen (1988) with the program ENZFITTER
(Leatherbarrow, 1987). The best fits to the nonlinear least-squares analy-
sis are shown by the lines through the data. The parameters are listed in
Table 1.

Figure 5 compares kinetic traces for fast phase (7,) unfolding of
iso-2 (Fig. 5A) and N52I iso-2 (Fig. 5B) at the same final Gdn-HC]
concentration. Unfolding is complete for both proteins in the final
unfolding conditions, although for N52I iso-2 the final unfolding
equilibrium is very close to the upper edge of the unfolding transi-
tion zone (Fig. 3). The equilibrium parameters in Table 1 can be used
to calculate the thermodynamic driving forces favoring unfolding
for the two proteins. The calculation gives equilibrium unfolding
free energies in the final unfolding conditions of AG;(2.8 M) =
—3.8 + 0.3 kcal mol ™! for iso-2; and AGy(28 M) = —24 + 0.2
keal mol ™! for N521 iso-2. As shown in Figure 5, the apparent rate
for fast phase () unfolding is much slower for unfolding of N52I
iso-2 than for iso-2. Thus, the free energy difference caused by the
N52I substitution shows up largely in the slower unfolding rate,
and not at all in refolding.

The Gdn-HCI dependence of the amplitudes and rates for
fluorescence-detected refolding and unfolding is given in Figures 6
(iso-2) and 7 (NS52I iso-2). Similar data for the absorbance-
detected folding/unfolding kinetics are presented in Figure S1
(supplementary materials) for iso-2 and Figure S2 (supplementary
materials) for N52I iso-2. The data presented in Figures 6 and 7,
and S1 and S2 (supplementary materials) show that the fast phase
(72) refolding for iso-2 and N52I iso-2 is essentially the same for
both proteins whether probed by absorbance or fluorescence. For
unfolding kinetic experiments the results are also essentially the
same whether folding is monitored by absorbance or fluorescence.
However, throughout the entire unfolding branch of the 7, kinetic
phase, unfolding of N52I iso-2 is much slower than unfolding of
iso-2. The iso-2 Kinetic data presented in Figures 6 and S1 (sup-
plementary material) are in good agreement with previous results
(Nall & Landers, 1981; Nall, 1983; Osterhout & Nall, 1985; Nall
et al., 1988). The rate of slow phase () fluorescence-detected
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Table 1. Equilibrium unfolding for iso-2 and N521 iso-2?

AGY m Cn
Protein (kcal mol™!) K (kcal mol™' M™1) (M)
Iso-2 4.6 0.3 36 +01)x 107 3.0£02 15+£02
N521 iso-2 85+ 05 GO £01)x 1077 39+ 02 +02

#The fluorescence equilibrium unfolding parameters for iso-2 and N521 iso-2, at 20 °C, 0.1 M sodium phosphate, pH 6.0,
and protein concentrations of 4.1 uM. The values for AGy;, C,,, and m were obtained using the linear extrapolation model
as described by Santoro and Bolen (1988). K7 is the equilibrium constant in 0.1 M Na phosphate, pH 6, 20 °C determined
from the value for AGY, as follows: Kjj = exp(—AG{/RT). Errors are estimated from the statistics of nonlinear least-squares
fits of the data (see Fig. 3) using the program ENZFITTER (Leatherbarrow, 1987).

folding is the same for iso-2 and N52I iso-2 (compare Figs. 6B and
7B). Moreover, the rate of slow phase (7;,) absorbance-detected
folding is the same for iso-2 and N52I iso-2 (compare Figs. S1B
and S2B; supplementary materials). However, as has been previ-
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Fig. 4. Kinetic traces showing the similarity in rates for fluorescence-
detected fast phase (7,) refolding for (A) iso-2 and (B) N52I iso-2. The
initial conditions are: 200 uM iso-2 or 275 uM NS52I iso-2 unfolded in
4.5 M Gdn-HCl, 0.1 M sodium phosphate, pH 6, 20 °C. The final refolding
conditions are: 10 uM iso-2 or 9.2 uM N52I iso0-2, 0.6 M Gdn-HC], 0.1 M
sodium phosphate, pH 6.0, 20 °C. The data points are fit to a function of the
form: S(2) = Ayexp(—+/72) where A, and 7, are the amplitude and time
constant for the fast folding phase. The fit to S(¢) gives the following
parameters: (A) Ay = 1.94 V, 7, = 279 ms for iso-2; and (B) A, = 1.84 V,
75 = 287 ms for N521 iso-2. The narrow panels at the top of each trace give
residuals of the fits.

ously reported (Nall, 1983), slow folding monitored by fluores-
cence (7,,) is somewhat faster than slow folding monitored by
absorbance (7;,). Thus, the small difference in the rates for
absorbance-detected and fluorescence-detected slow folding is re-
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Fig. 5. Kinetic traces showing that fluorescence-detected fast phase (72)
unfolding is faster for (A) iso-2 than for (B) N52I iso-2. The initial con-
ditions are: 200 uM iso-2 or 166 M N52I iso-2 in 0.4 M Gdn-HCI, 0.1 M
sodium phosphate, pH 6, 20 °C. The final unfolding conditions are: 10 uM
iso-2 or 11 M N52I iso-2, 2.8 M Gdn-HCl, 0.1 M sodium phosphate,
pH 6, 20°C. The data points are fit to a function of the form: S(z) =
Asexp(—1/T;) where A, and 7, are the amplitude and time constant for
the fast unfolding phase. The fit to S(¢) gives the following parameters:
(A) A, = —0.95V, 7, = 48 ms, for iso-2; and (B) A, = —1.32 V, 7, =
3,215 ms for N52I iso-2. The narrow panels at the top of each trace give
residuals of the fits.
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Fig. 6. The guanidine hydrochloride dependence of (A) relative amplitude
(a) for the fast phase, and (B) of log(1/7), for the fast (7;) and slow (7)
phases in fluorescence-detected folding and unfolding for iso-2 cyto-
chrome c. The filled symbols are for refolding measurements, while the
open symbols are for unfolding experiments. The slow phase (r|) was
measured by both manual mixing and stopped-flow mixing. For refolding
the initial conditions were 20°C, in 0.1 M sodium phosphate, pH 6.0 and
4.5 M Gdn-HCI. For unfolding the initial conditions were 20°C, in 0.1 M
sodium phosphate, pH 6.0 and 0.4 M Gdn-HCI. Initial protein concentra-
tions were 200 uM for both refolding and unfolding experiments. Final
conditions were 0.1 M sodium phosphate, 20 °C, at the indicated Gdn-HCI
concentration. The solid line through the fast phase (r;) data shows the
theoretical fit to a two-state kinetic model, while the dashed line shows the
fit to a two-state kinetic model for the N521I iso-2 data (Fig. 7) for compar-
ison. The theoretical curves were obtained by fitting the data to the fol-
lowing equation: log ks = log(kr + ky); where log ky = log ki, + [mf//
(2.303RT)][Gdn-HCl], and log kr = log k& — [m}/(2.303RT)][Gdn-HCI].
The parameters are: k,»; = (1/7) is the apparent rate constant; kr and k, are
the microscopic rate constants for folding and unfolding, respectively; k¢
and k{; are the folding and unfolding rate constants at zero molar Gdn-HCl;
mi and m}, are the guanidine hydrochloride dependence of the activation
free energy for folding and unfolding, respectively. Lines through the slow
phase (1) data and the relative amplitudes have no theoretical significance.

tained in the presence of the N52I substitution. Slow phase rates
measured by stop-flow mixing and hand mixing experiments were
in excellent agreement indicating the absence of stopped-flow ar-
tifacts arising from wide spectral band widths or baseline stability.

Two-state analysis of kinetic data

The fit of the kinetic data to a two-state mechanism was assessed
using standard methods (Matouschek et al., 1990; Schindler et al.,
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Fig. 7. The guanidine hydrochloride dependence of (A) the relative am-
plitude (a) for the fast phase, and (B) log(1/7) for the fast (7;) and slow
(71) phases in fluorescence-detected folding and unfolding for N52I iso-2
cytochrome c. The filled symbols are for refolding measurements, while
the open symbols are for unfolding experiments. For refolding the initial
conditions were 20°C, in 0.1 M sodium phosphate, pH 6.0 and 4.5 M
Gdn-HCI. For unfolding the initial conditions were 20 °C, in 0.1 M sodium
phosphate, pH 6.0 and 0.4 M Gdn-HCIL. Initial protein concentrations were
275 uM (refolding) and 166 uM (unfolding). Mixing ratios of 1:29 and
1:14 gave final protein concentrations for stopped-flow mixing of 9 uM
(refolding) and 10 uM (unfolding). The initial protein concentrations for
hand-mixing experiments were 800 uM. A mixing ratio of 1:199 gave a
final protein concentration of 4 uM. Final conditions were 0.1 M sodium
phosphate, pH 6, 20°C, and the indicated Gdn-HCI concentration. The
dashed line through the fast phase (7,) data shows the theoretical fit to
a two-state kinetic model, while the solid line shows the fit to a two-
state kinetic model for the iso-2 data (Fig. 6) for comparison. The theo-
retical curves were obtained as described in Figure 6. The lines through the
slow phase () data and the relative amplitudes (a) have no theoretical
significance.

1995). The results of these calculations can be seen in Figure 8A
and B and Table 2. The observed fast phase (r,) unfolding rates
were fit to a straight line according to the equation:

log ky = log k) + [m};/(2.303RT)][Gdn-HCl] (N

were ky, is obtained from the experimental data (k,,, = 1/75 =~ k).
k{ is the (extrapolated) value of the unfolding rate constant in
the absence of Gdn-HCI, and m}; is the denaturant dependence
of the activation free energy for unfolding (m} = d(AGH)/
d[Gdn-HCI)).
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Fig. 8. Comparison of observed rates to calculated (two-state) rates for (A)
iso-2 and (B) N52I iso-2. Predicted values of log(1/7) are calculated from
a two-state analysis that combines equilibrium unfolding data (Fig. 3;
Table 1) and unfolding kinetic data (Figs. 6, 7; Table 2) using methods
described by Matouschek and co-workers (Matouschek et al., 1990). The
solid line is the predicted (two-state) dependence of log(1/7) on the con-
centration of Gdn-HCI. The value of 1/7 = k,, is obtained from the sum
of the observed unfolding rate constant (ky) and a calculated value for the
folding rate constant (kr) obtained from the equation: log kr = log(ky/
K3) — [(m — m})/(2.303RT)][Gdn-HCI]. K = exp(—AGH/RT) is the
unfolding equilibrium constant at 0.0 M Gdn-HCl.

The refolding rates (kr) can be described by the similar equation:
log ki = log k¢ + [m}/(2.303RT)][Gdn-HCI] %))

where ky is the refolding rate constant, ky is the (extrapolated)
refolding rate constant in the absence of denaturant, and mj is the
denaturant dependence of the activation free energy for refolding
(m; = ~d(AG})/d[Gdn-HCI)). The parameters describing the de-
naturant dependence of the refolding rate can be obtained directly
by fitting the data to Equation 2. Alternatively, assuming that a
two-state model gives an accurate description of both the equilib-
rium and kinetic properties of unfolding, kr can be calculated from
the observed least-squares fits of the unfolding rate data to Equa-
tion 1 and equilibrium unfolding data to the linear extrapolation
model. This leads to the following relationship for calculating the
refolding rate constant (Matouschek et al., 1990):

log kp = log(k$ /K3 + [(m}, — m)/(2.303RT)][Gdn-HCI]  (3)

WA. McGee and B.T. Nall

were Ki, = exp(—AGy/RT) and m = —dAGy/d[Gdn-HCI] are
from the two-state analysis of the equilibrium unfolding experi-
ments (Fig. 3; Table 1); and k§; and m}, are obtained from least-
squares fits of the unfolding rate data to Equation 1. The solid lines
in Figure 8, log(1/7) = log(kr + ky), are obtained by calculating
log(1/7) from the observed ky (Equation 1) and the calculated k5
(Equation 3) as a test of whether folding is in accord with the
predictions of a two-state kinetic mechanism. The kinetic param-
eters obtained from this analysis are summarized in Table 2. Fig-
ure 8 and Table 2 show that neither protein adheres strictly to the
two-state model. For iso-2 the main discrepancy is in the observed
and calculated values of m}, but for N52I iso-2 there are large
differences between the observed and calculated values of both
mj. and k.

Kinetic amplitudes for iso-2 and N521I iso-2

The relative amplitude for fast phase (7,) folding is calculated as
the fraction of the total kinetically detected folding associated with
phase 75: a; = A3/(A, + A)), where A; is the signal change asso-
ciated with kinetic phase ;. For fluorescence-detected folding/
unfolding, the dependence of the relative amplitude (a;) on
denaturant given in Figures 6A and 7A shows the same basic
pattern, although the curve shifts to slightly higher Gdn-HCl con-
centration for N52I iso-2. For absorbance-detected folding/unfolding
the relative amplitude (a,) shows a different, more complex de-
pendence on denaturant. The dependence of the amplitude on
Gdn-HCI for iso-2 (Fig. S1A; supplementary materials) appears to
shift to higher denaturant concentration for N52I iso-2 (Fig. S2A;
supplementary materials), but for absorbance-detected folding there
may also be differences in the functional dependence of the rela-
tive amplitudes on Gdn-HCl.

Kinetic amplitudes can also be measured relative to the total
equilibrium signal change. Amplitudes measured in this way are
referred to as absolute amplitudes. Absolute amplitudes are useful
because they provide a test of whether all the phases in folding (or
unfolding) are kinetically resolved within the stopped-flow time
range (~2 ms—600 s). Very slow phases (r > 600 s) are easy to
detect because very slow kinetic phases can be measured in man-
ual mixing experiments using spectrophotometers or fluorimeters
with much better time-dependent baseline stability than stopped-
flow instruments. The presence of very slow kinetic phases can
also be detected as hysteresis in equilibrium unfolding experiments
when insufficient time is allotted to reach equilibrium. On the
other hand, very fast kinetic phases (r < 2 ms) can be missed
entirely by stopped-flow mixing experiments. The rates of kinetic
phases that occur in times shorter than the mixing time (~2 ms)
cannot be measured by stopped-flow mixing, but the amplitudes of
these very fast “burst phases” can be estimated from the absolute
amplitudes of the kinetically observed phases. The procedure is to
sum the absolute amplitudes of all kinetically resolved phases and
to assign any remaining signal changes to the “burst phase.” Ab-
solute amplitudes are also useful in estimating the fractional con-
centrations of species present in folding experiments.

The absolute amplitudes for fluorescence-detected folding of
iso-2 and N52I iso-2 are given in Figure 9 for the kinetically
unresolved “burst phase” and for the resolved fast (72) and slow
() phases. The absolute amplitudes were determined by refer-
encing fluorescence changes from equilibrium unfolding and from
the slow kinetic phase (7,) in folding to a fluorescence standard,
N-acetyltryptophanamide (NATA). In Figure 10A and B the sum
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Table 2. Kinetic parameters for iso-2 and N52I iso-2?
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kg my® o Ko = GD/KDY' miE, = (i~ )’

Protein s™hH (kcal mol™!' M™1) s (kcal mol ' M™1) s7hH (kcal mol "' M™1)
Iso-2 (WT) (42+0.1)x 1073 19+ 0.1 144 + 0.7 —1.40 = 0.03 11.7 £ 0.1 -1.1+02
N52liso-2 (9.3 £0.8) X 1073 1.7 0.1 17+ 1 ~1.47 + 0.08 186 « 19 ~22+02

®Errors are estimated from the statistics of nonlinear least-squares fits of the data (see Figs. 6, 7) using the program ENZFITTER

(Leatherbarrow, 1987).

bk¢ and m}, are obtained from the intercept and the slope of least-squares fits to the Gdn-HCI dependence of the unfolding rates (Figs. 6, 7)

using the equation: log ky = log kj; + [m},/(2.303RT)](Gdn -HCI].
°ky.,.and mﬁabs

using the equation: log k., = log kg, + [mfrm
dk?(’ul(’ and mli:calc

(Fig. 8). The least-squares fit is to the equation:

are obtained from the intercept and the slope of least-squares fits to the Gdn - HC1 dependence of the folding rates (Figs. 6, 7)
/(2.303RT)1[Gdn-HCI].
are the calculated intercept and slope for refolding obtained from fits to the unfolding rates and the equilibrium data

log ks, =log(k§/KE) + [(m}; — m)/(2.303RT))[Gdn-HCl],

where

log ks, = log(ky/K3) and mi

of the absolute amplitudes for the fast (7;) and slow (7,) phases is
plotted superimposed on the equilibrium transitions from Figure 3.
In this representation the missing amplitude, or “burst phase,” is
the distance between the dashed line and the data points.

Discussion

Increases in the cooperativity of equilibrium
unfolding for N521I iso-2

One of the most interesting results of the equilibrium unfolding
experiments is the dramatic increase in the m-value of unfolding
for the N52I substitution. The observed 30% increase in the m-value
is much too large to be consistent with the usual interpretation of
m-values as changes in exposure of solvent accessible hydrophobic
surface (AASA) on unfolding (Myers et al., 1995). Correlations
between AASA and the number of amino acid residues have been
derived that indicate that iso-2 has the m-value expected for a
globular protein of 112 residues. The anomalously large m-value
of N52I iso-2 implies AASA = 17,700 A2 for unfolding, which is
86% larger than the expected AASA = 9,500 AZ for a protein of
112 residues (Myers et al., 1995). The N52I mutation-induced
change, AAASA, which is implied by the increase in m-value is
much larger than is physically reasonable. The value of AAASA =
8,200 A2 suggested by the m-value for N52I iso-2 is 240-fold
greater than AAASA = 34 A? calculated for an Asn to Ile substi-
tution assuming full burial of the standard state surface area of
residue 52 (Rose et al., 1985).

The X-ray structure of N52I iso-2 is very similar to that of iso-2
except for the H-bonding changes near the heme shown in Figure
2A,B. Thus, while a comparison of the X-ray structures (Fig. 1)
shows that Ile52 in N52I iso-2 buries more hydrophobic surface
than Asn52 of iso-2, the changes (AAASA) are much too small to
explain the observed increase in m-value. The most significant
differences observed from the X-ray structures are those detailed in
Figure 2A and B. These differences include changes in the H-bond
network near the heme, but also involve loss of conserved Wat106.
Little is known about the consequences of the loss of a structural
water molecule for protein stability or the cooperativity of unfold-
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Fig. 9. Absolute amplitudes for fluorescence-detected folding. The Gdn-HCI
dependence of the fluorescence-detected amplitudes is given as a fraction
of the total equilibrium change for the “burst phase™ (upper panel), fast
phase (7, phase; middle panel), and the slow phase (7, phase; lower panel).
Data for iso-2 are shown as filled circles and the data for N52I iso-2 are
shown as filled squares. The absolute amplitudes are measured by refer-
encing the fluorescence changes to NATA as described in Materials and
methods.
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Fig. 10. Total kinetic amplitudes for refolding are shown for (A) iso-2
(filled circles) and (B) N52I iso-2 (filled squares). The total amplitudes are
measured by referencing hand-mixing measurements of the amplitude for
the fluorescence-detected slow-phase to the fluorescence of N-acetyltrypto-
phanamide (NATA). Measurements of both the fast and the slow phase
amplitudes by stopped-flow mixing allows calculation of the absolute am-
plitude for the fast phase from the (hand mixing) slow phase amplitude
referenced to NATA. The total kinetic amplitude (sum of the fast and slow
phase absolute amplitudes referenced to NATA) is plotted along with the
equilibrium curve (solid line) from Figure 3. The dashed line gives the
Gdn-HCI dependence of the fluorescence for the fully unfolded protein at
equilibrium. The missing amplitude (“burst phase”) is the distance between
the dashed line and the data points.

ing. Assuming that mutation-induced changes in equilibrium un-
folding are discernible as structural differences, then attention should
be focused on Wat106 as a key residue in understanding the struc-
tural mechanism that results in such an unusually large increase in
m-value.

Linear free-energy relationships and refolding rates

For all but the lowest Gdn-HCI concentrations the refolding branch
for phase (r;) folding exhibits the expected linear dependence of
log(1/7) = log kg on the concentration of Gdn-HCI. The equilib-
rium unfolding transition is well described by the linear extrapo-
lation model, which assumes a linear dependence of the equilibrium
unfolding free energy on the Gdn-HCI concentration. The fact that
the activation free energy for folding (AGE) and the equilibrium
free energy of unfolding (AGy) are both linearly dependent on
Gdn-HCI requires a linear free-energy relationship (Matouschek
& Fersht, 1993) between the denaturant-induced changes in sta-
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bility and folding rates. Such a relationship is expected for any
protein that obeys both a two-state kinetic mechanism and the
linear extrapolation model.

A more important question is whether a free-energy relationship
exists for a series of related or “engineered” mutant proteins (Ma-
touschek & Fersht, 1993). The existence of a free-energy relation-
ship for related proteins can aid in understanding mechanistic aspects
of folding, such as the degree of structural or thermodynamic
similarity between the folding transition state and the native pro-
tein. The results with N52I is0-2 are unambiguous. N52I iso-2 is
substantially more stable than iso-2 (Fig. 3, Table 1) but folds at
the same rate (Figs. 4-7; Figs. S1-S2, supplementary materials),
so there is no linear free-energy relationship between iso-2 and
N52I iso-2. The fact that iso-2 and N52I iso-2 differ in stability but
fold at the same rate suggests a common rate-limiting step not
coupled to thermodynamic stability. The displacement of an incor-
rect His-heme ligand is thought to be rate limiting for folding of
many cytochromes c, including both horse cytochrome ¢ (Elove
et al., 1994; Sosnick et al., 1994) and yeast iso-2 (Pierce & Nall,
1997). His-heme misligation will be unaffected by most mutations
that alter thermodynamic stability, other than substitutions replac-
ing His. Moreover, the off rate of His from an incorrect His-heme
ligand complex is expected to be similar for many different cyto-
chromes ¢, so folding rates will also be similar. In summary, the
reason that iso-2 and N52I iso-2 have the same folding rates de-
spite having different thermodynamic stabilities is that the rate of
displacement of an incorrect His-heme ligand is rate limiting in
folding of both proteins.

N52I and the transition states for folding and unfolding

The kinetic analogs of equilibrium m-values are useful in charac-
terizing folding/unfolding transition states. Values of mi, and m}
listed in Table 2 can be interpreted in terms of AASA changes in
a manner similar to that for the equilibrium m-value (Fersht, 1993;
Matouschek & Fersht, 1993). The ratio of Kinetic m,1t -values to
equilibrium m-values gives an estimate of the fractional change in
AASA on forming the transition state for folding (or unfolding).
For example in folding (mi/m) = —0.47 £ 0.03 for iso-2 and
(m}/m) = —0.38 % 0.03 for N52I iso-2, so on forming the tran-
sition state both proteins bury slightly less than half of the equi-
librium change in hydrophobic surface. The negative signs show
that the approach to the transition state for folding involves burial
of hydrophobic surface (a negative fractional change in AASA),
and the slightly more negative value for iso-2 indicates that tran-
sition from the starting state (either the unfolded protein, or a
folding intermediate) to the transition state involves burial of more
hydrophobic surface than for N52I iso-2. For unfolding, (m}/m) =
0.63 £ 0.05 for 1s0-2 and (m,ij/m) = (0.44 + 0.03 for N52I iso0-2,
suggesting that iso-2 exposes slightly more hydrophobic surface
than N52T iso-2 to reach the unfolding transition state.

It is important to keep in mind that the relationship between
m-values and hydrophobic surface exposure is very uncertain, es-
pecially for N52I iso-2, which has an anomalously high equilib-
rium m-value. Deviations from a two-state kinetic mechanism (which
will be discussed below) make the supposed relationship between
the Kinetic m-values and changes in hydrophobic surface even
more tenuous. In the presence of folding intermediates, it is not
always clear whether the same initial states are involved for fold-
ing or unfolding, or whether the transition states are similar. It is
interesting to compare our m-values to those obtained by others
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with the closely related protein, yeast iso-1 cytochrome c. For
iso-1 the N52I mutation-induced change in the equilibrium m-value
is similar in magnitude but opposite in sign to that observed for
iso-2. There are also differences in our kinetic m-values and those
reported for iso-1 (Doyle et al., 1996). Clearly, our understanding
of both kinetic and equilibrium m-values leaves much to be desired.

The m-value test for folding intermediates

An important test for folding intermediates has been devised by
comparing equilibrium and kinetic m-values for consistency with
two-state folding/unfolding (Matouschek et al., 1989; Matouschek
& Fersht, 1993; Parker et al., 1995). The test is based on the
assumption that unfolding is more likely to be kinetically two-state
than refolding, because unfolding conditions (high temperatures,
extremes of pH, or high concentrations of denaturants) destabilize
most folding intermediates. The resuits of this test are summarized
in Table 2 and in Figure 8. The deviations from two-state behavior
for iso-2 are modest, but those for N52I iso-2 are substantial for
both m} and k2. This suggests that the N52I substitution induces
the formation of a transient folding intermediate, or enhances the
stability of an intermediate aiready present in folding of iso-2.
Results presented in the next section suggest that it is the latter that
is most likely.

Absolute amplitudes and folding intermediates

With certain mechanistic assumptions, the absolute amplitudes plot-
ted in Figure 9 can give estimates of the Gdn-HCI dependence of
the population of various species in folding. The following highly
simplified scheme (Equation 4) helps in understanding the abso-
lute amplitude behavior for folding of iso-2 and N52I iso-2:

U, slow Ur
very fast T T very fast fast (4)
as
I, slow I -

The Ug and Uy species are fully unfolded species differing only in
the isomerization state of one or more of the five prolines in iso-2
and N52I iso-2. The Us species have at least one non-native cis
proline, so folding of these species will be very slow because it
requires proline isomerization. The Uy species are assumed to have
all prolines in the trans (native) isomeric state, so the U species
fold without the need to isomerize a proline. The I; species are
kinetically trapped “native-like” folding intermediates with an in-
correct proline isomer (/) or a misligated heme ({r). The I; species
are compact species assumed to have optical properties (fluores-
cence) similar to that of the native protein, the N species. Conver-
sion of the /5 species to the I species is slow because the reaction
involves an intrinsically slow process, proline isomerization. The
Ir to N process is fast but is limited in rate by displacement of an
incorrect His-heme ligand. The Uy to I and U, to I reactions are
both very fast structure-forming reactions that take place in the
stopped-flow mixing dead time. The kinetically trapped I; species
maintain a very fast pre-equilibrium with the U, species. The U;
species are fully unfolded while the I; species have “native-like”
fluorescence properties, so most if not all of the fluorescence changes
take place in the U; to /; reaction. The main features of scheme 4
are taken from a mechanism developed previously to describe
coupling of structure-formation to proline isomerization (Oster-
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hout & Nall, 1985; Nall, 1996), and are similar to a more detailed
mechanism (Colon et al., 1996) used to describe the kinetics of
folding of mutational variants of horse cytochrome c.

Using scheme 4, the “burst phase” amplitude is a measure of the
pre-equilibrium distribution of species between unfolded U; spe-
cies and collapsed I; species (optically “native-like”). For both
iso-2 and N52I iso-2 the “burst phase” amplitude increases from
zero to 0.7 M Gdn-HCI, suggesting that low concentrations of
Gdn-HCI stabilize these species. The Gdn-HC] stabilizing effect
may be similar to that observed for horse cytochrome ¢ at low pH
(Tsong, 1975) where the stabilizing effects have been attributed to
a chloride ion salt effect. Above 0.7 M Gdn - HCI the “burst phase”
amplitude drops, suggesting that the I; species are destabilized by
high concentrations of Gdn-HCl] as the denaturing effects of
Gdn-HCI overwhelm the stabilizing salt effects. The behavior of
the fast phase (7,) absolute amplitude is the mirror image of the
“burst phase.” This is because more of the fluorescence change
occurs within the mixing deadtime (“burst phase”) when the pre-
equilibrium favors the Ir species, but the fluorescence changes are
rate limited by the /- to N reaction when the pre-equilibrium favors
the Ur species. Surprisingly, the absolute amplitude behavior of
the slow phase () shows little evidence of a stabilizing salt effect
at low Gdn-HCI concentrations. This may be because of differ-
ences in the kinetic blocks: a misligated His-heme complex may be
more destabilizing to the I species than a cis proline is for the I
species. Nevertheless, the absolute amplitude of the slow phase
(7)) rises slowly as the Gdn-HCI concentration increases suggest-
ing a gradual shift in the Ug to I pre-equilibrium toward the Usg
species. Alternatives to scheme 4 include mechanisms in which the
Ir species are off pathway and must be unfolded (to U) before
refolding to N. Distinctions between on- and off-pathway mecha-
nisms are subtle, and require additional assumptions not tested by
kinetic data (Khorasanizadeh et al., 1996).

A comparison of the absolute amplitude behavior of iso-2 with
N52I iso-2 leads to the conclusion that the NS52I substitution is
stabilizing for all structured species: Is, I, and N. The N52I sub-
stitution increases the absolute amplitude for the “burst phase”
implying shifts in the Us to I5 pre-equilibrium toward I and the U
to /r pre-equilibrium toward /r. As expected, the N52I substitution
leads to corresponding drops in the absolute amplitudes for the fast
phase (7;), and for the slow phase (7). The pattern of stability
enhancement for the /5 and I species by the NS52I substitution is
even more apparent in Figure 10, which plots the sum of the fast
and slow phase absolute amplitudes versus Gdn-HCI. For kinetic
refolding experiments ending in the native baseline region, the
fluorescence immediately following mixing is closer to that of the
native species for N52I iso-2 than for iso-2.

Conclusions

The N52I substitution results in a higher midpoint (C,,) for gua-
nidine hydrochloride (Gdn-HCI) unfolding and a larger unfolding
free energy, AGy. For standard conditions (pH 6, 0.1 M sodium
phosphate, 20°C) C,, = 2.2 £ 0.2 M, AG}, = 8.5 + 0.5 kcal mol ™'
for N52I is0-2; and C,, = 1.5 £ 0.2 M, AG{, = 4.6 = 0.3 kcal
mol ! for iso-2. The N52I substitution also increases the equilib-
rium m-value (m = —dAG;/d[Gdn-HCI]). The m-value has been
correlated with changes in solvent accessible hydrophobic surface
on unfolding (Myers et al., 1995), so the change in m-value from
m = 3.0 % 0.2 kcal mol™' M~! (is0-2) to m = 3.9 + 0.2 kcal
mol ™! M™! (N52I iso-2) suggests that the N52I substitution in-
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creases the exposure of hydrophobic surface on unfolding. How-
ever, the mutation-induced changes in the exposure of hydrophobic
surface area on unfolding that are estimated from the X-ray struc-
tures of iso-2 and N52I iso-2 are two orders of magnitude too small
to explain the anomalously large change in m-value. The major
mutation-induced change in structure, loss of conserved Wat106,
may play a role in increasing the unfolding m-value by an mech-
anism unrelated to changes in solvent accessible surface.

Kinetic mf (m} = —dAG}/d [Gdn-HCI]) are obtained from the
denaturant dependence of the activation free energy for fast phase
folding (m,f‘t ) and unfolding (m,f ). For refolding the measured val-
ues for m are similar for iso-2 (m; = —1.40 £ 0.03 kcal mol !
M ') and N521 iso-2 (m} = —1.47 + 0.08 kcal mol~' M~"). For
unfolding m} = 1.91 + 0.07 kcal mol™! M~ for iso-2 and de-
creases to m: = 1.73 + 0.05 kcal mol~! M ! for N52I iso-2. The
change in m} suggests that the N52I substitution decreases the
change in solvent accessible hydrophobic surface between the na-
tive state and the unfolding transition state.

For N52] iso-2, there are no changes in refolding rate for the fast
phase (7;) or the proline isomerization-limited slow phase (7;), but
the fast phase (7,) unfolding rate decreases. For iso-2 and espe-
cially for N52I iso-2, the observed fast phase (7,) refolding rate
constants deviate from those calculated with a two-state model that
combines (unfolding) kinetic and equilibrium data. Folding inter-
mediates are detected for both proteins as kinetically unresolved
signal changes (“burst phase”) within the stopped-flow dead time
(r4 < 4 ms). The “burst phase” amplitude is larger for N52I iso-2,
suggesting that the N52I substitution stabilizes the “burst phase”
intermediates. Free energy diagrams in Figure 11 account for the
N52I mutation-induced effects on the kinetics of folding/unfolding
and on the “burst phase” amplitude. The diagrams (Fig. 11A,B)
make use of the thermodynamic parameters of Table 1 and the
kinetic parameters of Table 2, and are constructed to correspond to
the refolding conditions of Figure 4 (0.6 M Gdn-HCI, pH 6, 20°C),
and the unfolding conditions of Figure 5 (2.8 M Gdn-HCI, pH 6,
20°C). The unfolded state, U, is taken as the reference state in
which the free energies of the normal and mutant proteins are
assumed to be the same. For refolding (Fig. 11A) the N52I sub-
stitution stabilizes the I-state and T-state (the transition state) by
the same amount, so there is no change in the activation free
energy barrier to refolding. For unfolding (Fig. 11B) the N52I
substitution slows unfolding by (1) stabilizing the N-state, and (2)
destabilizing the T-state. Note that the mutational effects on the
transition state, T, have opposite signs for unfolding and refolding:
the N52I substitution stabilizes the T-state for refolding, but de-
stabilizes the T-state for unfolding.

In summary, the effects of the “global suppressor” N52I substi-
tution are to: (1) increase the equilibrium thermodynamic stability;
(2) enhance the stability of transiently populated “burst phase”
folding intermediates; and (3) decrease the fast phase (7;) unfold-
ing rate.

Materials and methods

The construction, purification, and characterization of iso-2 and
N52I iso-2 have been previously described (Nall & Landers, 1981;
McGee et al., 1996).

Equilibrium unfolding

An 8 M stock of guanidine hydrochloride (ICN Biomedical Inc.,
Aurora, Ohio) was prepared in 0.1 M sodium phosphate, pH 6.0.
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Fig. 11. Free-energy diagrams for (A) refolding and (B) unfolding of iso-2
(solid line) and N52I iso-2 (dashed line). All free energies are given as
differences relative to a (reference) unfolded state (U); i.e., AG = 0 for the
U-state of both proteins. Note that equilibrium m-value differences
(Table 1) and N52I hydrophobicity changes suggest that unfolded iso-2 and
unfolded N52I iso-2 will differ on an absolute free-energy scale. The
equilibrium free-energy differences are calculated using the thermodynamic
parameters given in Table 1. Refolding (A) corresponds to the conditions
of Figure 4: 0.6 M Gdn - HCI, pH 6, 20 °C. Unfolding (B) corresponds to the
conditions of Figure 5: 2.8 M Gdn-HCI, pH 6, 20°C. For both refolding
and unfolding each division on the AG axis corresponds to about 2 kcal
mol ~!. The N52I substitution stabilizes the T-state (transition state) for
refolding slightly (A), but destabilizes the T-state for unfolding (B). Pre-
sumably, the differences in the mutational effects on the transition states for
refolding and unfolding arise from the different denaturant concentrations
used for the two experiments: 0.6 M Gdn-HCI for refolding, vs. 2.8 M
Gdn-HCI for unfolding. In (B) the I-state is not shown because it is as-
sumed that intermediates are melted out by the high denaturant concentra-
tions used for the unfolding experiments. No attempt has been made to
relate m-values to the reaction coordinates because of the uncertainty in
interpretation of the kinetic and equilibrium m-values (see text).

The Gdn-HCI concentration was determined from measurements
of refractive index (Pace, 1986). The 8-M stock was used to pre-
pare all subsequent guanidine hydrochloride solutions. Protein sam-
ples were prepared by dissolving 20 mg of lyophilized protein in
2.0 mL of 4.5 M Gdn-HCI, 0.1 M sodium phosphate, pH 6.0. The
protein solution was heated to 60 °C for 10 min to disrupt possible
aggregated protein formed during the lyophilization process.

Fluorescence measurements were made on a SLM Aminco
SPF-500C spectrofluorimeter (SLM Instruments, Inc., Urbana, IL)
at 350 nm with excitation at 285 nm. Guanidine hydrochloride
solutions of various concentrations were prepared with a final
protein concentration of 4 uM for both iso-2 and N52I iso-2.
Fluorescence measurements were made relative to an equal molar
concentration of N-acetyltryptophanamide (NATA). The tempera-
ture was maintained at 20 °C throughout the experiments. The data
were analyzed using the method described by Santoro and Bolen
(Santoro & Bolen, 1988) using the non-linear least-squares pro-
gram ENZFITTER (Leatherbarrow, 1987).

Kinetic experiments

Stopped-flow experiments were carried out using a three syringe
Biologic SFM-3 stopped-flow (Molecular Kinetics, Inc., Pullman,
WA). Fluorescence was measured at a right angle to incident
285 nm light through a 360 nm (300-400 nm) bandpass filter. The
initial conditions for iso-2 were 200 uM iso-2 and 4.5 M Gdn-HCl
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for refolding experiments or 0.4 M Gdn-HCI for unfolding exper-
iments. A mixing ratio of 1:19 (for refolding and unfolding) gave
final iso-2 concentrations for fluorescence-detected stopped-flow
experiments of 10 uM. The same conditions were used for
fluorescence-detected stopped flow measurements of N52I iso-2
except that initial N52I iso-2 concentrations were 275 uM for
refolding and 166 uM for unfolding. Mixing ratios of 1:29 for
refolding and 1:14 for unfolding gave final N52I iso-2 concentra-
tions of 9 uM (refolding) and 10 uM (unfolding}). Stopped-flow
absorbance measurements were carried out at 418 nm. For iso-2
the experimental conditions were the same as for the fluorescence-
detected stopped-flow experiments except that the initial protein
concentration (unfolding and refolding) was 450 uM, with a 1:9
dilution ratio to give final protein concentrations (unfolding and
refolding) of 45 uM. Absorbance-detected stopped-flow measure-
ments of N52I iso-2 were carried out in the same way as for iso-2
except that the initial and final N52I iso-2 concentrations were 400
and 40 uM, respectively. All stopped-flow experiments were car-
ried out at 20°C in the presence of 0.1 M sodium phosphate,
pH 6.0. To collect the fast and slow phases simultaneously, the
optical signal was split and collected on two different time scales.
Data were collected and analyzed with the Bio-Kine software sup-
plied by Biologic. The relative amplitude, o, was calculated as
follows: @ = A,/(A, + A)), where A, and A, are the fast phase and
slow phase amplitudes, respectively.

The slow phase refolding (7,) was measured by manual mixing
in addition to stopped-flow mixing. Fluorescence hand-mixing ex-
periments for iso-2 and N52I iso-2 were carried out on an SLM/
Aminco SPF-500C spectrofluorimeter. Fluorescence-detected hand
mixing experiments used initial protein concentrations of 800 uM
and mixing ratios of 1:199 to give final protein concentrations of
4 uM (0.1 M sodium phosphate, pH 6.0, 20°C). The emission
wavelength was 350 nm with an excitation wavelength of 285 nm.
Fluorescence intensity was measured relative to the signal inten-
sity of an equal molar concentration of N-acetyltryptophanamide
(NATA) to provide an absolute measure of slow phase fluores-
cence signal changes. Absorbance hand-mixing experiments were
carried out on a Hewlett-Packard HP8452A diode array spectro-
photometer at 418, 394, and 280 nm. Initial and final conditions for
absorbance-detected hand mixing experiments were similar to those
used for fluorescence, except that the final protein concentrations
were 15-20 uM. All kinetic data were analyzed using the Bio-
Kine software.
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