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Abstract

The role of hydrophobic interactions established by the residues that belong to the main hydrophobic
core of ribonuclease A in its pressure-folding transition state was investigated using the ®-value
method. The folding kinetics was studied using pressure-jump techniques both in the pressurization and
depressurization directions. The ratio between the folding activation volume and the reaction volume
(B,-value), which is an index of the compactness or degree of solvation of the transition state, was
calculated. All the positions analyzed presented fractional ®,values, and the lowest were those
corresponding to the most critical positions for the ribonuclease A stability. The structure of the
transition state of the hydrophobic core of ribonuclease A, from the point of view of formed interactions,
is a relatively, uniformly expanded form of the folded structure with a mean ®,value of 0.43. This
places it halfway between the folded and unfolded states. On the other hand, for the variants, the average
of B,-values is 0.4, suggesting a transition state that is 40% native-like. Altogether the results suggest
that the pressure-folding transition state of ribonuclease A looks like a collapsed globule with some
secondary structure and a weakened hydrophobic core. A good correlation was found between the
®/-values and the AP ,-values. Although the nature of the transition state inferred from pressure-induced
folding studies and the results of the protein engineering method have been reported to be consistent
for other proteins, to the best of our knowledge this is the first direct comparison using a set of
mutants.
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To understand the folding of a protein, it is important to
characterize all the states involved in this process, i.e., the
native or folded state, the unfolded state, the intermediate
states (if present), and the transition states, structurally
and thermodynamically, as well as the kinetic relationship
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between them. X-ray crystallography and NMR spectros-
copy have been used extensively in determining the three-
dimensional structure of native proteins. Heteronuclear
multidimensional NMR techniques, among other bio-
physical techniques, have been used to characterize the
unfolded states of the proteins (Logan et al. 1993; Wang
and Shortle 1995; Freund et al. 1996; Smith et al. 1996;
Wong et al. 1996; Zhang and Forman-Kay 1997). From
these studies it has become clear that unfolded proteins
usually contain regions of residual structure (Shortle
1993). In the case of proteins with folding intermediates,
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different techniques have been used to characterize them
(Baldwin 1993). Intermediates were thought to be essen-
tial to the folding process in order to help restrict the
conformational space and direct the protein to its folded
conformation. However, well-populated intermediates do
not always seem to be required for the fast efficient
folding of a protein (Jackson and Fersht 1991). In addition,
many small proteins have now been shown to fold with
simple two-state kinetics (Jackson 1998). The transition
states, due to their fleeting nature, are the least well-
populated productive “intermediates” on the folding
pathway, which precludes their direct experimental inves-
tigation. Instead, experimental studies have been limited to
indirect approaches in which the properties of the transition
state were inferred at first from the kinetic consequences of
changes in environmental conditions (Tanford 1968) and
later from studies of the kinetic consequences of mutations,
i.e., by applying the protein engineering method or ®-value
analysis initially developed by Fersht and coworkers. Since
this pioneering work (Matouschek et al. 1989; Fersht et al.
1992) to the present day, the P-value analysis has been
applied with varying levels of completeness to more than
two dozen proteins (Raleigh and Plaxco 2005), and has
become one of the experimental methods with most poten-
tial for characterizing folding transition states (Fersht 2004).

In most of these studies, the kinetics of folding-
unfolding processes has been monitored by stopped-flow
techniques using chemical denaturants to induce the
transition. In comparison, there are few works describing
the transition state of the folding/unfolding processes of
a protein induced by a physical agent, such as pressure.
However, with the development of the pressure-jump
techniques, an increased number of folding kinetic stud-
ies have been performed with different proteins. Some of
them have used pressure alone (Vidugiris et al. 1995;
Desai et al. 1999; Mohana-Borges et al. 1999; Panick et al.
1999; Panick and Winter 2000; Woenckhaus et al. 2001;
Tan et al. 2005) or pressure in combination with other
denaturing agents (Pappenberger et al. 2000) to study the
folding kinetics of a wild-type protein. Very few works deal
with using mutants to study the pressure-folding transition
state of a protein (Jacob et al. 1999; Perl et al. 2001).

In the present work, we have performed an approach to
this research subject that uses pancreatic ribonuclease A
(RNase A) as a model protein. The folding kinetics of
RNase A variants from the most critical positions for
enzyme stability, i.e., Val 47, Val 54, Val57, 1le81, Ile106,
Ile107, and Vall08, which have been described previously
(Coll et al. 1999; Torrent et al. 1999, 2001; Font et al. 2006),
have been studied using pressure-jump techniques.

The pressure-jump technique has several advantages
over other trigger mechanisms: it does not significantly
change the solvent properties, pressure propagates rapidly
so that sample homogeneity is not a problem, and pressure-

jumps can be performed bidirectionally, i.e., in both the
positive and negative pressure directions. In addition, using
pressure as a denaturant agent allows the reaction volume to
be calculated (equilibrium measurements) as well as the
activation volumes for folding and unfolding reactions,
which can give information on the solvation of the transi-
tion state. These parameters are not available using other
denaturing agents.

The results obtained indicate a pressure-folding transi-
tion state for the main hydrophobic core of RNase A that
is approximately halfway between the native and unfolded
states. The ®-value analysis shows that it is a relatively
uniformly expanded form of the folded structure presenting
a weakened hydrophobic core.

Results

Nondisruptive mutants (Fersht et al. 1992; Fersht and
Sato 2004) constructed in positions that belong to the
main hydrophobic core of RNase A, whose contribution
to protein stability has been previously characterized by
pressure and temperature-equilibrium unfolding studies
(Coll et al. 1999; Torrent et al. 1999, 2001; Font et al.
2006), were selected to test their contribution to the
transition state of the pressure-induced unfolding/refold-
ing processes of RNase A. Xaa to Ala substitutions were
chosen to apply the ®-value analysis. This change is
described as the most convenient, since it is unlikely that
Ala will form new non-native interactions when substituted
into a protein (Zarrine-Afsar and Davidson 2004). Accord-
ing to the RNase A structure solved by X-ray crystallog-
raphy (Wlodawer et al. 1988) and NMR (Rico et al. 1991),
the elements of secondary structure where the mutations
were introduced are the (B-strands 1, 4, and 5 and the
a-helix 3 (Fig. 1). Table 1 shows the mutations produced in
RNase A, their location, and accessibility, as well as the
contacts of the deleted groups. All the performed mutations
form hydrophobic contacts. They affect local interactions

KETAAAKFERQHMDSSTSAASSSNYCNQMMKSRNLTKDRCKPV

— — LRI - N

NTFVH ESLADVQAVCSQKNVACKNGQTNCYQSYSTMSITDCRE

50 60 70
— ) s— —
TGSSKYPNCAYKTTQANKHIVACEGNPYVPVHFDASV

90 100 110 120

Figure 1. Amino acid sequence of RNase A and secondary structure as-
signment. The secondary structure elements are graphically represented, and
were calculated with the program PROCHECK (Laskowski et al. 1993),
helix al (residues 4—12), helix a2 (residues 25-32), strand B1 (residues
43-47), helix a3 (residues 51-59), and strands B2 (residues 61-63), B3
(residues 72-74), B4 (residues 79-86), B5 (residues 97-111), and B6
(residues 116—124). The mutated residues are underlined in the sequence.
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Table 1. Location, accessibility, and contacts of the modified chemical groups of the different RNase A variants

Residues Location Backbone® Side chain® Solvent-accessible surface area® (%)

Val47Ala Bl H12, M13, F46, H48, E49, F8, H12, M13, H48, E49, V54, 0.6
M79, S80, 181 M79, 181, 1106, F120

Val54Ala o3 E49, L51, A52, D53, Q55 F8, M13, V47, E49, L51, D53, Q55, 3.1

V57, M79, 1106, V108, P117

Val57Ala o3 V54, Q55, A56, C58, Y73, V54, A56, C58, Q60, Y73, S75, M79, 0.9
Q74, S75, 1106, V108, P117 1106, V108, C110, P117

Tle81Ala B4 F46, V47, M79, S80, T82, T45, V47, H48, M79, S80, D83, 2.0
D83, A102, N103, K104, S123 A102, N103, K104, 1106, F120, S123

Tle106Ala B5 V54, S75, M79, 181, K104, F8, V47, E49, V54, V57, S75, M79, 1.1
H105, 1107, S123 181, K104, V108, F120, S123

Tle107Ala B5 V63, C65, C72, Y73, Q74, 1106, V63, C72, Q74, H105, D121, A122, V124 7.6
V108, D121, A122, S123, V124

Vall08Ala B5 1106, 1107, A109, C110, P117, F8, V54, V57, 1106, 1107, 1.1

V118, H119, F120, A122

A109, P117, H119, F120

“Interactions in a sphere of 6 A have been determined using the program CONTACT from the CCP4 package (Potterton et al. 2003).
®Calculated with the XAM program in the wild-type structure (7rsa) (Xia 1992).

and, at the same time, involve long-range interactions.
Therefore, they report on both the integrity of a particular
region of the protein and on the tertiary structure of the
protein. Val54Ala and Val57Ala substitutions may report
on helix a3, Ilel06Ala, Ile107Ala, and Vall08Ala sub-
stitutions may report on strand (35, and Ile81Ala change
may report on strand (34. Val47, located near the C-terminal
edge of strand 1, reports mainly on tertiary contacts.

Pressure-induced equilibrium unfolding studies

Table 2 summarizes the free energy of unfolding (AG) as
well as the changes in reaction volume upon unfolding
(AV) for the wild-type enzyme and the variants that have
been kinetically characterized in this work and previously
published in Coll et al. (1999), Torrent et al. (1999,
2001), and Font et al. (2006). As expected for core hydro-
phobic residues, the mutant’s stability decreases signifi-
cantly with respect to the wild-type enzyme, and the
positions that are most affected are 47, 106, and 108.

Table 2. Thermodynamic parameters calculated from
pressure-unfolding curves of RNase A and its variants
at 40°C and 0.1 MPa

Variant  AG (kJ/mol) AAG (kJ/mol) Py, (MPa) AV (mL/mol)
RWT 24.61 (0.7) — 529 (22) —46.5 (3.3)
V47A 6.39 (0.7) 18.22 87.09 2.41) —73.37 (6)

V54A 13.55 (0.2) 11.06 189.94 (0.41) —71.34 (0.9)
V57A 10.23 (0.2) 14.38 159.97 (0.63) —63.95 (1)

I81A 9.96 (0.1) 14.65 164.38 (0.52) —60.59 (0.8)
1106A 2.50 (0.5) 22.11 39.43 (5.52) —63.4 (3.3)
1107A 9.89 (0.35) 14.72 208.65 (2.74) —47.4 (2.3)
V108A 3.13 (0.3) 21.48 56 (2.66) —55.9 (2.7)

Data taken from Font et al. (2006). Numbers in parenthesis are the
standard errors of the data.
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The observed changes in reaction volumes (AV) for all
the variants, with the exception of the Ile107Ala variant,
are more negative than the value found for wild-type
protein. The volume of the native RNase A at 40°C is
increased 46.51 = 3.3 cm®/mol compared with the dena-
tured form. This value and the values found for the
variants are similar to the reaction volumes for folding
of many other small single domain proteins (Heremans
1982; Royer 2002).

Analysis of two-state behavior

One of the advantages of the pressure-jump techniques is
that it is possible to follow the process being studied in
the two directions: pressurization and depressurization.
Therefore, this allows comparing the changes in the ob-
served rate constants (k.,s) versus pressure for the posi-
tive (unfolding process) and negative (refolding process)
jumps. In a simple two-state process, the observed rate
constants should be the same for forward and backward
pressure-jumps. If this is not the case, the process under
consideration is path-dependent. Figure 2 shows the plot
of Ink,,s versus pressure for the wild-type protein. Our
data show that the observed rate constants do not depend
on the direction of the jump, which indicates that the
process is consistent with a two-state model. The same
was found for each variant analyzed (data not shown).

Kinetic analysis

For wild-type RNase A and the variants, linear plots of
natural logarithms of k; and k, versus pressure allowed
both constants to be calculated at 0.1 MPa. Table 3
summarizes the unfolding and refolding kinetic parame-
ters obtained for RNase A and the variants for positive
jumps. Similar results were obtained for negative jumps
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Figure 2. Observed rate constants of RNase A after pressure-jumps of 20—
50 MPa amplitude in the pressurization (filled circles) and depressurization
(open circles) direction at pH 5.0 and 40°C. The solid line (pressurization)
and the dashed line (depressurization) are the fit of the data to the following
equation: In In k. = In (kf(o_lMPa)efAVf p/RT ku(o_IMpa)e’Avfp/RT) where
kops is the observed rate constant, k; (0.1 MPa) and k, (0.1 MPa) are the
microscopic rate folding and unfolding constants, AVZ and AV7 are the
activation volumes for folding and unfolding, and p is the final pressure of
each jump.

(data not shown). The values of the mutant unfolding rate
constants relative to the parent molecule k, rel (k' /k"") as
well as the values of the mutant folding rate constants
relative to parent enzyme ky rel (k'/k;’") are detailed in
Table 3. All the variants appear to fold slower than the
wild-type enzyme by about one order of magnitude, while
much more diversity is observed in the unfolding rates.
The variant Val54Ala has an unfolding rate constant that
is only one order of magnitude greater than that of wild-
type enzyme. Variants Val57Ala, Ile81Ala, and Ile107Ala
have an unfolding rate constant about 1.5 orders of mag-
nitude greater than that of RNase A, and finally, Val47Ala,
Ile106Ala, and Vall0O8Ala present an unfolding rate con-
stant between two to three orders of magnitude greater than
the one of wild-type enzyme. Overall, the unfolding pro-
cess is more significantly affected than the folding process
for Vald7A, 1lel06A, and V108A, whereas for the other
variants the destabilization can be considered to be a con-
sequence of affecting both processes by a much more similar
magnitude.

The activation volumes for folding (AVf7é ) and unfold-
ing (AV7) reflect the slopes of the plots of Inks or Ink,
versus pressure. Figure 3 presents the plots of Ink; and
Ink, versus pressure for positive jumps. The slopes differ
for the different mutants.

In chemical denaturant-induced folding studies, the
denaturant dependence of the kinetic rate constants can
provide information about the solvent accessibility of the
transition state. This can be expressed in terms of the
Tanford B-value (Bt) (Tanford 1970; Fersht 1999), which
is a useful index of the compactness of the transition state
and provides an approximate measure of the position of
the transition state on the reaction coordinate. An anal-
ogous parameter, which is called 3, (for pressure), can be
derived from the volume changes associated with pres-
sure-induced unfolding:

B, = (SAG” /dpressure)/(SAG /Spressure) = AVZ /AV

where AV7 is the activation volume and AV is the volume
change measured upon unfolding at equilibrium (Perrett
and Zhou 2002). Comparing activation and equilibrium
volume changes has likewise been used to measure the
extent to which the transition state resembles the native
state or to estimate the position of the transition state
along the reaction coordinate (Vidugiris et al. 1995; Desai
et al. 1999; Pappenberger et al. 2000; Woenckhaus et al.
2001). When Bt and B, were compared for the same
protein, the values were found to be similar (Desai et al.
1999; Pappenberger et al. 2000).

The equivalence between Bt and B, is particularly true
if volume changes during the folding of a protein arise
mainly from changes in solvent interactions of the poly-
peptide chain and packing deficiencies in the hydropho-
bic core (Pappenberger et al. 2000). This is the case for
RNase A and the variants studied here (see Discussion).
The 3,-values are listed in Table 3 for positive jumps. The
more destabilized variants present (3,-values closer to the
value found for the wild-type enzyme (0.62, 0.56, 0.47,
and 0.42 for wild type, VI08A, 1106A, and V47A,

Table 3. Kinetic parameters for RNase A and its variants for positive jumps

Variant kf(O.lMPa)(sec’l) k,(0.1 MPa)(sec™ ") ky rel (k}’ /k;”’) k, rel (K /k2") Avf (mL/mol) AVf (mL/mol) B, (AVf J/AV,)  AB, @
WT 0.71 (0.31) 4.92¢-5 (2.16e-5) — — 28.90 (2.99) —18.21 (2.99) 0.62 — —
V47A 0.05 (6.17 e-3) 4.30e-3 (5.17e-4) 0.073 88.15 30.83 (2.50) —43.50 (2.50) 0.42 0.20 0.37
V54A 0.07 (0.02) 3.49¢-4 (9.23e-5) 0.098 7.24 22.39 (4.29) —49.89 (4.29) 0.31 0.31 0.55
V57A 0.06 (0.01) 1.05e-3 (2.12e-4) 0.079 21.48 21.87 (2.63) —42.96 (2.63) 0.34 0.28 0.46
I81A 0.06 (6.19e-3) 1.17e-3 (1.29e-4) 0.080 23.89 19.79 (1.52) —41.66 (1.52) 0.33 0.29 047
T106A 0.03 (5.42e-3) 0.01 (2.04e-3) 0.048 259.56 30.01 (1.81) —34.23 (1.81) 0.47 0.15 0.36
1107A 0.05 (6.66e-3) 1.01e-3 (1.41e-4) 0.067 20.68 12.54 (2.41) —35.48 (2.41) 0.26 0.36  0.48
VI108A 0.04 (7.21e-3) 0.01 (2.15e-3) 0.054 230.21 31.08 (3.96) —25.55 (3.96) 0.56 0.07 0.35
Numbers in parentheses are the standard errors of the data obtained from two independent experiments.
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Figure 3. Pressure dependence of the microscopic folding (k) and
unfolding (k,) rate constants for the wild-type enzyme and variants.
Microscopic rate constants were determined as indicated in Materials
and Methods according to Equations 4 and 5. (@) Wild-type enzyme, (X)
Val47Ala, (A) Val54Ala, (A) Val57Ala, (A) Ile81Ala, ((J) lle106Ala, (O)
Tle107Ala, and (@) Vall08Ala.

respectively) than the other more stable variants, which
present lower values ranging from 0.26 to 0.34.

Protein engineering analysis

The ®/-values for the single destabilizing mutations of
the hydrophobic core of RNase A are presented in Table 3
for positive jumps. A good agreement is found between
the ®,values obtained from positive and negative jumps.
No mutation of the hydrophobic core of RNase A results
in a ®pvalue of 1 or O, rather all the ®pvalues are
fractional, ranging from 0.35 to 0.55. Therefore, none of
the RNase A core residues analyzed in the present work
present their interactions completely formed or lost in the
transition state. By comparing the location and contacts
of the different variants (Table 1), it is shown that each
altered side chain establishes contacts both with residues
belonging to the secondary structure element at which it
belongs and with residues from other elements of sec-
ondary structure as well. Thus, it is not possible to discern
between the contribution of side chains in the formation
of a particular element of secondary structure and their

1004 Protein Science, vol. 15

implication in long-range interactions. Therefore, the
results have to be interpreted globally, considering the
participation of the side chains in both types of inter-
actions in the hydrophobic core of RNase A.

The most critical positions for RNase A stability, 108,
106, and 47, are those for which the change for Ala gives
the lowest ®r-values, 0.35, 0.36, and 0.37, respectively.
The rest of the variants present ®,-values between 0.46
and 0.55. These results indicate that the interactions of the
side chains of Val108, Ile106, and Val47 are less formed in the
transition state than the interactions of the rest of the variants.
On average, the ®rvalue for all the core side chains studied
here is 0.43. This value is consistent with a transition state in
which all the interactions established by the side chains of
these core residues in the native state are 43% formed.

Brgnsted behavior: Single versus parallel pathways

Intermediate ®-values are difficult to interpret since they
could correspond to partial formation of interactions or to
a mixture of fully folded and unfolded states arising from
parallel pathways. Fersht et al. (1994) used simple
physicochemical reasoning to show that it is possible to
distinguish between these two possibilities by performing
a Brgnsted plot analysis. If there are simple relationships
between the rate constants and the changes in interac-
tion energies, and assuming that all mutations are testing
the same degree of structure formation, the natural logarithm
of the unfolding/folding rate constants should exhibit
Brgnsted behavior, in which plots of Ink, and Ink; versus
AAGI/RT for a set of mutants are approximately linear.

The variation in Ink; and Ink, versus the difference
in energy between the wild type and the different mutants
is plotted in Figure 4. There is a very good linear
correlation between these two variables for the unfolding
reaction (r = 0.99) and for the folding reaction (r = 0.94),
which indicates that there are no discrete populations
with different degrees of structure in the transition state.

2

T |

-4 |

5

In k¢ & In ky,

4 5 6 7 8 9
AAGIRT

Figure 4. Brgnsted plots for the unfolding (open circles) and refolding
rate constants (filled circles) of the variants listed in Table 1. The solid
lines are linear regression fits.
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Discussion

Although intermediates for the folding and unfolding
process of RNase A have been detected and described
(Neira and Rico 1997; Nogués 1997; Kimura et al. 2005)
in the present study no stable intermediates have been
detected, and thus the only structure to be analyzed was
the transition state. The structure of the transition state of
the main hydrophobic core of RNase A has been mapped
by comparing the kinetics and equilibrium of folding of
seven mutants belonging to this core. According to the
protein engineering method the ®values obtained from
pressurization experiments and ®,-values obtained from
depressurization experiments accomplishes the relation-
ship &, = 1 — ®,. The same complementary is observed
for the activation volumes for folding and unfolding,
obtained from the positive and negative-jumps kinetics.
Both analysis shows that the structure of the transition
state obtained is kinetically indistinguishable when mea-
sured in the direction of unfolding and refolding. There-
fore, the results of the ®d-value analysis and those of the
B,-value analysis satisfactorily prove the energetic
changes as well as the degree of compactness of the
transition state and, by inference, the structural properties
of this transition state induced by a pressure increase or
release. Recently, there has been some discussion in the
literature about which is the lowest AAGy-value accept-
able for calculating valid ®-values (Sanchez and
Kiefhaber 2003; Fersht and Sato 2004). Sanchez and
Kiefhaber propose that ®-values for AAG < 1.7 kcal/mol are
artifactual, while Fersht and Sato suggest that for deletion
mutations in suitable proteins the threshold could be as low
as 0.6 kcal/mol. All the variants studied in this work present
a AAG-value > 1.7 kcal/mol, which reinforces the confi-
dence in the calculated ®-values.

Our data for wild-type RNase A and mutants fit well to
a single-exponential relaxation process both for unfold-
ing and refolding. A kinetic study of RNase A using
pressure-jump techniques monitored by FTIR (Panick
and Winter 2000) showed that the relaxation profiles for
the pressurization and depressurization fit well with a
model that assumes two-exponential relaxation processes.
The discrepancy might be due to the different experimental
conditions used. In our work the pressure-jumps are done at
40°C, while in the work of Panick and Winter (2000) the
pressure-jumps are done at 20°C. Moreover, a different pH
for the protein solution is used: 2.5 in the FTIR work, while
we have used a pH of 5.5.

Characteristics of the transition state of RNase A inferred
from B,-values

It has been described that contributions to the reaction
volume, AV, obtained from equilibrium experiments, may

arise from packing deficiencies in the native state (Frye et al.
1996; Frye and Royer 1998; Hummer et al. 1998) and
differences in solvent interactions between native and
unfolded protein (Heremans 1982; Dill 1990; Hummer et al.
1998). The structure of the native RNase A shows no
indication for cavities (Wlodawer et al. 1988); however, the
observed volume change corresponds to only about 0.33%
of the total protein volume. Thus, even minor packing
deficiencies in the native protein might contribute to the
reaction volume. Other contributions to AV are known to
arise from changes in interactions between the solvent and
the protein chain. This effect is especially pronounced
around charged groups (electrostriction). From our data, we
cannot discard this contribution to AV; however, RNase A is
a basic protein with a pronounced number of basic groups
compared to acidic ones. Since no basic groups are buried
in the native state, contributions from electrostriction
around positive charges are not expected (Wlodawer et al.
1988), and although a small contribution from acidic
groups at the experimental pH can account for the changes
in AV, this contribution is assumed to be minor. Therefore,
in our case, and in accordance with what has been de-
scribed for other proteins the decrease in the volume of the
pressure-unfolded state is mainly a consequence of packing
deficiencies in the hydrophobic core of the protein as well
as changes in solvent interaction of the polypeptide chain
(Royer et al. 1993; Frye et al. 1996; Frye and Royer 1998;
Pappenberger et al. 2000). For the variants, the greater
values of the reaction volumes compared to the wild type
may be directly related to packing deficiencies as a conse-
quence of methyl/ene deletions as well as to differences in
solvent interactions of the polypeptide chain between the
native and denatured state. Since there are no changes in
charged groups between the wild type and the variants,
electrostriction contribution from these types of residues to
reaction volumes of the variants should be the same as in
the wild-type enzyme.

Since volume changes that occur during RNase A and
variants folding arise mainly from changes in solvent
interactions of the polypeptide chain and packing defi-
ciencies in the hydrophobic core, measuring the activa-
tion volumes for the refolding reaction relative to the
reaction volume gives structural information on the
transition state (Pappenberger et al. 2000; Perrett and
Zhou 2002).

For wild-type RNase A the activation volumes for the
refolding and unfolding reaction of 28.90 and —18.21
cm’/mol show that the volume of the transition state is
about 60% native-like, suggesting that it is still partially
solvated. For the variants, the results obtained for the
Bp-values indicate that those that are more destabilized
present a transition state, at least from the point of view
of solvation, which is closer to the native state of
each variant. That is, for VIO8A, I1106A, and V47A the
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transition states are about 56%, 47%, and 42% native-like,
respectively, while for the other variants the transition state
is around 26%-34% native-like. In other words, the Ala
changes introduced at positions 108, 106, and 47 bring the
transition state closer to the native state than the changes
introduced at the rest of the positions studied in this work.
This means that the transition state is found to move
progressively closer to the folded state on destabilization
of the protein by mutation according to the Hammond
postulate (Hammond 1955), which states that the structure
of the transition state of a chemical reaction becomes more
product-like when the product is destabilized. For protein
folding reactions a pressure-induced structural movement of
the transition state might be explained mainly by the
weakening of hydrophobic interactions, accompanied by an
increase in solvation of the polypeptide chain increasing
pressure (Heremans 1982; Mozhaev et al. 1994; Hummer
et al. 1998). As a result, a larger number of interactions are
required, and consequently, a dehydration of the polypeptide
chain to compensate for the loss in conformational entropy
during the folding process. This effect leads to a more native-
like transition state. The Hammond postulate has also been
proposed to explain the movements of the transition state for
folding of other proteins like barnase, chymotrypsin inhibitor
2 (CI2), and tendamistat, studied using other denaturing
agents (Matouschek et al. 1995; Pappenberger et al. 2000).

Characteristics of the transition state of RNase A inferred
from ®-values

All the mutations in this work are changes of larger
hydrophobic side chains to smaller ones, and as a conse-
quence, according to the protein engineering method,
their fractional ®4values are indicative of the extent of
structure formation mapped out at the level of individual
residues. In fact, the nice linear fitting of the Brgnsted
plot corroborates this hypothesis (Matouschek et al. 1989,
1990; Fersht et al. 1992).

The residues of the major hydrophobic core of RNase
A studied in this work can be split into two categories:
those mutations that result in a ®,value around 0.35
(Vall08, I1e106, and Val47) and the rest of the mutants,
which present ®,values around 0.5 (between 0.46 and
0.55). A priori, the opposite would be expected and higher
®/values would also be expected for all the positions
analyzed, since refolding quench flow experiments com-
bined with 2D NMR allowed to identify the protons which
are protected early during the refolding reaction of RNase
A, among which were Val47, Val54, 1le81, Ile106, and Val
108 (Udgaonkar and Baldwin 1990). In addition, most of
the amide protons protected early in the folding reaction are
among the ones which exchange by global unfolding events
or those for which this process is a major pathway for
exchange when the H/D exchange behavior of amide
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protons has been studied by 2D NMR (Neira et al. 1999).
Nevertheless, our results suggest that part of the interac-
tions of the residues 47, 106, and 108 are formed later than
the interactions of the rest of the positions analyzed, which
in turn, do not present ®,values > 0.55. Probably, the
interactions of the residues analyzed and in particular those
of the three residues which have the lowest ®,values, are
more important for stabilizing the folded structure of the
RNase A than for directing its folding. This is in accor-
dance with the hypothesis that hydrophobic clusters are
more important for stability (Kim et al. 1998). The
discrepancy between the results of the protein engineering
method applied in this work and those found in the 2D
NMR studies might be due to the fact that NMR monitors
the behavior of the main chain while the protein engineer-
ing method monitors the side chain interactions. It is
possible that in the transition state the main hydrophobic
core of RNase A presents a structured backbone while the
side chains are not in their native conformation.

For other proteins, that are not all « or all B, like CI2
(Itzhaki et al. 1995), the activation domain of human
procarboxypeptidase A2 (ADA2h) (Villegas et al. 1998),
immunophilin FKBP12 (Fulton et al. 1999), and the CheY
chemotactic protein (Lopez-Hernandez and Serrano 1996),
low ®4values have been obtained for the amino acids that
belong to the hydrophobic core. It has been proposed that
the transition state for these proteins looks like a collapsed
globule with some secondary structure and a weakened
hydrophobic core.

Consistency of the results obtained from ®p-values
and By-values

The conclusions about the transition state drawn from the
protein engineering method are consistent with the ones
obtained from (,-values, which can be specifically obtained
from pressure studies. A good correlation (Fig. 5) exists

0.60

0.55 °

0.35

0.30

0:1 0:2 0:3 0.4
A,

Figure 5. Correlation between the ®jvalues and the Ap,-values
B, = AV;&/AV) of each variant. The solid line shows the best fit to a
linear equation (r = 0.85).
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between the ®,values and the differences between the
Bp-value of wild-type enzyme and the (3,-values of the
different variants, AB;» in Table 3. The side chains for
which a minor number of the interactions are present in the
transition state relative to the interactions that are present in
the native state, also give rise to minor differences between
the degree of solvation/compactness of the transition state
relative to the native state compared to this parameter (3,,)
for the wild-type enzyme.

Although it has been stated that the nature of the
transition state inferred from pressure-induced studies is
consistent with the results of the protein engineering
method (Perrett and Zhou 2002), to the best of our knowl-
edge, this is the first direct comparison using a set of
mutants.

Conclusion: The transition state of RNase A for the
pressure-folding process

The structure of the transition state of the hydrophobic
core of RNase A from the point of view of formed
interactions is a relatively uniformly expanded form of
the folded structure with a mean qbf-value of 0.43, which
places it halfway between the folded and unfolded states.
This means that, on average, 43% of the free energy of
interaction is lost on reaching the transition state for
unfolding from the folded state.

Both the wild-type enzyme and the variants present
a negative unfolding activation volume, which places the
transition state between the native and unfolded states.
On average, the B,-value for the variants is around 0.4,
suggesting a transition state that is 40% native-like from
the point of view of compactness. Taking into account
that it has been described that the pressure-denatured
state of RNase A contains some partial secondary struc-
ture (Torrent et al. 2001), and that the unfolded-state
appears to display some characteristics of a molten
globule with native-like secondary structure and a liquid
interior (Zhang et al. 1995) it seems reasonable to pro-
pose a transition state that has a significant degree
of secondary structure formed and a weakened hydro-
phobic core. This, in turn, may suggest a pressure-folding
pathway according to a nucleation-condensation mech-
anism for the main hydrophobic core of nonreduced
RNase A.

Materials and methods

Mutagenesis, protein expression, and purification

RNase A variants were constructed by site-directed mutagenesis
using the Quick-Change kit (Stratagene) essentially as recom-
mended by the manufacturer. Protein expression and purifica-
tion was performed according to the procedures previously
described (Torrent et al. 1999; Font et al. 20006).

Pressure-induced equilibrium unfolding

The stabilities of each of the variants in this study were
previously characterized by pressure unfolding at 40°C and
monitoring the change in absorbance at 287 nm according to
Font et al. (2006).

Kinetic experiments: Pressure-jumps

The lyophilized proteins were dissolved to a concentration of
0.5 mg/mL in the same buffer used for the equilibrium experi-
ments (50 mM MES, pH 5.0).

The protein intrinsic fluorescence was measured by exciting
the sample at 280 nm (4 nm slit) and recording the emission at
305 nm (16 nm slit) to minimize photobleaching. The dead time
of the equipment was shorter than 5 msec.

Fluorescence measurements were carried out using an
Aminco Bowman Series 2 fluorescence-spectrophotometer (SLM
Aminco). The sample compartment was modified to accommodate
a thermostated high-pressure optical cell, allowing measurements
up to 700 MPa. The protein solution was placed in a 5-mm
diameter quartz cuvette, closed at the top with a flexible mem-
brane and held with a rubber O-ring. Pressure-jumps consisted of
sudden changes of pressure (up to 40 MPa) within a pressure
range of 0.1-600 MPa, and were made by using a home-made
pressure-jump device connected to the high-pressure optical cell
placed in the above-mentioned fluorescence spectrophotometer.
Pressure-jumps were carried out by opening an electrically driven
pneumatic valve localized between the high-pressure optical cell
and a ballast tank.

The pressure-jumps were small enough so that the adiabatic
heating or cooling of the sample amounted to no more than
0.35°C, which at the sample temperature of 40°C would not
perturb the folding equilibrium of the proteins significantly.
Therefore, the adiabatic heating did not contribute significantly
to the exponential decay induced by the pressure-jump.

Data analysis

Determining kinetic parameters from relaxation profiles

The relaxation profiles of the unfolding/refolding, after
each pressure-jump, were fitted to a single exponential decay,
according to Equation 1.

I(t) = I + A(1 — e Fon?) (1

where /() and I, are the fluorescence intensities at time ¢ and at
time zero, A is the phase amplitude, and ks is the measured rate
constant at the final pressure p.

In agreement with a two-state folding/unfolding reaction, the
measured apparent rate constant at a given pressure kqp, is equal
to the sum of the microscopic rate constant for folding k¢ (p)and
unfolding &,(p)

kobs(P) = ku(p) + ke (p) @3

Equation 2 was used to calculate the microscopic rate constants
introducing a constrained analysis, which takes into account the
relationship between the rate constants and the equilibrium
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constant for each jump (Herberhold et al. 2003). The equilib-
rium constant at pressure p was calculated using Equation 3

K (p) = —(AG + pAV)/RT 3)

where AG and AV are the free energy and volume change of
unfolding obtained from equilibrium experiments, and p is the
final pressure of each jump.

Linear plots of Ink(p)/Ink,(p) versus the final pressure of each
jump allowed us to calculate AVfand AV7, the activation
volumes for folding and unfolding, respectively, according to

equations:

Ink, = —p(AV7 /RT) + Ink,(0.1MPa) )
Inks = —p(AV/ /RT) + Inks(0.1MPa) )

Protein engineering method: Calculation of the ®-values

The free energy changes of the transition state upon mutation
(AAG;and AAG,) were calculated using the following equations:

AAG; = —RT In(k"/K}") (©6)
AAG, = —RTIn(K" /K" 7)

where kf' and k_;” are the rate constant for folding for the mutant
and wild type, respectively. The same applies for the unfolding
ones. The ®-values, which report on the degree of formation of
the interactions broken upon mutation in the transition state,
were calculated using the equation:

®; = AAG;/AAG ®)

The protein engineering method has been extensively reviewed,
mainly by Fersht and coworkers (Matouschek et al. 1989; Fersht
et al. 1992; Serrano et al. 1992; Fersht 1995, 1997, 2004).
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