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ABSTRACT. Pseudomonas aeruginosaurin is a 128-residug-sandwich metalloprotein; in vitro kinetic
experiments have shown that it folds in a two-state reaction. Here, we used a variational free energy
functional to calculate the characteristics of the transition state ensemble (TSE) for folding of the apo-
form of P. aeruginosaazurin and investigate how it responds to thermal and mutational changes. The
variational method directly yields predicted chevron plots for wild-type and mutant apo-forms of azurin.
In parallel, we performed in vitro kinetic-folding experiments on the same set of azurin variants using
chemical perturbation. Like the wild-type protein, all apo-variants fold in apparent two-state reactions
both in calculations and in stopped-flow mixing experiments. Comparisons opplia{ues determined

from the experimental and theoretical chevron parameters reveal an excellent agreement for most positions,
indicating a polarized, highly structured TSE for foldinghxfaeruginosapo-azurin. We also demonstrate

that careful analysis of side-chain interactions is necessary for appropriate theoretical description of core
mutants.

Many aspects of protein folding reactions have been of a protein, and their folding at different concentrations of
illuminated by energy landscape theord—3). With the denaturant or temperature, performing simulations case by
minimal frustration principle as a constraint required for case becomes cumbersome. Furthermore, many point-
biological function, proteins usually are well-described by a mutated protein variants only make delicate changes in the
simple funneled-shaped energy landscae\ariations of folding-free energy landscape, which can be hard to dis-
the energy landscape can change the effective free-energyriminate from the statistical errors occurring during sam-
profile along the folding reaction coordinate. It is clear that pling.

a simple funneled energy landscape can yield many different  portman, Takada, and Wolynes (PTWiave developed
free-energy profiles depending on the topological details of 3 scheme based on a variational free energy functional for
the protein’s native structure. Therefore, proteins exploit a characterization of the folding-free energy landscapes of
variety of kinetic-folding mechanisms. While traditional minimally frustrated proteinss-7). Numerical calculations
transition-state theory can be adapted to study the kineticsphased on the variational principle were found to be both
of protein folding, the large number of degrees of freedom efficient and accurate when compared to most simulation
and the often broad distribution of transient states make schemes. Calibration of the variational calculation avoids the
detailed characterization of the complete free-energy land- statistical disadvantages confronted in simulations and,
scape for protein folding necessary. Sampling of the land- therefore, allows more precise studies of small changes in
scape by simulations provides one route to obtain the free-fo|ding-free energy landscapes caused by denaturants and
energy profile for folding. Yet, for studies of many variants - sjte mutations. With the variational method, multiple folding
pathways for the same protein can be clearly discerned. The
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Experimental studies of protein folding have revealed that THEORETICAL BASIS

small, single-domain proteins often fold by apparent two- _ .
state kinetic mechanisms (i.e., involving only the denatured, The PTW Methodl’h_e PT.W variational sgheme starts with
a simple model Hamiltonian of the protein systef-7).

transition, and native states)4—16). Experimentally, phi : ; .
(¢)-value analysis is the most important strategy to explore Eg?ﬂiﬁj Zaég miﬂgl ﬁ;ﬁﬁtgﬁg(nbf/)vnh?cing c;c))(rg)t%cgslgai;ictlons
the nature of the transition state ensemble (TSE) for folding Herain Hi, The first term Henar) models the collapsed stiff

(17, 18). In such experiments, the TSE is probed by chain (i.e., a linear chain of “monomers”, each representin
measuring the kinetic and thermodynamic effects of hydro- N N ' P 9
a residue in the protein’s primary sequence) as follosys (

phobic-to-alanine mutations in different regions of the
protein. Thep-values represent the change in stability of the 3 3
TSE accompanying the mutation of a residue relative to the Hehain=— z rr +—8B Zriz

effect the same mutation has on the stability of the native 28 G 28° 4

state, assuming there is no effect on the unfolded state by

the mutation. Thus, a equal to 1 suggests that the Wwhereais a microscopic length scale taken to be the mean
corresponding residue makes interactions that contributesquare distance between adjacent monomers in the dhain,
equally to the stability of the TSE and the native states (i.e., IS the conjugate to the radius of gyration of the chain, and
nativelike interactions in the transition state). In contrast, a i the position of monomeirin the polymer chaing). The

¢ equal to 0 indicates that the corresponding residue formscorrelations between monomer positions are giver"by
very few, if any, interactions with other residues in TSE. The second term in the Hamiltoniakii) represents the
Fractional ¢-values are often interpreted as possessing contact interactions, which are modeled by a pairwise
different degrees of structure in the folding nuclei, 0). potential u(rj) with an interaction strength coefficiert;
Several small proteins folding by two-state kinetic mecha- Hing = 2ijy €iu(ri). We parametrized the; coefficients
nisms have been subjects of mutagenesis to obtain a picturévith Miyazawa-Jernigan contact energies. The interaction
of the TSE for folding with residue-specific resolution. Such potential u(rj) is modeled as a sum of three Gaussian
in vitro studies have led to the distinction of two classes of potentials representing short (s)-, intermediate &ijd long
TSE for folding @1, 22), diffuse transition states, in which ~ (I)-range parts
most side chains have similar relatively lgwvalues R2—

25), and polarized transition states that display distinct u(r) = Vi exﬁ 3
k=(s.i)

——ar’

substructures with very high-values 26—30). 252

Pseudomonas aeruginosezurin is an excellent model
system to investigate the applicability of the PTW method whereo; < a; < os are the long-, intermediate-, and short-
to ¢-value analysisg, 6). Azurin is a small (128 residues), range widths, respectively. The long-range term is attractive;
single-domain metalloprotein with/&barrel structure com-  the intermediate- and short-range terms are repulsive
posed of eighi3-strands, which belongs to the sandwich- (i.e.,y; < 0;y; > 0; ys > 0, respectively)%). The long and
like protein family @1). In vivo, a redox-active copper is intermediate components are chosen to present an energy
coordinated to the protein allowing for electron-transfer potential well that has the native distances between residues
activity (31). The copper in azurin can be eliminated, creating at the minimum; the short-range term approximates hard-
apo-azurin, or substituted with zinc without change of the core repulsion between residués.(To construct the free-
overall structure 32, 33). Equilibrium and kinetic folding  energy surface, a reference Hamiltonian is first chosen as
processes for apo- and zinc-forms of azurin are two-state 4, = Hg.i, + (3/222) 3.Ci(ri — riN)Z, whereN indicates the
reactions 84—39). The significantly curved chevron plotfor  native state. The constraint paramet€y, describes the
zinc-substituted azurin has been attributed to movement offjyctuations of theth residue about its native location. With

a highly diffuse folding-transition state and was recently used 3 reasonable choice of values in the reference Hamiltonian,
to investigate the growth of the folding-transition state with the variational free energy is calculated as

residue-specific resolutiod ). In contrast, apo-azurin folds

via a fixed TSE 40): of the six highly conserved core FIC] = —kgTlog Z, + [H — H,lg

residues investigated, three positions agalues near one,

whereas the others had near-zerualues. where,Z, is the partition function of the reference Hamil-
In this paper, we probe the free-energy landscape for tonian andH — Hold denotes the average with respect to

folding of wild-type and 16 point-mutated forms &f. Ho. When this relation is used, calculations of the folding

aeruginosaapo-azurin by theory, using the PTW variational landscape’s energy and entropy are straightforwasl. (
method, and by in vitro experiments, using stopped-flow  From Theory tap. The¢-values can be defined aAG¥/
mixing and purified proteins. Theoretical relaxation curves AAG (where AAG* = AG . — AG'w and AAG =

are first constructed from the predicted folding pathways; AGmut — AGw; mut, mutant; wt, wild-type form of protein)
next, the rate coefficients for folding/unfolding are used to if folding is a two-state process with a sharp transition state.
construct theoretical chevron plots for all variants. The In in vitro experiments of protein folding, the directly
resulting theoreticad-values describing apo-azurin’'s TSE measured data are presented as relaxation curves correspond-
are compared to the corresponding values obtained from theing to the rate of equilibration of folding and unfolding events
in vitro kinetic measurements. We find excellent agreement at the particular condition (in terms of temperature, chemical-
between theoretical and experimengalalues; moreover,  denaturant concentration and/or pHkos = ki + ks

the estimated native-state stabilities of the various apo-azurinTheoretical relaxation curves that correspond to experimental
variants also agree between theory and experiment. kobs are extracted from the folding pathways predicted by
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the PTW method, as we describe in detail below. The free- " ' T ' T ‘ l
energy changes corresponding to the folding barres?,

and the protein stabilityAG, are then estimated via linear
extrapolations of the logarithms of the observed relaxation
rates to a common condition (such as zero denaturant
concentration or a specific temperature). In our theoretical «

calculations, we altered the balance of folding and unfolding & *[° ]
by changing the temperature. The Arrhenius rate coefficients &
k., and k- are expressed as follows, witAG" i =
—(G¥ — Ggy) (A, pre-factor):

A AG'
Kys = Aex QT

EXPERIMENTAL PROCEDURES
) ) ) ) Ficure 1: Variational free energy versus energy of the two folding

Construction of VariantsConstruction of the following  pathways [(*) high-energy barrier an®Y low-energy barrier] for
azurin variants has been reported previoug§§, @0, 41): apo-azurin af = 1.91 (i.e., at the folding temperature). The point
Val31Ala, Leu33Ala, His46Gly, Trp48Ala, Leu50Ala, with the highest free energy is denoted as the folding-transition
Val95Ala, Phe97Ala, Tyrl08Ala, Phe110Ala, and His117Gly, Stat€ in each path.
An identical scheme was used to prepare the remaining
variants used in this work: lle7Ala, Ile20Ala, Val22Ala, RESULTS AND DISCUSSION
Val60Gly, lle81Ala, and Leul25Ala azurins. All variants A contact map (input in the PTW variational calculations)
were expressed iEscherichia coliBL21pLysS cells, and  for wild-type P. aeruginosapo-azurin was constructed based
purification was performed as in r&6. The apo-form of on the distances between all heavy atoms in the side chains
each variant was prepared by extensive cyanide dialysis to(pdb file 1E65). The contacts are classified into side-chain
remove both copper and zinc; completion of the reaction was and backbone contacts according to the distances between
verified by copper-titration monitoring absorption at 630 nm side-chain atoms and their angular orientations with respect
(36). In our in vitro measurements, the balance of folding to each other. As found in the original PTW work, ©),
and unfolding was altered by changing the chemical denatur-the energy unit, is best fit by a factor of 0.6 to scale the
ant guanidine hydrochloride, GUHCI, concentration. Miyazawa-Jernigan contact energietd}. Using this scaling,

Equilibrium Unfolding. GuHCI-induced equilibrium un-  we calculated a relative folding temperature of 1.91 for apo-
folding was performed in 100 mM Tris-HCI, pH 7.0, at 25 azurin. To match the experimentally determined thermody-
°C using fluorescence (excitation at 285 nm; emission namic stability ofP. aeruginosapo-azurin 40), the stability
monitored at 308 nm) and far-UV circular dichroism (CD) (AG) at 298 K was set to-10ksT in our model. With this,
detection (206-300 nm). Samples were incubated for 2 h the relative folding temperature of 1.91 corresponds to a
before measurements. The equilibrium-unfolding reactions value of 320 K. Notably, this is only somewhat lower than
were reversible without any display of protein-concentration the melting temperature reported in in vitro unfolding
dependence (in-550 uM protein range). The equilibrium-  experiments oP. aeruginosaapo-azurin 46).
unfolding curves were analyzed using a two-state motiz| ( The free-energy profiles predicted from the PTW varia-
43) to determineAGy(H20) values. For each azurin variant, tional method for folding of wild-type apo-azurin appear two-
far-UV CD- and fluorescence-detected transitions overlapped. state-like with one broad barrier; the profiles at the folding

Folding and Unfolding Dynamicsime-resolved folding temperature (i.e., af = 1.91) are shown in Figure 1. The
and unfolding was probed by fluorescence (excitation at 285 finer details of the profiles correspond to irregular compensa-
nm; emission monitored at 308 nm) and far-UV CD (at 220 tions of entropy loss by free energy gain. We identify two
nm) using an Applied Photophysics Pi-Star stopped-flow folding paths for apo-azurin at the folding temperature; the
mixer. Both detection modes gave identical kinetic traces in path with the lower barrier is the pathway we focus on in
all cases. Apo-azurin variants were mixed in a 1:10 ratio this paper (since it is most probable). Although many saddle
with appropriate GuHCI/buffer solutions. At each condition, points are found in both pathways, there are no distinct or
six kinetic traces were averaged before fitting. There were highly populated intermediate states found on either pathway.
no missing amplitudes (within the-B ms dead time) in In the present treatment, therefore, we denote the point with
either fluorescence or far-UV CD Kkinetic traces, and no the highest free energy as the folding-transition state and
protein-concentration dependence was foune-5& uM the folding rates are calculated as the relaxation times to
protein range). Both unfolding and refolding reactions were cross this barrier. A structural interpretation of the folding-
fit to monoexponential decay equations. The observed ratetransition state, that is, the TSE for folding, can be made by
constantskops at different GUHCI concentrations were then examining the mean-square deviation (MSD) of each residue
fit assuming standard linear dependence df;land Ink, as predicted by the PTW variational algorithm. Here, the
on GuHCI concentrationdd). The experimentad-values MSD of residud is defined as how much residu8uctuates
were calculated ag = AAG*(H.0)/AAGy(H,.0), where around its mean position in structures belonging to the TSE.
AAGy(H0) is AGy(mutant, HO) — AGy(wild-type, HO) The MSD as a function of residue number is shown in Figure
and AAG*(H,0O) corresponds toRT In[k(mutant, HO)/ 2A for the globular (unfolded), native, and transition states
ki(wild-type, HO)]. on the two folding routes for wild-type apo-azurin. Similar
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Ficure 2: (A) MSD as predicted by the variational algorithm for 0 005 ol 015 02 0.25
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different states on wild-type apo-azurin’s folding pathway$¥ at ) o
1.91. The MSD as a function of residue number is shown for the FIGURE3: (A) Folding paths (variational free energy versus energy)
globular/unfolded stated), the native statex(), as well as the high-  at different temperatures for wild-type apo-azurin. Only the low-
barrier TSE 4), and the low-barrier TSEX) of the two folding energy-barrier pathway is shown. The lines correspond to temper-
pathways identified in Figure 1. (B) The isodensity surface=( atures from.l.98 to 1.84 wnh 0.01 increments from top to bot;qm.
0.005) for the two TSE for apo-azurin folding &t= 1.91. The (B) Relaxation curves for wild-type apo-azurin of the probability
left model corresponds to the low-energy barrier TSE (i.e., the focus to remain in the globular/unfolded state at various temperatures
of this study), and the right model corresponds to the high-energy (with a zero probability value meaning full conversion to the folded
barrier TSE. state). The curves correspond to relaxation data at temperatures
from 1.98 to 1.84 with 0.02 increments from the top to the bottom.

information is visualized in isodensity plots for the two TSEs - .
(see Figure 2B). The construction of this type of plot has PY Pre-TSE collapse4@) due to azurin’s complex native
been described previousigtd). In both transition states, a  topology which may account for additional friction. The
nativelike structure appears in the core around residues 30/tictional effect on the pre-factor may be even larger than
50, 85, 95, and 110 with some additional nativelike structure thiS estimate, since recent experimend9)(as well as
proximal to the N-terminus in the pathway with the higher theoretical work €) have demonstrated that the pre-factor
barrier. can exceed the speed limit of&. Alternatively, the current

In Figure 3A, we show the predicted folding routes for €N€ray model may underestimate the barrier height due to

wild-type apo-azurin at a set of temperatures. The data showd!€ a@bsence of nonadditive effects. _

that, at the higher temperatures (top traces), the unfolded 'N€ folding/unfolding barrier depends linearly on the
state is energetically favored, whereas at the lower temper-l€mperature change to a first-order approximation
atures (bottom traces), the folded state is favored. Following N N

the pathway at each temperature, a simple relaxation curve AG  (T) = AG' (To) + my¢ x (T —Tp)

is calculated using the Arrhenius equation. In Figure 3B, we

plot such relaxation curves (reported as probability to remain Thenk, (T) is given as follows:

unfolded versus time) at different temperatures. It is obvious

that the lower the temperature, the faster and more complete —AG* m

is the conversion to the folded state. The relaxation curvesk (T) = Aex o uh

are fitted to exponential decay equations, which provide rate T

constants that directly correspond kg,s values, as are Aexr{_AG¢”’f(T°) +my x Ty

normally the parameters determined in in vitro folding T £
measurements. We set the pre-factor of all rate constants at
10* to make the theoretical relaxation-time scales similar to
those observed in the corresponding in vitro folding experi-
ments on apo-azurin. We note that this pre-factor is ap-
proximately 18-folds smaller than the speed-limit estimate 1 1
for protein folding @7). This difference may be explained N KypdT) = In[exp@+ bT ) + expC + dT )] +In A

Now the logarithms of the observed rate coefficientsk,l
can be expressed as
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Ficure 4: Theoretical chevron plots (ks versus temperature) for the 16 apo-azurin variants studied herein. In each graph, the mutant
data (thick curve) is overlaid with the wild-type data (thin curve). The arrangement of panels is the same in Figures 4 and 5.

witha= —m, b= —AGﬁ(To) + myTo, ¢ = —mx, andd = To assess the accuracy of the theoretical results as

—AG{(To) + mTo. The relaxation data for wild-type apo- compared to in vitro experiments, we also collected experi-
azurin was used to prepare a theoretical chevron plot (i.e., amental equilibrium- and kinetic-folding data on all the apo-
plot of the InkywyT) versusT data) for wild-type apo-azurin ~ @zurin variants. Of the 16 point-mutated variants of azurin
that was then fitted with the above expression to assign analyzed by theory, 10 had been characterized eaB&r (
values to thea, b, ¢, and d parameters. In the fitting 40), and 6 were investigated in the current work (lle7Ala,
procedure, parameteis and ¢ will give opposite signs, lle20Ala, Val22Ala, Val60Gly, lle81Ala, and Leul25Ala
corresponding to unfolding and folding, respectively. azurins). Equilibrium-unfolding curves as a function of the
To deriveg-values for specific positions, 16 apo-azurin chemical denaturant GuHCI for wild-type and all mutants
variants with point-mutations (lle7Ala, lle20Ala, Val22Ala, are single transitions, and unfolding measurements using two

Val3lAla, Leu33Ala, His46Gly, Trp48Ala, Leu50Ala modes of detection (i.e., fluorescence and far-UV CD) are
Val60Gly, lle81Ala, Val95Ala, Phe97Ala, Tyrl08Ala, coinc_idental (Supporting Information). This sug_g_ests the
Phe110Ala, His117Gly, and Leu125Ala) were created basedeactions to be two-state processes; the stability values
on the contact map of wild-type apo-azurin. In the theoretical obtained from two-state fits for all variants in the absence
description of the point-mutated variants, only the side-chain °f GUHCI, AG,(H0), are listed in Table 1. In Figure 5, we
contacts of the residue in question are eliminated in eachSnOW the resulting chevron plots for folding and unfolding
case. Backbone contacts, that is, the hydrogen bonds inkinetics of the 16 apo-azurin variants. In accord with two-
secondary structures, are not altered in the mutated variantsStaté kinetics, the constituting arms of a given chevron are
The PTW variational calculation was performed on each linear with neither protein concentration dependence nor
azurin variant to ultimately obtain a set of chevron plots Missing amplitudes. The-values calculated from these
(Figure 4). These were then fitted with the above expression 8XPeriments upon extrapolation ® M GuHClI are listed in

to define the parametessb, ¢, andd for each variant. From ~ 12able 1. As a control, experimental and theoretigatalues

the obtained values, the folding barriér@*) and the protein ~ Were also calculated at the transition midpoints in the chevron

stability, AG = —(AG% — AGY), of each system were PlOtS. The results using this approach are very similar to those
extracted. Next, thG* and AG values for wild-type and ~ "eported in Table 1 (see Supporting Information for details).
variants of apo-azurin were combined to yield thealue The experimentally and theoretically derivée/alues are

for each mutated position. We summarize the theoretically compared in Figure 6A, the correlation coefficieribetween
obtained stability an@-value results in Table 1. the two sets of data is 0.80. Tigevalue of Leul25Ala has
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Ficure 5: Experimental chevron plots (ks versus GUHCI concentration) for the sixteen apo-azurin variants. In each graph, the mutant
data (thick curve) is overlaid with the wild-type data (thin curve). The arrangement of panels is the same in Figures 4 and 5.

Table 1: Protein Stability and Kinetig-Value Data forP. aeruginosaApo-Azurin (Wild-Type and 16 Point-Mutated Variants) As Derived
from Theoretical Calculations (the PTW Variational Method) and in Vitro Measurements (pH °G)2Respectively

apo-azurin mutated AG ¢ AGy(H0) P
variant f-strand eliminated contacts (keT) (theory) (kJ/mol) (experiment)
wild-type - - 8.82 - 25.0+ 0.7 -
lle7Ala 1 15, 16, 17, 31, 33 7.15 0.18 12100.3 0.104+ 0.05
lle20Ala 2 29, 48 6.28 0.07 188 0.5 0.274+0.03
Val22Ala 2 29,99, 125, 127 6.95 0.14 190.2 0.184+ 0.06
Val31Ala® 3 48 7.91 1.04 20.8:0.4 0.93+£0.14
Leu33Ala 3 84, 87 8.40 1.14 2100.3 0.91+ 0.18
His46Gly! 4 9, 10, 35, 46 6.96 0.13 1#0.6 0.140.02
Trp48Ale 4 20, 31, 84, 95, 110 1.56 0.33 400.3 0.234+0.03
Leu50Al& 4 81, 97 7.09 0.67 18.4 0.2 1.044+0.11
Val60Gly helix 111, 113,118 5.99 0.17 1#20.6 0.184+0.03
lle81Ala 5 97,101, 108 7.19 0.58 0.3 0.52+ 0.08
Val95Alg’ 6 48 8.34 0.81 22.50.2 0.63: 0.2
Phe97Al& 6 29, 50 6.25 0.18 158 0.7 0.35+ 0.04
Tyr108Ale 7 81,102, 103, 125 6.26 0.19 12450.2 0.37+£0.03
Phell0Ala 7 15,17, 18 5.20 0.05 11080.9 0.19+ 0.02
His117Gly! loop 13,42, 112 6.76 0.00 1504 0.140.03
Leul25Ala 8 50 8.09 0.20 22 0.6 0.81+0.1Z2

aThe theoreticalp-values are calculated ag = AAGYAAG, where AAG is calculated asAG(mutant) — AG(wild-type) and AAG* as
AGHmutant)— AG¥(wild-type). Similarly, the experimentai-values are calculated as= AAG*(H,0)/AAGy(H,0), whereAAGy(H,0) is calculated
asAGy(mutant, BO) — AGy(wild-type, H:0) andAAG¥(H.0) asRT In[k(mutant, HO)/kq(wild-type, H,O)]. For each mutant, the localization in
the folded structure of the residue exchanged is indicated, as well as the side-chain contacts eliminated in its theoretical deStaipdiarm
deviations ¢) for the ¢-values were calculated as in ref ZExperimental data taken from ré6. ¢ Experimental data taken from r@é. ¢ AAGy(H;0)
may be too low (i.e., 3 kJ or less) fgrto be accurate2Q, 50).

the largest deviation between experiment and theory (TableFigure 6A, the correlation coefficient increases to 0.90. The
1). However, this mutation only shows-~a3 kJ change in correlation between theoreticdG(ksT), and experimental,
the experimentaAGy(H20) value (Table 1), which may  AGy(H20), stability values for wild-type and mutant apo-
make our experimental-value calculation somewhat unreli- azurins is also excellenty is 0.88 (Figure 6B). Taken
able @0, 50). If we exclude the point for Leul25Ala in  together, the comparisons show that using the PTW varia-
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Ficure 6: (A) Correlation between calculated and experimegtablues (data from Table 1) at room temperature. (B) Correlation between
calculated and experimental stabilitkG(ksT) and AGy(H,0); data from Table 1) values at room temperature.

Ficure 7: lllustration that shows the packing of Leu33 (yellow), Thr84 and lle87 (purple), and Asn47 and Trp48 (green) in apo-azurin’s
core (prepared in PyMol using pdb file 1E65).

tional method to calculate folding dynamics provides chevron folding barrier significantly more than what was actually
plots and, thusp-values that are in fine agreement with data observed in the in vitro experiments (i.ep became
from in vitro protein-folding experiments. Furthermore, from unreasonably high). To address this discrepancy, we evalu-
the ¢-values for the 16 positions, it emerges that apo-azurin ated the packing quality between the involved residues. As
has a localized TSE with almost nativelike interactions shown in Figure 7, the side chain of leucine-33 is mainly
around Val31, Val33, Leu50, lle81, and Val95 bringing parts packed with residues 84 and 87. Therefore, the contacts with
of S-strands 3-6 together. The remaining positions, which residues 84 and 87 are considered to be side-chain contacts,
cover all other secondary-structure elements in azurin (i.e.,but the contacts with 47 and 48 are instead classified as
p-strands 1, 2, 7, and 8, as well as thenelix), are not  backbone contacts. When we only deleted the contacts
structured in apo-azurin’s TSE for folding. This description between residue 33 and residues 84 and 87 to create the
of the TSE for folding of apo-azurin is in good agreement azurin variant Leu33Ala, both the stability and thevalue
with the isodensity plot for the low-energy barrier TSE agreed well with the experimental observations. For the
(Figure 2B, left). variant Leu31Ala, based on the same packing argument as
In the theoretical analysis of Leu33Ala apo-azurin, it in the case of Leu33Ala, only the contact with residue 48
became evident that the choice of contacts to be eliminatedwas deleted, since leucine-31 is mainly packed against the
to accurately describe this variant must be carefully evalu- indole group of tryptophan-48. These examples suggest that
ated. In wild-type, folded apo-azurin, residues 47, 48, 84, side-chain contacts, especially those in the hydrophobic core,
and 87 form contacts with the side chain of residue 33. To to be eliminated in theoretical descriptions of mutated
define the Leu33Ala variant in the theoretical calculations, variants cannot be determined by distance criteria alone. To
all four contacts should be removed based on the distancematch completely the experimental data, fine analysis of side-
criterion. However, deletion of all four contacts altered the chain packing is important. The deleted contacts for each



Theoretical and ExperimentalValues

theoretical description of the apo-azurin variants studied here
are summarized in Table 1.

Here, we have comparegdvalues derived from theoretical
experiments witlp-values calculated from in vitro chemical-
denaturant measurements. Although temperature-jump ex-
periments may seem more appropriate in providing experi-
mental data that correspond to the theoretical analysis,
temperature changes can induce nontrivial dynamic solvent
effects 61, 52), which can complicate straightforward
analysis based on equilibrium free-energy landscape theory.
Importantly, unfolding of apo-azurin when induced by

temperature- and chemical-denaturant perturbations results 10.

in similar unfolded states with respect to far-Uv CD and
fluorescence characteristics (data not shown); moreover, both

methods of perturbation are reversible and correspond to two- 11.

state transitions3b, 36, 39). From a technical perspective,
chemical-denaturant jumps are less complicated to execute
as compared to temperature jumps when complete chevron
plots are desired.

CONCLUSIONS

We used the PTW variational method to investigate the
folding TSE for the3-sandwich proteifP. aeruginosazurin.
We also prepared all azurin variants in the lab and tested
their folding behavior in vitro via kinetic measurements. We
found excellent agreement between theoretically and experi-
mentally determineg-values: apo-azurin’s transition state
is fixed with a set of nativelike interactions involving core
residues from strands in bofhsheets. Detailed comparisons
of theoretical and experimental data demonstrate that fine-
tuning is needed in the theoretical description of point-
mutated variants. Free-energy functional methods, such as
the PTW scheme, allow one to readily calculate chevron
plotsi-values and, therefore, compare theoretical results
directly with experimental measurements. For apo-azurin,
this direct comparison shows that theory and experiment
agree in a quantitative fashion. Combined theoretical/
experimental studies to investigate how the presence of zinc
induces a switch from a fixed to a moving TSE in azurin
are underway.

SUPPORTING INFORMATION AVAILABLE

Correlation ofg-values calculated at the transition mid-
points and equilibrium-unfolding curves detected by fluo-
rescence and far-UV CD. This material is available free of
charge via the Internet at http://pubs.acs.org.
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