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ABSTRACT Azurin is a small blue copper protein in the
electron transfer chain of denitrifying bacteria. It forms a
photolabile complex with nitric oxide (NO) at low tempera-
tures. We studied the temperature dependence of the ligand
binding equilibrium and the kinetics of the association reaction
after photodissociation over a wide range of temperature
(80-280 K) and time (10-6-102 s). The nonexponential rebind-
ing below 200 K is independent of the NO concentration and is
interpreted as internal recombination. The rebinding can be
modeled with the Arrhenius law by using a single preexponen-
tial factor of 6.3 x 108 s-' and a Gaussian distribution of
enthalpy barriers centered at 23 kJ/mol with a width of 11
kJ/mol. Above 200 K, a slower, exponential rebinding process
appears. The dependence of the kinetics on the NO concentra-
tion characterizes this reaction as bimolecular rebinding. The
binding kinetics of NO to azurin show impressive analogies to
the binding of carbon monoxide to myoglobin. We conclude
that conformational substates occur not only in heme proteins
but also in proteins with different active sites and secondary
structures.

Experiments measuring the binding of small ligands to heme
proteins have contributed considerably to our understanding
of the relation between the structure, dynamics, and function
of proteins (1, 2). Sperm whale myoglobin (Mb) has served as
a model system in these studies. Mb, a small, globular protein
of 17.8 kDa, consists of 153 amino acids folded into a globular
structure with eight a-helices. Diatomic ligands (02, CO) bind
at the heme iron. The rebinding after photodissociation is
nonexponential in time at low temperatures. An important
concept results from the kinetic studies-namely, that pro-
teins do not exist in a unique, well-defined structure, but in
a large number of slightly different structures, the confor-
mational substates (CS). Evidence for CS also comes from
analysis of the Debye-Waller factor in protein crystals by
x-ray diffraction (3, 4) and from the inhomogeneity of spectral
lines (5, 6). The CS appear to be grouped into different tiers
with distinctly different free energy barriers between the
substates, leading to a hierarchical model of the conforma-
tional energy landscape in MbCO (7, 8).
We believe that these concepts apply not only to MbCO but

to proteins in general. Strong covalent bonds establish the
primary sequence, while only relatively weak forces like
hydrogen bonds and hydrophobic effects determine the fold-
ing into the three-dimensional structure. Consequently, the
positions of the amino acids are not unique, and competition
among neighboring amino acids for the energetically optimal
configuration arises from the dense packing. These two
effects, disorder and frustration, lead to a complex confor-
mational energy landscape with many local minima, the CS.
The hierarchical arrangement of the CS may reflect the
hierarchy of structural features in proteins.

To study the generality of these concepts, we chose azurin
(Az) (from Pseudomonas aeruginosa), a protein of similar
size as Mb but with a different secondary structure and active
site structure. Az is a small blue copper protein that serves
as an electron carrier in certain bacterial redox chains. It has
a molecular mass of 14 kDa and consists of 128 amino acid
residues. The three-dimensional structure of Az can be
described as an eight-stranded P-sandwich with a small
a-helical "flap" of =20 residues on the outside (9-11). The
copper ion is bound in the interior ofthe protein in a distorted
trigonal-bipyramidal coordination geometry. Extensive stud-
ies of the physical and chemical properties of the copper site
have been carried out (12). The copper center that gives rise
to the intense blue color ofthe protein has been characterized
by optical (13), electron paramagnetic resonance (EPR) (14-
16), NMR (17), and Raman spectroscopy (18). Blue copper
centers (type 1 copper) bind nitric oxide (NO) (19). On
binding, the strong absorption band in Az at 628 nm is
bleached. The Az-NO complex can easily be photodissoci-
ated, and the absorption band at 628 nm that is responsible for
the blue color reappears.
Here we investigate the temperature dependence of the

ligand binding equilibrium and the binding kinetics after
photodissociation with spectroscopic experiments over a
wide range of temperature and time. We find characteristic
analogies between rate processes in Mb and Az.

MATERIALS AND METHODS
Lyophilized Az from P. aeruginosa was purchased from
Sigma and used without further purification. The protein was
dissolved in a mixture of 70% (vol/vol) glycerol/30% 0.1 M
acetate buffer, pH 5.5, to obtain a protein concentration of
=100 ,uM. While stirring the sample for an hour, the atmo-
sphere above the solution was replaced several times by N2
gas. Then the N2 was replaced by NO gas (pressure, 1 bar;
1 bar = 100 kPa), and the solution was allowed to incubate for
another hour. The sample was transferred anaerobically into
a sealed cuvette and cooled to cryogenic temperatures.

Optical spectra were measured with an Olis-Cary 14 spec-
trometer, interfaced to an IBM PC/AT, with a resolution of
2 nm. A closed-cycle helium refrigerator (Helix Technology,
CTI-CRYOGENICS, Waltham, MA) cooled the sample. The
temperature of the sample was measured with a calibrated
silicon diode sensor and was adjusted with a digital controller
(model DRC93C; Lake Shore Cryotronics, Westerville, OH)
in the range between 10 and 300 K. The rebinding kinetics
were studied with a flash photolysis system that employs a
6-ns (full width at half maximum) pulse from a frequency-
doubled, Q-switched Nd-YAG (yttrium/aluminum garnet)
laser (532 nm; 300 mJ) for photolysis (model NY-61; Con-
tinuum, Santa Clara, CA). Rebinding was monitored with
light from a tungsten lamp that passed through a monochro-
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mator set at 628 nm. The monitor beam intensity was kept low
and yielded a photolysis rate coefficient of <10-2 s-1. The
light intensity was measured with a photomultiplier tube
(modelR 928; Hamamatsu, Middlesex, NJ) and digitized with
our homemade logarithmic time-base digitizer (Wondertoy
II) (20) from 1 As to 100 s. The sample was kept in a storage
cryostat (model 10-DT; Janis Research, Wilmington, MA)
equipped with a digital temperature controller.

EXPERIMENTAL RESULTS AND DISCUSSION
Equilibrium Properties. When NO is added to an Az

solution at room temperature, only minimal absorption
changes occur. As the temperature is lowered, the strong
Cys(orS) -- Cu(dX2-y2) charge transfer band at 628 nm con-
tinuously decreases and practically disappears at 200 K (Fig.
1). The decrease of the 628-nm band is accompanied by an
increase of the absorbance on the blue side of the spectrum.
An isosbestic point exists near 538 nm. After illumination of
the sample below 200 K, the band at 628 nm reappears and
subsequently decays again in the dark. These results have
been explained by the formation of a photolabile Cu-NO
complex (19). The temperature dependence of the equilib-
rium coefficient, A(T), of the reaction

Az + NO = AzNO [1]

indicates that the NO ligand is rather weakly bound to the
protein. To analyze the energetics of the reaction, we mea-
sured the absorption spectra of AzNO between 200 and 300
K. From the area ofthe 628-nm band, we determined the ratio
of the concentrations [AzNO]/[Az]. The area has been
corrected for an intrinsic temperature dependence of this
band (21). We evaluated the change in free energy AG,
enthalpy AH, and entropy AS (for a standard state of0.1 MPa
NO pressure above the sample) from the equilibrium coeffi-
cient by the equation

[AzNO] / AG\ ( l /AS\
A(T) = = exp--

A

= exp --Iexpl-I. [2][Az] RTJ K RT/ R

R is the universal gas constant and T is the absolute temper-
ature. The van't Hoff plot, A(T) versus (103/T), in Fig. 2 is
linear, in agreement with Eq. 2, and yields AH = -(46 + 5)
kJ/mol and AS/R = -(24 ± 3). In heme proteins, the bond
between the ligand and the metal ion is much stronger. For
example, the binding enthalpy of CO to Mb is AH = -90
kJ/mol (1, 22).

Kinetic Experiments. Fig. 3 shows the kinetics of NO
binding to Az after photodissociation. The absorbance
change (AA) is taken to be proportional to the fraction of
proteins, N(t), that has not yet bound a ligand after time t.
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FIG. 1. Temperature dependence of AzNO absorbance spectra
between 200 and 270 K.
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FIG. 2. van't Hoff plot of the equilibrium coefficient A(T) =
[AzNO]/[Az] for the binding of NO to Az.

Below 200 K, we observe nonexponential kinetics. At higher
temperatures, a second process appears that is close to
exponential in time. The kinetics of this reaction look sur-
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FIG. 3. Flash photolysis kinetics of AzNO at temperatures be-
tween 80 and 280 K. (a) Open symbols, experimental data between
80 and 160 K; solid lines, rebinding curves obtained from fitting a
Gaussian enthalpy distribution g(HBA) to the data. (b) Rebinding
between 180 and 220 K. (c) Rebinding between 240 and 280 K. Above
200 K, the total signal decreases with increasing temperature because
of the temperature dependence of the equilibrium coefficient A(T).
While the solvent process is insignificant below 180 K, it dominates
the kinetics at the higher temperatures.
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FIG. 4. Three-well model. Enthalpy barriers are plotted as a
function of the reaction coordinate for AzNO (solid line) and MbCO
(dashed line). Data for MbCO are taken from refs. 1 and 2.

prisingly similar to the kinetics of ligand binding to heme
proteins and protoheme (1, 2, 23, 24). To describe the
appearance of two temporally separated ligand association
processes, a kinetic scheme with at least three distinct kinetic
states is necessary. In heme proteins, the observed binding
processes have been explained with the model depicted in
Fig. 4, which shows the enthalpy of the system protein +
ligand as a function ofa reaction coordinate. It contains three
wells (A, B, and S) in a reaction enthalpy surface. In well A,
the ligand is bound to the metal ion. In well B, the ligand is
in the vicinity of the reactive site and has to surmount an
enthalpy barrier, HBA, to bind. In well S. the ligand is in the
solvent and has to overcome two sequential barriers, HSB and
HBA, to bind. The kinetics are governed by the four rate
coefficients kBA, kAB, kBS, and kSB, where kSB is a pseudo-
first-order rate coefficient in the presence ofexcess ligand. At
temperatures below -200 K, the ligand cannot escape from
the protein after photodissociation (kBS = 0) and rebinds
internally (process I; B -* A). At higher temperatures, the
ligand either rebinds internally or escapes to the solvent.
Subsequently, a ligand from the solvent binds to the protein
(process S; S-- B -- A).
The nonexponential kinetics at temperatures below =160

K (Fig. 3a) is a phenomenon that is familiar to us from studies
of heme proteins in this temperature range (1, 2, 25, 26). In
heme proteins, the nonexponential behavior has been ex-
plained with the concept of CS: At low temperatures, the
proteins are frozen into many slightly different structures, the
CS, with different activation enthalpies, HBA, for ligand
binding. The inhomogeneous ensemble of protein molecules
is characterized by a distribution of enthalpy barriers,
g(HBA).t If we assume that kAB << kBA, the fraction of
proteins that have not yet rebound a ligand at time t after
photodissociation is described by

N(t, T) = f g(HBA)e-kBA(HBT)tdHBA [31

The temperature dependence of the rate coefficient kBA(HBA,
T) is usually given by the transition-state expression (26)

kBA(HBA, T) = ABA(T/To)eHBAIRT. [41

Here ABA is the frequency factor, and To is a reference
temperature of 100 K. At very low temperatures, quantum-
mechanical tunneling contributions to the rate coefficient
k(HBA, T) may become important (27). We use Eqs. 3 and 4
to perform a nonlinear least-squares fit to the experimental
data. The kinetics at the various temperatures are fitted
simultaneously with a single, temperature-independent
g(HBA). We tried different model functions for g(HBA) (28),
but the Gaussian clearly gave the best fit. The solid lines in
Fig. 3a show the fitted kinetic curves. The Gaussian enthalpy
distribution g(HBA) for binding of NO to Az has a maximum
at 23 kJ/mol and a full width at half maximum of 11 kJ/mol.
The preexponential ABA is 6.3 X 108 S-1.

In Fig. 5, we plot g(HBA) for the low-temperature rebinding
of AzNO and MbCO as determined by flash photolysis
experiments with monitoring in the visible range. In Mb, the
enthalpy distribution is narrower and peaked at much lower
enthalpy values around 10 kJ/mol. It is asymmetric and can
be described with a r distribution (29). The asymmetry arises
mainly from the fact that Mb has three major substates,
denoted AO, A1, and A3 (8). They have different preexponen-
tials and enthalpy distributions, which have been determined
by flash photolysis with monitoring in the infrared (30). When
measuring in the visible spectrum, all three A substates
contribute. We have recently shown that the low-
temperature rebinding kinetics ofMbCO can be modeled with
a sum of Gaussian distributions of the three A substates (28).
Furthermore, temperature-derivative spectroscopy in the
infrared at low temperatures also yields Gaussian enthalpy
distributions for the individual A substates (31). Several
theories attempt to explain the shapes of the g(HBA) distri-
butions. In these models, a protein coordinate, which repre-
sents the conformational inhomogeneity, is coupled to the
reaction coordinate. Depending on the assumptions about the
shape ofthe conformational distribution and the nature of the
coupling, one arrives at either a symmetric (Gaussian) (32,
33) or an asymmetric g(HBA) distribution (29, 34). Our results
with MbCO and AzNO suggest that these low-temperature
enthalpy distributions may be intrinsically symmetric and
Gaussian. It is also interesting that the preexponential fac-
tors, ABA, for Az and Mb are identical.
We have recently reported a time- and temperature-

dependent relaxation of the structure in heme proteins after
dissociation of the ligand. The relaxation occurs at temper-
atures >160 K and leads to an increase of HBA (2, 35). In
MbCO, the kinetics were explained by assuming that the
barrier distribution, which is peaked around 10 kJ/mol below
160 K, shifts to about 22 kJ/mol during rebinding. To
determine whether such a relaxation effect is present in
AzNO, we compared the kinetics between 160 and 200K with
the prediction from the low-enthalpy distribution, which was
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FIG. 5. Enthalpy distribution g(HBA) from the low-temperature
data of AzNO (see Fig. 3a) and MbCO (2).

tIn general, there will also be a distribution of activation entropies.
Except for cases in which the enthalpy barriers are very low (e.g.,
protoheme-CO), the influence of the distributed activation entropy
on the kinetics is negligible.
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obtained from the kinetics between 80 and 160 K. We found
good agreement, indicating that no significant barrier relax-
ation process occurs after photodissociation ofAzNO. In Mb
and Hb, the conformational relaxation decreases the steric
repulsion between the proximal histidine and the heme group.
Evolution may have tailored this effect to optimize the
functional properties of these proteins. In contrast, the Az
structure shows a tight cluster of hydrogen bonds around the
active site that prevents a structural transition. The rather
rigid peptide environment may be important for the function
of Az: to perform a fast electron transfer, the reduction or
oxidation of the copper ion should not be accompanied by
significant nuclear rearrangements.
Above 200 K, the fraction of ligands that escape to the

solvent increases with temperature (Fig. 3). Concomitantly,
the total amount of photolyzed molecules decreases because
the equilibrium shifts toward the dissociated state. The
binding ofNO from the solvent is close to exponential for all
temperatures. This behavior indicates that we are observing
a pseudo-first-order reaction (excess ligand concentration)
and that the ligands see an average binding enthalpy rather
than a distribution when returning from the solvent. Protein
fluctuations are responsible for this averaging effect (1, 2).
We have analyzed our kinetic data in the frame of the

three-well model in the temperature range between 200 and
300 K. The general solution of the rate equations for the
three-well model is straightforward but leads to rather clumsy
expressions. In heme proteins, the analysis is simplified
substantially by the fact that kSB << kBA, kBS, and kAB = 0
(2, 23). In this limit, the binding kinetics are given by

N(t) = Nie Ait + Nse ASt, S5]

where AI and AS denote the apparent rate coefficients for the
internal process and for the solvent process, respectively. In
Az, the condition kSB << kBA, kBS still holds, as indicated by
the clear temporal separation (3-4 decades) of the solvent
process from the internal process. The equilibrium experi-
ments show weak binding of NO at higher temperatures.
Therefore, kAB cannot be neglected. The equilibrium coeffi-
cient is given by

kSBkBA
A(T) =

(kBS + kSB)kAB
kSBkBA
kBskAB

Eq. 6 shows that A(T) < 1 does not imply that kAB is
comparable with kBA but merely that the ratio kBA/kAB is less
than the ratio kBs/kSB- In fact, we have kAB << kBA, kBS in
the studied temperature range and obtain for the apparent
rate coefficients

AI = kBA + kBS,
kABkBS kBAkSB

kBA + kBS kBA + kBS

33-36 in ref. 2). The extraction of kBS is more complicated.
Within the dynamic three-well model of Steinbach et al. (2),
the internal rebinding ceases as protein fluctuations become
fast compared to the characteristic time of the measurement
for two reasons: (i) fluctuations average and effectively
decrease the internal barrier, and (ii) fluctuations allow ligand
escape from the protein. Therefore, we subtract the solvent
process from our rebinding curves and take the inverse time
of the drop-off of process I as an estimate for the rate
coefficient kBs for escape of the ligand into the solvent. The
rate coefficients are plotted in Fig. 6.
The reaction enthalpy landscapes for AzNO and MbCO in

Fig. 4 reflect the enthalpies determined from both the kinetics
and the equilibrium studies. The enthalpy barrier HSB that a
ligand surmounts upon entering the protein is identical for the
two systems. In MbCO, the enthalpy of state B is a few
kJ/mol below state S, which indicates weak binding of the
ligand in the heme pocket. In contrast to MbCO, the state B
in Az is significantly higher than state S. This result makes
sense because Az does not have a pocket, and the protein
matrix may have to loosen up in order to accommodate the
ligand. Finally, the well A is much deeper in Mb because of
the stronger Fe-CO bond.

Within our analysis, the temperature dependence of As
(Fig. 6) implies that kAB and kSB are very similar. There is only
a very slight curvature, indicating that kAB has a larger
activation enthalpy than kSB. Consequently, we conclude
from Eq. 6 that the equilibrium coefficient, A(T), changes
with temperature mainly because of the steeper temperature
dependence of kBs compared with kBA, indicating that NBS is
larger than HBA. The physical mechanisms that determine the
two rate coefficients kAB and kSB are entirely different, and,
therefore, there is no reason why they should be so similar.
This behavior either is accidental or points to limitations of
the three-well model. In Fig. 6, we also plot log As for
protoheme-CO (25). Both systems show a surprisingly similar
temperature dependence ofthe solvent rebinding, which may
indicate that As is governed by the mobility ofthe ligand in the
solvent and protein. For protoheme-CO, this effect has been
discussed repeatedly in the literature (23, 24, 36). Assuming
similar activities and diffusivities of NO and CO, the differ-
ence of =2 decades between the AzNO and protoheme-CO
binding would then suggest that the entropic barrier for NO
binding to Az is considerably larger, indicating that the
binding site is less accessible in Az than in protoheme.
The AzNO Binding Reaction. Evidently, NO forms a pho-

tolabile complex with Az. Two scenarios appear reasonable:
either a group on the protein surface binds the NO and
transfers an electron to the copper or the NO binds directly
to the Cu2+ ion, which is buried inside the protein with a
minimum distance of 7.5 A to the protein surface. Gorren et

[7]

In the expression for AS, the first and the second terms
represent the ligand dissociation and association, respec-
tively. In heme systems, the dissociation can be neglected,
and only the second term occurs in the expression for As (2,
23).
We extract the four rate coefficients ksA, kAB, kBs, and kss

in the following way: at temperatures below -220 K, the
majority of the molecules rebind internally, thus kBA >> kBs.
In this limit, the association rate coefficient dominates, and
As kSB. At temperatures around 280 K, the majority of the
molecules rebind from the solvent (process S; S -) B -- S),
thus kBS >> kBA. Then the dissociation rate coefficient
dominates, and As kAB. Furthermore, the rate coefficient
kBA above 200 K can be calculated by averaging over the
low-temperature barrier distribution g(HBA) (see equations
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FIG. 6. Logarithmic plot of rate coefficients of AzNO versus
(1000/T)2 for temperatures between 200 and 300 K. For details of the
analysis, see text. We also plot As for protoheme-CO from ref. 23.
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al. (19) discuss various models on the basis of their optical
and EPR experiments at 77 K. It is interesting that the optical
spectra change drastically, but the EPR signal, which disap-
pears on NO binding, does not reappear after illumination of
the sample at 77 K. To explain the EPR result, one has to
assume that the NO is still close to the copper after photo-
dissociation and hence not bound at the surface. Gorren et al.
(19) favor the binding of NO in a diamagnetic charge transfer
complex Cu+-NO+. We note that the binding ofNO to Az is
accompanied by the appearance of an absorption band below
400 nm. Such a band has been reported at 330 nm for the blue
copper center in ascorbate oxidase on NO binding (37). It has
been shown that the Cys(crS) -* Cu(d,2-y2) charge transfer
transition, which absorbs around 600-630 nm in blue copper
centers, is located in the region around 350 nm in several
tetragonal Cu2+ model complexes (13, 38). Therefore, one
may speculate that the NO ligand is bound to the Az in a
tetragonal Cu2+-NO complex. Additional experiments, in
particular x-ray structure analysis, will be necessary to
clarify the binding geometry.

CONCLUSIONS
The binding ofAzNO after photodissociation shows charac-
teristic analogies to the effects observed in heme proteins.
The geminate rebinding is nonexponential. Therefore,
(3-sheet proteins exhibit the same kinetic heterogeneity as
a-helical proteins. The molecules exist in a large number of
conformational substates with slightly different structures
and functional properties. The fact that the Az molecule
provides a rather rigid polypeptide environment that forces
the copper ion into its functionally important coordination
geometry does not preclude structural heterogeneity. Our
results agree with EPR studies of Brill and collaborators
(14-16) and with fluorescence experiments (39). The EPR
spectrum at cryogenic temperatures was explained with a
Gaussian distribution of the tetrahedral angle of the lobes of
the ground state orbital of the cupric site. This result is in
close agreement with our observation of a continuous distri-
bution of enthalpy barriers. The fluorescence results were
modeled by three discrete lifetimes, which have been asso-
ciated with three conformational states. This interpretation,
however, is not unambiguous. Because of its very narrow
time window, a fluorescence experiment cannot distinguish
between a small number of discrete states and a continuous
distribution (40).
Above 200 K, we observe exponential binding of the

ligands from the solvent. Therefore, the molecules fluctuate
among the different conformational substates. The temper-
ature dependence of the rate coefficient As in AzNO is very
similar to that obtained for protoheme-CO, which draws
attention to the role ofligand diffusion in the binding reaction.
While the reaction of Az and NO may not have any physi-
ological relevance, it appears to be a useful tool for study of
the conformational energy landscape in a (-sheet protein.
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