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Abstract

The coordination chemistry and electron-transfer properties of a single-site mutant
of the mononuclear copper electron-transfer protein azurin from Pseudomonas aeruginosa
have been studied. The active-site cysteine at position 112 was replaced by an aspartate
(Cys112Asp) to assess directly the importance of this ligand to the structure-function
properties of azurin. Although the mutant protein retains a high-affinity copper-binding
active site, the absorption and EPR spectra of Cull Cys112Asp azurin are quite distinct from
those of the wild-type protein and indicate the presence of a normal (type 2) copper center.
A Cull reduction potential of 180 mV vs. NHE (pH 7.0) was obtained through a redox
titration experiment with cytochrome css;. The Coll derivative of Cys112Asp azurin was
prepared and found to be amenable to paramagnetic NMR spectroscopy. In conjunction
with electronic absorption data, the NMR data were used to generate a computer model of
the Coll active-site structure in which the metal is coordinated by two histidines (His46 and
His117), a polypeptide backbone carbonyl oxygen (of Gly 45), and an out-of-plane,
asymmetrically-bound bidentate aspartate (Asp112) in an overall distorted square pyramidal
geometry. The 2.4-A resolution X-ray crystal structure of Cull Cys112Asp azurin is
reported and confirms this ligand set and geometry. Nill-substituted Cys112Asp azurin
was also made, but unlike Cul! and Coll, the Ni!! ion is rﬁuch less tightly bound by the
protein. The electronic spectroscopy of Nill Cys112Asp azurin suggests the existence of
some bonding interaction with the thioether sulfur atom of Met121. In contrast to Cys112-
containing azurins, laser-induced intramolecular electron-transfer reactions from the
reduced copper center of Aspl12-containing azurins to surface histidine-bound
bis(bipyridyl)(imidazole)ruthenium(III) labels could not be observed. However, the kinetics
of intermolecular protein-protein electron transfer between Cys112Asp and wild-type

azurins were recorded by stopped-flow spectrophotometry. Analysis of the bimolecular



kinetic data suggests that the Cys-to-Asp mutation has diminished significantly the
electronic coupling between the copper and ruthenium centers in the intramolecular electron-

transfer systems.
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Chapter 1

Introduction: Blue Copper and Pseudomonas aeruginosa Azurin



Blue (or type 1) copper proteins! constitute a very large class of copper-containing
proteins that are found in organisms ranging from bacteria to humans. As such, these
proteins probably appeared very early in the evolutionary history of life on Earth.2 The
defining feature of a blue copper protein is the presence of a so-called blue copper site,
which contains a single redox-active copper ion that is characterized (in the oxidized state)
by: (1) an intense absorption band centered ~600 nm (€ > 2000 M-lcm-1), (2) a small
hyperfine coupling constant in the EPR spectrum (A < 100 x 104 cm1), and (3) a high
reduction potential (E° > 150 mV vs. NHE). The function of blue copper sites in proteins is
storage and transfer of one oxidizing (or reducing) equivalent to other physiological agents
by outer-sphere electron transfer. The properties of blue copper are in stark contrast to
those observed for most small molecule Cull complexes (Table 1.1) and other mononuclear
copper proteins, such as Cu/Zn superoxide dismutase and galactose oxidase, that contain
normal (or type 2) copper sites. (It should be noted that a given protein may contain more
than one type of copper.19)

Early EPR work# on blue copper proteins suggested that their unique spectroscopic
properties arose from a single Cull jon residing in a specific protein environment. The
concept of rack-induced bonding in blue copper proteins,> which states that the polypeptide
fold is responsible for creating an unusual coordination site and stabilizing a strained Cull
complex, was introduced, thereby conferring an important role to the protein in the creation
of blue copper sites. Subsequently, extensive spectroscopic studies of blue copper proteins
led to the assignment of the intense 600-nm absorption band as a cysteine thiolate-to-Cull
ligand-to-metal charge-transfer transition and the proposal of a pseudotetrahedral Cull
coordination geometry defined in part by a two histidines and a cysteine.l2 However, it was
not until the first report of the crystal structure of a blue copper protein (Cull plastocyanin)
that these prior conclusions based on indirect spectroscopic techniques were shown, for the

most part, to be correct.



Nearly 20 years have passed since the original plastocyanin structure was published,
but interest among chemists in blue copper remains strong as new and more detailed
questions continue to be addressed. Apart from studying naturally occurring blue copper
proteins directly, other methods have been developed to study and understand blue copper
in general. These methods can be divided into three general categories: theory, modeling,
and mutagenesis.

Theory. With the availability of high-resolution structures of blue copper proteins,
sophisticated theoretical investigations’ have been undertaken to obtain detailed descriptions
of the electronic structures of oxidized blue copper. For example, the Cull-cysteine thiolate
bond has been shown to be highly covalent such that the ground-state unpaired electron of
the formally d® Cull center is delocalized significantly onto the sulfur atom of the cysteine
ligand; the half-occupied orbital has been calculated to possess < 50% Cu character.8
Furthermore, the covalency of the Cull-cysteine thiolate bond has been used to explain the
anomalously small hyperfine coupling constants observed in the EPR spectra of blue
copper complexes and to show that the cysteine ligand provides an extremely well-coupled
electron-transfer route into the Cull center.

Owing to the closed-shell d19 electronic configuration of Cul, few spectroscopic
techniques are available to probe the reduced blue copper site (without interference from
other chromophores). Nevertheless, the reduced site is functionally as important as the
oxidized site. Theoretical calculations similar to those used to dissect the oxidized site,
however, have provided a means to obtain an equally quantitative description of the
electronic structure of reduced blue copper.? Results from these calculations suggest that
the polypeptide fold forces a strained low symmetry (C,) geometry on the reduced Cul
center and that the geometry of the Cull center is actually not energetically unfavorable,

thereby calling into question the validity of rack-induced bonding in blue copper proteins.



Modeling. The creation and study of artificial blue copper sites have also provided
valuable insights into certain aspects of native blue copper sites. A successful blue copper
model compound must mimic the ability of the polypeptide fold to overcome two major
chemical obstacles associated with the Cull jon: (1) the preference of Cull to adopt a
tetragonal coordination geometry (characteristic of normal copper) and (2) the tendency of
Cull to react with thiolates to form Cul and disulfides. Therefore, a foreknowledge of the
general structure of blue copper sites does not necessarily make the synthesis of a blue
copper model compound a trivial synthetic exercise. In fact, it serves only to amplify the
importance of the choice of ligands in avoiding these thermodynamic traps.10

A Cull complex with spectroscopic properties indicative of blue copper was, in fact,
reported!! before the report of the first blue copper protein crystal structure, but only
recently has a structurally well characterized blue copper model compound been reported.12
Nevertheless, the design of both systems is nearly identical. Bulky, substituted
hydridotris(pyrazol-1-yl)borate (TPB) ligands!3 were used to occupy three coordination
sites and a bulky thiolate to complete the pseudotetrahedral arrangement around the copper
center. Interestingly, the crystal structure of Cull(hydridotris(3,5-diisopropylpyrazol-1-
yl)borate)(pentafluorothiophenolate)!? shows an unsymmetrically bound substituted TPB
ligand, thereby distorting the overall structure of the complex towards trigonal pyramidal in
which one of the pyrazoles occupies an axial position with a significantly longer bond to the
Cull center than the other two pyrazoles. Similar geometries are known to exist in a number
of crystallographically characterized blue copper proteins.!d The fact that a relatively
unconstrained model compound can adopt a natural blue copper-like structure suggests that
such a Cull geometry may be inherently stable so long as the possibility of tetragonal
coordination is prevented. Such a conclusion provides experimental evidence against rack-

induced bonding in blue copper proteins.



An advantage of synthetic model chemistry lies in the relative ease with which
chemical modifications can be made to a given system to ascertain their effects on specific
properties. The results from a resonance Raman study of a series of synthetic blue copper
TPB model compounds with different thiolates were instrumental in explaining the observed
multiple resonance Raman bands (centered ~400 cm-!) associated with the Cull-S(Cys)
stretching mode in blue copper proteins.4 When secondary or tertiary thiolates were used
in the model compounds, only the Cul! compound with the lesser substituted thiolate
exhibited similarly complex resonance Raman spectra; the others gave only a singe band.
The origin of the splitting has, therefore, been ascribed to vibrational coupling between the
Cull-S(Cys) stretching mode and several heavy atom bending modes associated with the
primary thiolate ligand cysteine side chain.

Another approach to artificial blue copper sites involves the use of pre-existing
protein metal-binding sites that are to some degree preorganized towards a blue copper-type
geometry. For example, the Cull-substituted insulin hexamer has been shown to exhibit
blue copper spectral characteristics with the addition of certain exogenous thiolates.!>
Three histidines from three of the six insulin molecules provide three of the copper ion
ligands, while the thiolate ligand is provided from solution to complete a putative
pseudotetrahedral coordination structure. A blue copper site has also been introduced
within a single protein, Cu/Zn superoxide dismutase (SOD), by mutating one of the
histidine ligands in the pseudotetrahedral Zn!l site (His80) to a cysteine.!6 In addition to a
characteristic blue copper band (Ayax = 595 nm), the Cull derivative of His80Cys SOD
exhibits another intense absorption band (A, = 459 nm) that also derives from a
Cys(thiolate)-to-Cull charge-transfer transition.8.17 In fact, this second charge-transfer
band is observed with varying intensities in all blue copper proteins, and a survey of blue
copper sites in proteins has revealed an empirical correlation among: (1) the ratio of

intensities of the absorption bands centered ~460 nm and ~600 nm (Asg0/Ago0), (2) the



rhombicity of the EPR spectra, and (3) the coordination geometry (trigonal < trigonal
pyramidal <> tetrahedral) of the Cull centers.160:17 Ay60/Ago0 < 0.2 predicts an axial EPR
spectrum and a structure approximating trigonal, while A40/Agpo > 0.2 a rhombic EPR
spectrum and a structure approaching pseudotetrahedral.

Mutagenesis. We and others have studied blue copper sites in proteins by
recording and interpreting the effects of amino acid substitution(s) on their structure,
spectroscopy, and function as electron-transfer proteins.!® Proteins like azurin and
plastocyanin, which do not contain cofactors aside from the one copper ion, represent the
simplest systems for studying blue copper sites in proteins. Since mutagenesis studies
(including ours) have focused mainly on one blue copper protein, azurin from
Pseudomonas aeruginosa, a description of this protein and its mutants is presented below.

P. aeruginosa azurin is a small (128 residues!?), remarkably thermostable (T, =
~80 °C (ref 20)) electron-transfer protein. The protein is found in the periplasm of P.
aeruginosa,?! and, as a consequence, its gene?? is found to code for a preprotein with 20
extra N-terminal residues that are cleaved upon secretion. Originally purified as a “blue
protein” in 1958,23 it and similar proteins from other bacteria were not dubbed azurins until
1963.24 The absorption spectrum of pure Cul! azurin (Figure 1.1A) shows the
characteristic 600-nm charge-transfer band centered at 628 nm (ggpg = 5.7 x 103 M-lcm'!
(ref 25)). The highly structured 280-nm protein absorption band with the distinguishing
spike at 292 nm is attributable to the single tryptophan residue (at position 48) in a highly
hydrophobic and rigid environment.26 Consistent with this assignment is the fact that
photoexcitation into the tryptophan chromophore leads to one of the highest energy room-
temperature tryptophan fluorescence emission maxima (Ay,; = 308 nm) known for
proteins.2” The absorption spectrum of the colorless Cu! azurin (Figure 1.1B) retains the
292-nm absorption spike and shows increased absorptions in the near-UV that are

attributable to Cul-centered transitions.28 In particular, based on work on Aul-substituted



azurins,?? the absorption shoulder to the red of the protein band is assigned tentatively to a
3d-to-4p metal-centered transition of Cu! in a trigonal coordination environment.
Meanwhile, the EPR spectrum of Cull azurin (Figure 1.2) is axial (A4gp/Agoo = ~0.07) with
Ay =~60x 104 cmr!; E° = ~300 mV vs. NHE at pH 7.0.

Cull azurin from P. aeruginosa represents the second blue copper protein to have its
three-dimensional structure determined. The original 3 A resolution structure30 was
improved to 2.7 A 31 but even higher 1.93 A resolution structures at two pH values (5.5 and
9.0) have recently become available.32 (Apart from a main-chain peptide bond flip between
Pro36 and Gly37, there is little difference between the pH 5.5 and pH 9.0 structures.) The
overall structure of the protein consists of a single 8-stranded B-barrel with a small helical
appendage (Figure 1.3). The copper center is located at one end of the B-barrel, and an
intramolecular disulfide bond connects the side chains of Cys3 and Cys26 at the other end.

A view of the blue copper site of Cull azurin (Figure 1.4) reveals a Cull jon
coordinated by two histidines (His46 and His117) and a cysteine (Cys112) in a nearly
trigonal planar geometry. These three ligands are, in fact, strictly conserved in all native blue
copper sites in proteins.!d There are also two other potential donor ligand atoms provided
by Met121 and the backbone carbony! group of Gly45 located at either of the two axial
positions. The ~3 A distances between the axial donor atoms and the copper center
preclude the existence of strong bonds; electronic structure calculations suggest33 that some
degree of covalent interaction exists between the copper and the S(thioether) of Met121 but
not the Gly45 carbonyl oxygen. All of the active-site residues and the metal center are
effectively buried inside the protein except for the His117 side chain, which is partially
exposed to solvent. Although the structure of Cul P. aeruginosa azurin is not available, the
crystal structures of both oxidized and reduced forms of azurin from Alcaligenes
denitrificans show that change in redox state is accompanied by only minimal changes in

structure.3* The structural invariance of the copper center and the limited communication



between the copper ion and the bulk solvent have significant implications with respect to
promoting efficient electron transfer as the energies required for both inner-sphere nuclear
and outer-sphere solvent reorganizations,35 respectively, are minimized.

The crystal structure of apo P. aeruginosa azurin has been determined36 and shows
two different azurin forms co-crystallized within the crystal lattice. One form is structurally
very similar to Cull azurin except for the absence of electron density associated with the
copper center. The fact that the arrangement of the metal-binding ligands is preserved
regardless of the presence of a coordinated metal has been used to bolster the validity of
rack-induced bonding in azurin.>¢ However, the existence of a second apo azurin form,
characterized by significant alterations in the active-site region, demonstrates that apo azurin
is not held rigidly in a single rack conformer. The solvent-exposed active site of the second
apo form also suggests that this form may be important for metal incorporation, particularly
in view of the solvent inaccessibility of the active site in the rack structure. Crystal
structures of Zn!I-37 and Nill-substituted3® P. aeruginosa azurins have also been reported.
Although very close in structure to native Cull azurin, both metal-substituted derivatives
show similar movements of the metal ion and the Gly45 carbonyl group toward each other,
thereby creating a bond between the metal and the carbonyl oxygen atom while
simultaneously removing any metal-(S)thioether bonding interaction that might otherwise
have existed with Met121. Therefore, the active site of holo azurin is not absolutely rigid as
some metal-derived preference in coordination geometry (towards tetrahedral for Zn!l and
NiH) is apparently possible.

The successful heterologous overexpression of P. aeruginosa azurin3? has provided
researchers with access to the power of directed mutagenesis?® as a means to assess the
importance of specific residues to certain properties of the wild-type (WT) protein. The
significance of mutagenesis to the study of azurin is apparent when one considers the

number of mutants that have been reported in the literature. For convenience, these mutants



can be divided into those that do not involve active-site residues (His46, Cys112, His117,
and Met121) and those that do. (Crystal structures of five P. aeruginosa azurin mutants are
currently available: His35GIn (Cul),4! His35Leu (Cull),#! Asnd7Asp (Zn'),*2 Phel14Ala
(Cul!),43 and Trp48Met (Nilf).44)

The role of the Cys3-Cys26 disulfide bond to the structural integrity of azurin was
examined recently by making the Cys3Ser and Cys26Ser single and Cys3Ser/Cys26Ser
double mutants.#> The double mutation apparently causes significant structural changes to
the overall protein fold, leading to the destruction of the blue copper active site. The single
mutants are characterized by the isolation of various poorly defined forms of which only
some retain blue copper-type properties. These results demonstrate the importance of the
native disulfide bond to the overall structural stability and homogeneity of azurin. In a
separate study, the Ile7Ser and Phe110Ser variants of azurin were prepared to determine the
effect of the mutations on the photophysical properties of Trp48.26 The replacement of Ile7
and Phe110 with a smaller and less hydrophobic serine resulted in red-shifted tryptophan
fluorescence emission maxima along with a distribution of shorter fluorescence lifetimes.
As both Ile7 and Phe110 make close contacts to Trp48, these observations are consistent
with increased polarity around and flexibility of the Trp48 indole ring.

Mutagenesis has had a major impact in our understanding of the electron-transfer
properties of azurin and proteins in general.#¢ To gain insights into the physiological
importance of specific residues, bimolecular protein-protein electron-transfer reactions
between azurin and its native redox partners (e.g., cytochrome c¢ss; and nitrite reductase)
must be considered. Although these reactions are generally low in thermodynamic driving
force, they are observed to be very efficient. Reactions with cytochrome c¢s51 have been
shown?#7 to exhibit electron-transfer rate constants on the order of 106 M-1s-1. Meanwhile,
NMR line-broadening techniques#® have been used to estimate the electron self-exchange

rate constant of native azurin also to be ~106 M-1s-1. A series of surface mutations
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(His35Lys,4° His35Phe, His35Leu,3° His35GIn,0 Met44Lys,30-51 Met64Glu,>2
Glu91GIn#°) have been introduced to locate the region(s) of the azurin surface responsible
for electron-transfer-competent interactions with physiologically relevant redox partners.
The observed changes in electron-transfer kinetics with itself, cytochrome css;, nitrite
reductase, and even the surface of an edge-plane graphite electrode were consistent with the
hypothesis that the same hydrophobic region (defined by Met13, Leu39, Pro40, Val43,
Met44, Phel14, Pro115, Gly116, Alal19, and Leul20 (ref 43)) around the solvent-exposed
portion of the His117 ligand is the docking site when exchanging electrons with these
reactants and that His117 imidazole group acts as the port of entry/exit of electrons to/from
the copper center.41,50-53

Although bimolecular electron-transfer reactions can provide valuable information
concerning the in vivo structure-function relationship of an electron-transfer protein, a
quantitative understanding of the observed rate constants within theoretical frameworks is
made difficult by the existence of multiple electron-transfer-competent encounter complexes
and by the contribution of many difficult-to-define factors that control and stabilize their
formation. However, by considering intramolecular reactions, the level of complexity of an
electron-transfer system is diminished significantly, and the analysis of the data becomes
more tractable.3* The simplest intramolecular electron-transfer system reported for P.
aeruginosa azurin involves only oxidized protein and near-UV light. Photoexcitation of
Trp48 in Cull azurin leads to Cull-dependent quenching of the Trp48 triplet excited state
that has been proposed to occur by an electron-transfer mechanism.5> However, this
conclusion remains open to interpretation as transient formation of Cul and a tryptophan
cation radical was not observed.

An intramolecular system for which transient depletion of both donor and acceptor
chromophores can be observed directly but independently in unmodified azurin has been

developed using pulse radiolysis techniques!8¢ in which CO,™ is used to reduce the native
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disulfide bond of oxidized azurin. Intramolecular electron transfer over a distance of ~25 A
between the anion radical of the Cys3-Cys26 disulfide bond and the Cul! center has then
been shown to occur by transient absorption spectroscopy.>® Similar experiments have
been performed using azurin mutants that might provide general insights into the nature of
long-range electron transfer in proteins. The surface mutations, His35GIn and Met44Lys,
resulted in only minor changes in electron-transfer rate constants.5’ These difference were
rationalized within the context of Marcus theory3> as arising from changes in reduction
potential and reorganization energy. Meanwhile, the Trp48Leu and Trp48Met internal
mutants were studied8 to test the importance of aromatic groups situated between the donor
and acceptor sites. Again, only minor changes in electron-transfer rate constants were
observed. It was concluded, therefore, that the nt-system of Trp48 does not play a
significant role in long-range electron transfer in this particular system. (Theoretical
calculations have confirmed that the Trp48 side chain is not important in increasing the
electronic coupling between the disulfide and copper center.59)

Another method for studying intramolecular electron transfer in P. aeruginosa
azurin has employed the generally applicable method of covalently attaching redox-active
ruthenium complexes to surface histidine residues.>* WT azurin provides only one
accessible surface histidine (at position 83) ~15 A away from the copper center. Both
low-%0 and high-driving®! force reactions utilizing His83 have been reported. With
mutagenesis, however, one is not limited to one histidine labeling site. A series of azurin
double mutants has been made to assess the electronic coupling through a single -strand
of azurin (containing Met121).62 The Hi383Gln mutation, which removes the WT surface
histidine, was common to all the mutants, while the labeling site was systematically moved
away from the copper center from position 122 (Lys122His; ~12 A metal-to-metal
distance), 124 (Thr124His; ~17 A), and finally to 126 (Thr126His; ~22 A). The

intramolecular electron-transfer rate constants from Cul to a highly oxidizing Rulll(bis(2,2’-
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bipyridyl))(imidazole)-(His) moiety (AG® = ~-0.75 eV) were measured using laser flash-
photolysis techniques and were shown to be distance dependent with an exponential decay
constant (B) of ~1.1 A-1. These experiments showed that the B-strand, owing to its
extended polypeptide conformation, is more conductive than an o-helix with respect to
long-range electron transfer.

Theoretical methods have also been employed to.map the relative coupling energies
between the copper center of azurin and arbitrary locations on the surface of the protein.
Single pathway analyses of electronic coupling in proteins®3 have given way to more
sophisticated tube analyses in which sets of similar pathways are considered together within
a single tube.6! Results of the calculations show that the hydrogen-bonding network that
defines the B-sheet structure of azurin is a significant contributor to enhancing electron
tunneling. In addition, with estimates for the relative couplings between the copper center
and its ligands, the tube model was able to predict the relative rate constants of the
intramolecular electron-transfer reactions between Cu! and the Rullf(bis(2,2’-
bipyridyl))(imidazole)(His) labels that had been examined experimentally. Taken together,
the study of intramolecular electron-transfer in azurin and its mutants has provided further
theoretical and experimental support for the importance of the protein matrix in modulating
electronic coupling between donor and acceptor sites.%

Most of the mutants described above were made with the intention of preserving the
WT blue copper site so that issues pertaining to other parts of the azurin structure could be
addressed in isolation. Owing to the complex set of interactions that ultimately determine
the structure of proteins, however, even changes well removed from the active site can affect
the copper center. For example, the reduction potential of azurin has manifested itself as a
property that is extremely sensitive to changes far from the copper center.53 Mutagenesis

studies of active-site residues, on the other hand, are meant to probe directly their role in
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defining the blue copper site of azurin by introducing potentially significant perturbations
that may very well result in the destruction of the blue copper site.

Met121 represents the active-site residue of azurin that has been studied most
extensively by mutagenesis. The WT methionine has been substituted by all other naturally
occurring amino acids,39¢:66 a stop codon,39¢.66 and even a selenomethionine®’ (by in vivo
mutagenesis). Significantly, all of the mutants, including the one in which the polypeptide
chain ends at position 120, retain blue copper-like properties, although many exhibit
reduced copper affinity. The original work on the Met121Leu mutant®8 showed that
whatever bonding interaction that might exist between Met121 and the oxidized copper
center is not critical for creating a blue copper site; the significantly higher reduction
potential of the mutant (E° = 375 mV vs. NHE (pH 7.2)) was ascribed to increased
hydrophobicity of the active site. The electron-transfer properties of Met121Leu azurin
have also been examined by pulse radiolysis.8 Analysis of the kinetic data suggests an
increase in reorganization energy, implying greater flexibility within the active site. The
Met121Glu and Met121Lys mutantsé6 show very interesting pH-dependent properties
attributable to ligation of the position 121 side chains under deprotonating conditions
(PKa(Glul2l) ~5, pKy(Lys121) ~6). Meanwhile, the Met121Gly mutant was recently re-
examined® and was shown to bind small anions (azide, thiocyanate, and cyanide). Overall,
the Met121 residue of azurin appears to be important for general active-site stability (e.g.,
copper binding, rigidity, exclusion of exogenous ligands) and tuning of the reduction
potential.

The ligand histidine at position 46 of azurin has also been converted to all other
amino acids and a stop codon, but only the His46Asp mutant has been studied in any detail,
as only the aspartate substitution results in a blue copper protein.39¢70 Although His46 is
not obligatory for blue copper binding, the fact that only Asp can take its place suggests that

a residue with metal-binding capabilities is required. The extra negative charge introduced
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by an Asp is reflected in a blue-shifted 600-nm blue copper band (Agax = 612 nm) and a
lower reduction potential (E° = 260 mV vs. NHE (pH 8.5)). In addition, the EPR spectrum
of Cull His46Asp azurin was shown to exhibit signals characteristic of blue copper in
HEPES buffer but normal copper in NH4Cl buffer. This buffer-dependent phenomenon
has been attributed to binding of an ammonia molecule (occupying a cavity created by the
His-to-Asp mutation) to the active-site copper to make a tetragonal Cul site. Therefore,
apart from its importance in metal binding, His46 appears to serve a role very similar to that
of Met121.

His117Gly azurin represents the only reported mutant involving the partially
solvent-exposed His117 residue.”! This substitution creates a hole allowing certain
exogenous ligands access to the copper center. Depending on the specific ligand, the
spectroscopic properties of the resulting adducts indicate the generation of either a blue or
normal copper site. Since the His117Gly mutation should partially relax the putative blue
copper protein rack, the fact that a non-covalently attached ligand can restore blue copper
binding has been used to argue against rack-induced bonding in azurin.’? Although blue
copper spectroscopy can be reconstituted using a variety of imidazole derivatives, chemical
reduction of the blue copper centers was shown to be irreversible.”1b A covalently attached
imidazole group is apparently critical for the proper electron-transfer function of azurin.

The Gly45 carbonyl group can not be altered using standard mutagenesis
techniques. However, a Gly45Ala mutant has been reported,% and although significant
structural rearrangements around the metal site might be expected to accommodate the
replacement of a hydrogen atom with a much larger methyl group, only very minor changes
in optical, EPR, and electrochemical properties were observed. Therefore, this substitution
apparently does little to perturb the structure of the blue copper site of azurin.

Previous to the work described in the subsequent chapters, the role of the ligand

cysteine, which dominates the spectroscopy of blue copper sites, had not been investigated
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by mutagenesis. We chose to make two azurin mutants: (1) Cys112Ser, which represents
the nearly isosteric substitution of the cysteine sulfur with a serine oxygen, and (2)
Cys112Asp, which represents the replacement of the anionic cysteine thiolate with a
carboxylate group. Preliminary results from the Cys112Ser mutant suggested that,
although the protein itself was stable, the substitution had destroyed the metal-binding
ability of azurin. In contrast, the Cys112Asp mutant exhibited metal-binding properties that
resulted in the generation of metalloproteins with spectroscopic, structural, and functional
properties quite distinct from those of the WT protein. Chapter 2 describes the
mutagenesis, expression, isolation, and purification of P. aeruginosa azurin. Chapters 3, 4,
and 5 describe work on the Cull/Cul, Coll, and Nill derivatives of Cys112Asp azurin,

respectively. Finally, a brief summary of our work is presented in Chapter 6.
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Table 1.1 Properties that define blue copper compared to those of normal copper

(represented by [Cu(NHz3)4]2+) (data from ref 3).
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Blue (Type 1) Normal (Type 2)

(EPR hyperfine coupling constant)

3. E° (mV vs. NHE)
(Cul!l - Cul)

([Cu(NH;)4)*)
2000 - 6000 53
20 - 90 211
180 - 790 0
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Figure 1.1 Electronic absorption spectra of Cul! (A) and Cu! (B) WT P. aeruginosa

azurins.
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Figure 1.2 EPR spectrum of Cull WT P. aeruginosa azurin (adapted from ref 66).
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Figure 1.3 Ribbon diagram of P. aeruginosa azurin showing explicitly the location of the

copper site and the Cys3-Cys26 disulfide bond (adapted from ref 41).
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Figure 1.4 Schematic representation of the active-site structure of native WT P.
aeruginosa azurin. The labeled distances (ref 32) are applicable to both oxidized and

reduced forms of the protein.
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Chapter 2

Obtaining Azurin
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Introduction

The detailed study of proteins using experimental techniques usually requires that
they be available in pure form and in relatively large (> mg) quantities. Given enough
biomass, such amounts of naturally occurring proteins can, in principle, be isolated, but this
approach is often not very practical. Furthermore, proteins with specifically introduced
mutations are usually difficult to obtain from native sources as changes in the primary
structure of a protein often lead to compromised function that can ultimately be detrimental
to the survival of the host organism. And although the synthesis of polypeptides using
chemical and in vitro translation methods can lead to novel proteins, these techniques are
currently hampered by both low yields and high cost. Therefore, the development of simple
biological systems that express high levels of proteins and that ideally do not require them
to be functional remains a very important goal in protein chemistry.

In the case of P. aeruginosa azurin, three expression systems were reported
independently within a span of two years.! Since then, site-directed mutagenesis has
become a relatively common strategy to study the structure-function relationship of the
protein (see Chapter 1). All of the expression systems are related in that the azurin gene is
incorporated into a plasmid and the protein expressed in Escherichia coli. Asin P.
aeruginosa,? the nascent azurin polypeptide in E. coli is also processed so that the signal
sequence is cleaved and the mature protein secreted into the periplasmic space of the
bacterium. A simple osmotic shock protocol? is employed to rupture selectively the outer
cell wall of E. coli (Figure 2.1), thereby requiring only centrifugation to remove most of the
offending contaminants.

Here we describe the expression of the P. aeruginosa azurin protein using the T7
RNA polymerase expression system* and an updated purification protocol that results in

the isolation of pure apo protein in yields of ~30 mg per liter of culture. A description of
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the mutagenesis protocol used to make the Cys112Asp mutant azurin gene is also

presented.

Materials and Methods

Standard molecular biology techniques were employed throughout this work.>

DNA. Oligonucleotides were synthesized on 0.2 pmole scales by the Caltech
Microchemical Facility using an Applied Biosystems automated DNA synthesizer and were
subsequently cleaned by two phenol:chloroform extractions followed by ethanol
precipitations. Oligonucleotides used as mutagenesis primers were required to be 5'
phosphorylated prior to use.

Plasmid DNA for preparative and sequencing pufposes was isolated using the
QIAGEN Plasmid Kit (QIAGEN). DNA restriction fragments were isolated from agarose
gels using the QIAEX Gel Extraction Kit (QIAGEN). Fragments were eluted twice from
the QIAEX beads, yielding a final volume of ~40 HL. An additional centrifugation step was
added at the end of the protocol to remove any remaining QIAEX particles.

Mutagenesis. The Cys112Asp mutant azurin gene was made by oligonucleotide-
directed mutagenesis using the Muta-Gene phagemid ir vitro mutagenesis kit (Bio-Rad). A
plasmid containing a synthetic WT azurin gene!¢ in the multiple cloning region of pTZ18U
was used to make the single-stranded uracil-containing DNA template containing the sense
strand of the azurin gene. Nde I and Bgl Il restriction sites have been added at the
beginning (the ATG start codon plus the 3 adjacent upstream nucleotides) and end (the 6
nucleotides downstream from the TAG stop codon) of the gene, respectively (Figure 2.2).

The following primer was used to introduce the Cys112-to-Asp mutation:

> CGG GAA AGT GTC GAA GAA CAT ?
| S—
anti-codon for Asp112
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Gene sequences were determined by the chain-termination method using primers
complementary to the sense strand of the azurin gene. DNA fragments were labeled using
either 35S-dATP or fluorescent ddNTP analogs.

Protein Expression and Purification. Azurin was expressed in E. coli using the
pET System (Novagen). Azurin genes in pTZ18U were excised with Nde UBgl 1. The
Nde 1/Bgl 11 azurin gene-containing restriction fragments were then subcloned into the pET-
9a expression vector between its Nde I/BamH I restriction sites. Note that this ligation step
destroys the downstream restriction site. The resultant azurin gene-containing pET-9a
plasmids were introduced into competent E. coli expression strain BL21(DE3) by heat
shock.

A typical protein preparation was started by growing a ~20 mL overnight culture of
transformed BL21(DE3) in LB media containing 50 mg/L kanamycin at 37 °C. This
preculture was used to inoculate 4 L 2xYT media containing 50 mg/L kanamycin. The
culture was grown at 30 °C, and protein synthesis was induced with the addition of 0.75%
IPTG once the optical density at 600 nm reached ~1.5, after which the culture was incubated
at 30 °C for another 5 to 6 hours. The cells were harvested by repeated centrifugation
(4000 x g) at 4 °C in 6 x 250 mL centrifuge bottles. The cell paste was resuspended in 6 x
60 mL 20% sucrose/30 mM Tris-HCl/1 mM EDTA (pH 8) with gentle shaking at room
temperature. The cell paste was reisolated by centrifugation (10000 x g) at 4 °C, and the
periplasmic fraction was released into solution by osmotic shock? with the addition of and
resuspension in 6 x 60 mL ice-cold 4 mM NaCl. These suspensions were shaken gently at
4 °C for 8 to 12 hours. This mixture was centrifuged (4000 x g) at 4 °C, and the
supernatant collected without concern with contamination from some cellular debris. To the
murky supematant was added slowly 1/10 volume of 0.5 M sodium acetate (pH 4.1) with

stirring at 4 °C. The resulting white precipitate was removed by centrifugation (10000 x g)
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at 4 °C, and the clarified supernatant containing crude azurin was saved for further
purification.

The protein solution was concentrated using a stirred ultrafiltration unit fitted with a
YM3 membrane (Amicon) and the pH increased to ~9 with an amine (diethanolamine
(DEA) or ammonium chloride) buffer. Some precipitation was observed during
concentration, but the precipitate redissolved at pH ~9. Azurin was purified by FPLC on a
Mono Q (strong anion-exchange) column (Pharmacia) using a NaCl gradient in 10 mM
amine buffers (pH ~9). The low salt buffer (Buffer A) contained no additional NaCl; the
high salt buffer (Buffer B) was supplemented with 200 mM NaCl. Protein was detected by
UV absorption at 280 nm. Fractions containing azurin were identified easily by the
presence of a sharp absorption band at 292 nm.® Repurification was often necessary to
obtain baseline separation of FPLC peaks.

Znl! azurins were made by the addition of excess ZnCl, to solutions containing apo
protein. Meanwhile, Znl! azurins were demetallated by incubation in 0.1 M sodium
acetate/0.1 M thiourea/10 mM EDTA (pH 4.5) for several days at room temperature. Pure
ZnM and apo azurins were isolated by FPLC, as described above.

Azurin expression was confirmed by SDS-PAGE (15%) under reducing conditions.
Gels were stained using colloidal Brilliant Blue G (Sigma).

Spectroscopy. High-resolution absorption spectra were recorded on a modified

Cary 14 spectrophotometer.

Results and Discussion

DNA and Mutagenesis. The mutagenesis experiments were accomplished in a
routine fashion, resulting in synthetic azurin genes with the desired mutations. Aside from
the expected changes in DNA sequence, sequencing using radioactive nucleotide analogs

resulted in three regions that were inconsistent with the published synthetic gene sequence
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of WT P. aeruginosa azurin.Ic¢ Two of these undesired mutation sites occurred at areas of
the gene spanning the amino acid codons for either positions -6 to -4 or 25 to 26. However,
as sequencing reactions using inosine in place of guanine eradicated these two problems, the
apparent mutations have been rationalized as arising from DNA sequencing compression
artifacts.> In addition, DNA sequencing experiments using fluorescent dideoxynucleotide
terminators showed only the expected sequences at these two sites. The third inconsistency
was reproducible using both the radioactive and fluorescent detection methods: the expected
Alal codon (GCA) was changed to GCT. But as GCT also codes for alanine, this silent

~ mutation was not corrected, and this gene (Figure 2.2) was used as our source of azurin.

Protein Expression and Purification. SDS-PAGE of the crude osmotic shock
fluid (Figure 2.3) shows clearly that azurin is the predominant protein isolated from the
periplasm. The protein gel also shows that acidification of the crude fluid is enough to
remove nearly all of the remaining protein contaminants. Nevertheless, the acidified
solution was slightly viscous and colored (light yellow) with an absorption maximum
~260 nm, suggesting the presence of non-proteinaceous material. Therefore, azurin was
purified further by FPLC.

FPL.C purification of the crude azurin solution revealed two different colorless
azurin-containing fractions and a few miscellaneous peaks corresponding to residual
unidentified contaminants (Figure 2.4). It was clear, especially from the purification of WT
azurin, that only the later fraction (corresponding to Peak B in Figure 2.4) could be
reconstituted readily with exogenously added metal ions. A “non-reconstitutable” azurin
(corresponding to Peak A in Figure 2.4) has been described!® for the WT protein and was
determined? to be the Zn-bound form of WT azurin. Therefore, Zn!! azurin elutes before
apo azurin. This order is consistent with the explanation that the 2+ charge of a Zn!! ion

makes Zn!l azurin overall more positively charged at pH ~9 than the apo protein and thereby
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less tightly associated with the anion-exchange resin (regardless of whether the position 112
(Cys or Asp) side chain is protonated in the apo protein).

The source of Zn!! has not been determined, although the culture media would be a
likely candidate. Since it seemed unlikely that all of the exogenous Zn!! could be
sequestered during protein expression, we concentrated on separating the Zn!! azurin from
the apo azurin. The isolated Zn!l azurin could then be treated to remove unwanted Zn!! jons.
FPLC purification of the demetallation reaction again showed the same two peaks: one for
residual Zn!! azurin and another for apo azurin. The absorption spectra of pure Znl! and
apo azurins (Figure 2.5) are practically superposable. But as pure apo azurin is essential
for assuring that solutions are free of Znl! contamination during reconstitution of holo
azurin with other metals, anion-exchange FPLC offers a convenient and effective method of

separating these two forms of azurin.
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Figure 2.1 Schematic representation of E. coli depicting mature azurin in the periplasmic
space (between the inner and outer cell walls) and the result of osmotic shock treatment in

which only the periplasmic contents are released into solution.
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Figure 2.2 DNA sequence of the synthetic gene for WT P. aeruginosa azurin as found in
pTZ18U (Nde I/Bgl 11 fragment) and the corresponding amino acid sequence of the azurin
preprotein. The boundary between the signal sequence and the mature azurin polypeptide is
represented by the vertical bar. The positions of certain residues are noted above their three-

letter amino acid codes.
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Figure 2.3 SDS-PAGE of WT P. aeruginosa azurin expressed using the pET-9a
expression vector in the E. coli expression strain BL21(DE3) (lane 1: 10 uL crude osmotic
shock fluid before acidification; lane 2: 10 pL crude osmotic shock fluid after acidification;

lane 3: sample of FPLC purified WT azurin).



lane: 1 2 3 mw
marker

kD

43.0

29.0

18.4

f 14.3

6.2

3.0




45

Figure 2.4 FPLC chromatogram (solid trace) from the purification of crude Cys112Asp P.
aeruginosa azurin (buffer: 10 mM DEA-HCI (pH 8.8); column: Mono Q HR 10/10; flow
rate: 1 mL/min; chart speed: 0.25 cm/mL; gradient held at 23% B after 15 min). The dashed
trace represents the percentage of Buffer B (starting at 0% and increasing to a maximum of
100%) of the eluant. Peak A corresponds to Zn! Cys112Asp azurin, while Peak B to apo
Cys112Asp azurin. FPLC purification of crude WT azurin results in a similar looking

chromatogram.
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Figure 2.5 Electronic absorption spectra of apo (A) and Zn!! (B) Cys112Asp P.
aeruginosa azurins in 10 mM DEA-HCl/~40 mM NaCl (pH ~8.8) at room temperature.
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Chapter 3

Copper(II) and Copper(I) Cys112Asp Azurins
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Introduction'

Of the five invariant residues (2His, Cys, Met, Gly) that surround the copper ion in
azurins,? the bonding interaction between Cu! and the thiolate of the ligand cysteine at
position 112 (Cys112) has been shown to be particularly important in accounting for the
unusual electronic absorption and EPR properties of the blue copper center3 (see Chapter
1). The active-site cysteine has also been suggested to provide a well-coupled bridge to the
copper center with respect to electron transfer.4> It is striking that mutagenesis studies of
Met121,5 His46,57 and His1178 have shown that their side chains are not strictly required
for maintaining a blue copper site, thereby reinforcing the essential role played by Cys112.
While others? have used site-directed mutagenesis as a means to understand blue copper
sites in proteins by creating an artificial blue copper site, we have probed directly the
importance of the copper-thiolate interaction to the spectroscopy, active-site structure, and
electron-transfer function of azurin from P. aeruginosa by the destroying the native blue

copper site. Studies of the copper derivative of a mutant azurin in which the Cys112 ligand

is replaced by an Asp is reported.

Materials and Methods!0

Metal Titration. Molar extinction coefficients of the absorption bands of Cull
Cys112Asp azurin were determined from titration experiments. To an appropriately
concentrated solution of known volume of pure recombinant apo Cys112Asp P. aeruginosa
azurin in 10 mM DEA-HCV/~40 mM NaCl (pH ~8.5) was added aliquots of a standardized
solution of aqueous CuSOj4 (g310 = 12.7 M-lcm!) in a 1-cm pathlength quartz cuvette.
Absorption changes were monitored using a Hewlett-Packard 8452 A Diode Array
Spectrophotometer and were allowed to stabilize after each addition. The data at a given
wavelength were plotted as (observed absorbance) vs. (concentration Cul! added). The data

were not corrected for volume changes as the maximum change was < 5%. The resulting
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titration plot was fit using KaleidaGraph 3.0 (Abelbeck Software) to two lines that best
describe the data points in order to determine the point at which the azurin active site was
saturated with Cull,

Protein Preparation. For general purposes, Cull WT and Cys112Asp azurins were
made by the addition of a moderate excess of aqueous CuSOy to a buffered solution
(pH ~9) of the appropriate apo protein. The resultant solutions were allowed to stand for at
least 1 hour to assure complete reconstitution. Excess Cull was chelated with the addition
of EDTA, and Cull WT and Cys112Asp azurins were then purified by FPLC on a Mono Q
(strong anion-exchange) column (Pharmacia) using a NaCl gradient in 10 mM DEA-HCI
(pH 8.8) or NH4Cl (pH 9.3). The low salt buffer (Buffer A) contained no additional NaCl;
the high salt buffer (Buffer B) was supplemented with 200 mM NaCl. Protein was detected
by UV absorption at 280 nm. Concentrated azurin samples were obtained using Centricon-
10 concentrator units (Amicon).

Cytochrome css) from P. aeruginosa was purchased from Sigma. The cytochrome
was concentrated using Centricon-3 concentrator units (Amicon) and purified by FPLC as
described for azurin in solutions buffered by 10 mM DEA-HCI (pH 8.8). The reduction
potential of cytochrome css1 (E°y) in i = 0.1 M sodium phosphate (pH 7.0) was
determined by cyclic voltammetry in the laboratory of Dr. Michael Hill (Occidental College)
using a gold electrode whose surface was modified by Pyridine-4-AldehydeThio-
Semicarbazone.!!

Chemical Reduction. Cu! azurins and Fell cytochrome css; were made by
reduction of concentrated solutions of oxidized protein with either an unbuffered aqueous
solution containing [Rull(NH3)s]Cls/ascorbic acid and sodium dithionite, respectively.
(Dithionite reduction of azurins was often accompanied by protein precipitation.) Excess

reductant and its oxidized byproducts were removed by gel filtration through a PD-10
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column (Pharmacia). Note that [Rull(NH;3)]3+ decomposes rapidly at pH > ~8, turning
the solution intense orange.

Steady-State Spectroscopic Measurements. High-resolution absorption spectra
were recorded on a modified Cary 14 spectrophotometer. EPR spectra were recorded with
the assistance of Dr. David B. Goodin (Scripps Research Institute).

Computer Modeling. The active-site structure of Cull Cys112Asp azurin was
modeled using the 2.7-A resolution structure of Cull WT P. aeruginosa azurin!2 (PDB
code lazu). The Cys112 side chain of WT azurin was replaced by an aspartate side chain
using Biograf (Version 2.20) (BIODESIGN). The backbone atoms were fixed while the
Cp and Cy atoms of the aspartate side chain atoms were superimposed on the positions of
the Cp and Sy atoms of cysteine. The Asp112 carboxylate group was rotated about the Cp-
Cy bond to make a pseudosquare planar base defined by the imidazole (N?) nitrogens of
His46 and His117 and the carboxylate oxygens of Asp112.

Redox Titration. The reduction potential of Cull Cys112Asp azurin was
determined from a redox titration experiment with cytochrome c¢ss;. To a 2.5 mL solution
(V) containing 8.5 uM Fell cytochrome c¢s5; ([Fell cytochrome cs51];) in u = 0.1 M
sodium phosphate (pH 7.0) was added 4 x 50 uL aliquots of a 4.7 mM Cull Cys112Asp

azurin ([Cul! Cys112Asp azurin]on) under aerobic conditions. The solution was allowed

to equilibrate according to:

Fe' cytochrome css5; + Cu® Cys112Asp azurin ===

Fe'l cytochrome ¢ss; + Cul Cys112Asp azurin

for ~15 minutes after the addition of each aliquot. The absorption spectra of equilibrated

solutions were recorded on a modified Cary 14 spectrophotometer. Extinction coefficients

of Fell (8520 =1.73x 104, €551 = 3.0x 104 M'lcm'l) and Felll (852() =1.06x 104, €551 =

9.28 x 103 M-lcmr!) cytochrome c¢s5; were taken from the literature.!3 The amount of Felll
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cytochrome css; in solution was calculated from the ratio of absorbances at 551 and 520
nm; absorption at these wavelengths due to Cull Cys112Asp azurin was negligible under the
conditions of the experiment. The data were plotted as ([Felll cytochrome css]) vs.
(volume Cull Cys112Asp azurin added) and fit using KaleidaGraph 3.0 (Abelbeck

Software) to the following function:

[Felll] = I <
2Keq—1)

[Keq (1Chor + [P~ (Keg2 (ke + Pl ) ~ 4{Keg 1)K egCtly [Felmt))](:«s. D

where:
[Felll] = [Felll cytochrome c¢s51] in solution

[Fe™ cytochrome c:-,sl][CuI Cys112Asp azurin]

eq = Il 1I . 3.2)
[Fe™” cytochrome cs5;[Cu™ Cysl12Asp azurin]
[Culy, = (V " V)[Cun Cys112Asp azurin],. | (3.3)
i
[Fel: = (V " Vj[FeII cytochrome css]; (3.4)
i

V = volume Cull Cys112Asp azurin added

Keq was determined from the fit. The reduction potential of Cul! Cys112Asp azurin (E°,,)

was calculated by using the following relationships:

. RT
E rxn=—;-F—aneq (35)
E°n=E°2 - Eocyt (3.6)

where:

E°xn = potential of the equilibrium between Cys112Asp azurin and cytochrome css)
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X-Ray Crystallography. Cull Cys112Asp azurin crystals were grown by vapor
diffusion. 3.0 pL protein (~20 mg/mL) was mixed with 3.0 uL reservoir solution, which
contained 0.1 M Tris-HCI (pH 8.0), 25% PEG-4000, 20 mM CuCl,, and 0.1 M LiNO3.
The system was allowed to equilibrate at room temperature. Crystals grew over a few days,
reaching a final size of approximately 0.3 x 0.1 x 0.1 mm. The space group was determined
to be C2 with unit cell dimensions of a=56.5,b=48.9,¢c=95.5 A, and = 94.0°.
Diffraction data were collected on a Siemans area detector at room temperature. The data
were then processed using the program XENGEN. The data set used for the structure
determination contained 8392 unique reflections to 2.4 A (83% complete), merged from a
total of 19,753 observations with a merging R of 0.078.

The structure was solved by molecular replacement techniques. A self-rotation
function showed a two-fold non-crystallographic axis along the x direction. The XPLOR
package was used for the molecular replacement and refinement of the structure. Two
molecules were found in the asymmetric unit. Non-crystallographic symmetry restraints
were used at intermediate stages of the refinement, which was later released to allow
different monomers to refine independently. Model building was performed using the
TOM/FRODO graphics program. The structure refined to R = 0.20 for data between 8.0 A
and 2.4 A with F > F(o) with rms deviation from ideal values for bond distances and angles
of 0.016 A and 2.66°, respectively. A total of 980 atoms assembled from 976 protein atoms,
2 copper atoms, and 2 water molecules per monomer are found in the current azurin model.

His83GIn/Cys112Asp/Lys122His Azurin. The His83GIn/Cys112Asp/Lys122His
triple mutant azurin gene was constructed using a “cut-and-paste” approach between
plasmids containing the Cys112Asp azurin gene in pET-9a (see Chapter 2) and the
His®3GlIn/Lys122His azurin gene in pET-3a (ref 7) (provided by Dr. Ralf Langen) (Figure
3.1). The His83GIn/Cys112Asp/Lys122His azurin gene was excised from pET-3a with

Nde J/EcoR 1, and the resultant azurin gene-containing restriction fragment was subcloned
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between the Nde /EcoR 1 restriction sites of the pET-9a expression vector. The
His83GIn/Cys112Asp/Lys122His azurin protein was expressed, isolated, and purified as
described previously in Chapter 2. A higher salt concentration was required to elute both
Znl! and apo forms of the His83GIn/Cys112Asp/Lys122His mutant than WT or
Cys112Asp azurin. This observation is explained by a simple charge argument: under the
purification conditions (pH ~9), what would have been a positively charged surface Lys
(pK, ~11) at position 122 is replaced by a neutral His (pK, ~6), making the triple mutant
protein less positively charged and more tightly associated with the anion-exchange resin.
Nevertheless, His83GIn/Cys112Asp/Lys122His azurin was found to be spectroscopically
indistinguishable from Cys112Asp azurin.

Ruthenium Labeling. To a solution containing ~0.1-0.2 mM Cul! azurin in 0.3 M
sodium carbonate buffer (pH ~7.6) was added ~1 equivalent of Rull(2,2’-bipyridyl),(CO5)
(provided by Gary Mines). The resulting solution was incubated overnight at room
temperature and subsequently purified by FPLC as described above using 10 mM NH4Cl
(pH 9.3). The aquo ligand of the purified aquoruthenium-labeled azurin was replace by an
imidazole by incubation in 0.5 M imidazole/10 mM NaCl/10 mM CuSOQy (pH 8) for
several days. Pure Rull(2,2’-bipyridyl),(imidazole)(His)azurin was isolate by FPLC after
EDTA treatment to remove excess Cull. Ruthenium-labeled Cul azurin was obtained using
the chemical reduction protocol described above. Labeled protein concentrations were
estimated using €49 = 8 x 103 M-lem-1.

Laser Spectroscopy. Laser samples generally contained ~20 UM protein in L =
0.1 M sodium phosphate (pH 7.0) in a 1-cm pathlength quartz fluorescence cuvette.
Solutions were deoxygenated by pump-filling under argon. Samples for flash-quench
experiments also contained either [Rulll{NH;)¢]Cl; or methyl viologen (MV2+) dichloride
as reversible oxidative quencher, which was dissolved into the protein solution after

deoxygenation. All laser experiments were performed at the Caltech Beckman Institute
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Laser Resource Center. Emission lifetime and electron-transfer experiments were initiated
with a ~20 ns pulse of 480-nm light at ~1 mJ/pulse using a XeCl excimer-pumped dye laser
(Lambda Physik LPX-210i, FL.-3002). Emission was observed at 650 nm. Transient
absorption traces were collected at 500 (corresponding to a large absorption difference
between the Rull and Rulll oxidation states of the label) and 600 (corresponding to a large
absorption difference between MV2+ and MV+) nm.

Stopped-Flow Spectroscopy. Electron-transfer reactions between copper WT and
Cys112Asp azurins were studied using stopped-flow techniques in the laboratory of Dr.
Paul Saltman (University of California, San Diego). Reduction of azurin was accomplished
as described above. Experiments were performed under aerobic conditions in L = 0.1 M
sodium phosphate (pH 7.0) at room temperature. Complications due to air oxidation was
avoided by completing experiments within 15 minutes of sample reduction. Transient
absorption traces were collected through a 1-cm pathlength sample chamber at 628 and
310 nm. The absorption changes of the system at 310 nm derives from differences in
absorption between the Cull and Cul states of both Cys112Asp (see Figure 3.5) and WT
(see Figures 1.1) azurins, while absorption changes at 628 nm can be considered to reflect
solely changes in the concentration of Cull WT azurin. Therefore, kinetic analyses were
performed using data collected at 628 nm, which were modeled using KINSIM 4 to
estimate rate constants. Protein concentrations were determined using €g28 = 5.7 x103 for
Cull WT, g376 = 11.8 x103 for Cul WT, €319 = 2.0 x103 for Cull Cys112Asp, and €376 =
10.3 x103 M-lem! for Cul Cys112Asp azurins.

Results and Discussion
Metal Titration and Protein Purification. Titration of apo Cys112Asp with Cull is
accompanied by absorption changes that make the solution appear green (indicating

formation of Cull Cys112Asp azurin) (Figure 3.2); then, after ~1 equivalent of Cull has
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been added, the solution turns blue with a clear red-shift in Ay of the visible/near-IR
absorption band (Figure 3.2B). A plot of (observed absorbance) vs. (concentration Cull
added) shows apparently two separate linear phases (Figure 3.3). The data are consistent
with the first linear phase corresponding to increasing and exclusive occupation of the active
site of apo Cys112Asp azurin with increasing Cull addition, while the second phase to the
generation of some protein surface-bound Cull complex (vide infra) beyond the addition of
1 equivalent of Cull. According to this interpretation, the intersection of the two lines that
describe a given titration curve denotes the point at which all of the active sites of azurin
have been filled by Cull, and the value of the x:y ratio of the Cartesian coordinates of the
intersection point represents the molar extinction coefficient at that wavelength. In this way,
€310 and €754 for Cull Cys112Asp azurin were calculated to be 2.0 x 103 and 1.0 x

102 M-Iem1, respectively. The error in these values is estimated to be < +10%. The
calculated molar extinction coefficients of the 310- and 754-nm bands of Cull Cys112Asp
azurin are significantly greater than previously published.! This discrepancy probably
arose from contamination by the colorless Zn!! derivative in previous protein preparations
which did not employ the purification protocol described in Chapter 2.

FPLC purifications of azurin solutions containing excess Cull in solution resulted
generally in very complicated chromatograms with multiple overlapping holo azurin-
containing peaks. Absorption spectra of the fractions indicated contamination by non-
active-site-bound Cull ions. Since ultrafiltration of similar solutions also suggested some
retention of Cull by the protein, we conclude that a moderately stable binding site for Cull
exists on the surface of azurin. Treatment with EDTA, however, is enough to remove the
exogenously bound Cul! ions and restore normal chromatographic behavior, as shown in

Figure 3.4. Cull Cys112Asp azurin is stable to metal loss for months under the purification

conditions.
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Electronic and EPR Spectroscopies. The intense charge-transfer band in the
600-nm region characteristic of a blue copper site is conspicuously absent in the absorption
spectrum of Cull Cys112Asp azurin (Figure 3.5A). Furthermore, an absorption band not
seen in Cull WT azurin (Figure 1.1A) is observed as a shoulder to the red of the near-UV
protein band. This band (€319 = 2.0 x 103 M-lcm-1) is attributable to an imidazole-to-Cull
charge-transfer transition in a tetragonal coordination site,!5 and is blue-shifted
considerably from a related ligand-to-metal charge-transfer absorption at 481 nm in Cull
WT azurin.!® A very broad and much weaker absorption centered at 754 nm (€754 = 1.0 x
102 M-Icm!) is also observed and is assigned to the ligand-field (d-d) transitions of the d°
Cull jon, which are also substantially blue-shifted from the d-d bands found in the native
protein.1® The inferred tetragonal structure of Cull in the Cys112Asp protein is confirmed
in the EPR spectrum (Figure 3.6), which is attributable to a normal type 2 copper center.!”
The EPR spectrum of the isotopically (63Cu) enriched Cull Cys112Asp azurin exhibits
superhyperfine structure in the lowest hyperfine line (Figure 3.6, Inset), indicating the
presence of two equivalent equatorial nitrogen ligands!7d (presumably from His46 and
His117).

The absorption spectrum of Cul Cys112Asp azurin (Figure 3.5B) is very similar to
that of Cul WT azurin (Figure 1.1B), sharing identical absorption maxima at 275 nm. Both
reduced proteins are colorless, while gaining near-UV absorptions that have been attributed
to Cul centered transitions.!8 The absorption spectrum of the equally colorless apo
Cys112Asp azurin (Figure 2.5A), however, is noticeably different from that of Cul
Cys112Asp azurin (Figure 3.5B), thereby confirming the involvement of Cul in the near-
UV transition of reduced azurins. The spectrum of Cul! Cys112Asp azurin differs from that
of the reduced WT protein in that it does not exhibit the absorption shoulder red of the 275-
nm protein band. As this band may be indicative of the trigonal planar structure of the WT

Cul sitel? (tentatively assigned as a 3d-to-4p transition based on work on Aul-substituted
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azurins?0), the lack of a similar band in Cu! Cys112Asp azurin suggests a different Cul
geometry for the mutant.

Although the absence of the intense Cys112(thiolate)-to-Cull charge-transfer
transition in Cul! Cys112Asp azurin was expected, we have, nonetheless, demonstrated that
Cys112 of P. aeruginosa azurin is not obligatory for strong copper binding. Since Cys112
is an internal residue,1221 its substitution is unlikely to create a new strong metal-binding
site that is not located at the WT active site. Of the possible tetragonal coordination
geometries (square planar, square pyramidal, and octahedral), a square planar geometry is
doubtful as square planar Cull complexes with similar potential donor atoms generally
exhibit larger hyperfine coupling constants (Ay > ~200 x 104 cm1).22 Although an
octahedral Cull geometry is possible, we believe the spectroscopic properties of Cull
Cys112Asp azurin, in conjunction with those of the Coll derivative of Cys112Asp azurin
(see Chapter 4), are most consistent with a distorted square pyramidal geometry. Qualitative
computer modeling was undertaken to assess possible copper coordination structures within
the active-site of Cys112Asp azurin.

Computer Modeling. Inspection of the crystal structure of WT azurin!2:2! reveals
that only the sulfur atom of Cys112 protrudes into the active-site cavity. Replacement of the
Cys112 sulfur atom with a carboxylate group (an operation that corresponds to a Cys-to-
Asp mutation) can be accomplished apparently without introducing steric clashes with
neighboring atoms of the polypeptide chain. A square pyramidal Cull structure can be
envisioned by utilizing the imidazole nitrogens of the native histidine ligands (His46,
His117), a bidentate Asp112 carboxylate, and an axially positioned carbonyl oxygen of
Gly45. The possibly, however, of axial coordination by the thioether of Met121 or a water
molecule can not be excluded with certainty.

With respect to the possible bonding interactions between Cull and Asp112, the

modeling suggests that the formation of a normally encountered planar bidentate copper-
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carboxylate bond=® would require substantial rearrangement of the protein structure due to
geometrical constraints imposed by the aspartate side chain. Therefore, since a large
distortion of the protein structure is energetically unfavorable, it is likely that the copper is
displaced significantly from the plane of the Asp112 carboxylate group in forming the
CullN,0,(0) structure. The idea of the polypeptide scaffold stabilizing an unusual
coordination geometry is not inconceivable as it is well established as evidenced in the
unusual distorted trigonal (pseudotetrahedral) coordination geometry of blue copper
itself.24

The active-site structure of Cul Cys112Asp azurin remains more speculative, but it is
worth noting that a ~90° twist of the Asp112 carboxylate group can convert the distorted
square pyramidal metal-binding site of the Cull active-site model into a distorted tetrahedral
site defined by His46, His117, Gly45, and a monodentate Asp112 without causing any
steric conflicts. As tetrahedral Cul complexes are common (while square pyramidal Cul
complexes are not),22 it is conceivable that metal reduction is accompanied by such a change
in coordination geometry. Furthermore, a tetrahedral Cul! ion would not exhibit a 3d-to-4p
electronic transition, in accord with our interpretation of the electronic absorption data of
Cul WT and Cys112Asp azurins (vide supra).

Redox Titration. The direct electrochemistry of WT azurin has been documented,?’
but analogous experiments with Cys112Asp azurin did not result in satisfactory signals.
Therefore, since crude preliminary experiments had shown that Cys112Asp azurin could
exchange electrons with cytochrome css; from P. aeruginosa, a redox titration experiment
was performed to determine the Cul/I Cys112Asp azurin reduction potential. Purification
of commercial cytochrome css; revealed two major along with a few small peaks in the
FPLC chromatogram (Figure 3.7). Although both Peaks A and B produced superposable
absorption spectra indicative of Felll cytochrome css; (data not shown), the larger peak

(Peak B) was used in subsequent experiments owing to its greater availability. The
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reduction potential of the purified cytochrome (E°,;) was determined in the redox titration
buffer to be 255 mV vs. NHE by cyclic voltammetry (see Figure 3.8).

Addition of oxidized Cys112Asp azurin to a solution of reduced cytochrome css; is
accompanied by absorption changes in the Q-band region of the cytochrome absorption
spectrum (Figure 3.9). Furthermore, isosbestic behavior was preserved during the titration
experiment (after correcting for volume changes) at wavelengths (504, 528, 542, 558 nm)
known to be isosbestic points between Fell and Felll cytochrome css,!3 thereby indicating
not only the production of oxidized cytochrome css; but also that the Q-band region of the
spectrum can be considered transparent with respect to absorption from Cull Cys112Asp
azurin. Although the experiment was performed in air, severe complications due to air
oxidation were not encountered as < 10% of a control solution containing a similar
concentration of reduced cytochrome css; was oxidized during the time of the redox
titration experiment. Furthermore, the possibility of azurin-catalyzed air oxidation of the
cytochrome is discounted since only partial oxidation was observed.

Upon transforming the absorption data into a titration plot (Figure 3.10A), a fit to eq
3.1 yielded Keq = 0.049. Subsequent application of eq 3.5 and 3.6 results in E°,, = 179
mV vs. NHE. The sensitivity of the calculated E°,, to Keq was assessed qualitatively by
generating simulated titration plots according to eq 3.1 with K4 defined as either 0.04
(translating to E°,; = 173 mV vs. NHE) or 0.06 (translating to E°,, = 183 mV vs. NHE)
(Figure 3.10B). The two simulated plots envelop the observed data while differing in
potential by only 10 mV. The simulated plot with Keq = 0.04 may, in fact, represent a better
description of the cytochrome cs5;-Cys112Asp azurin equilibrium if the small amount of
Felll cytochrome ¢ss; that is produced from air oxidation is considered. Regardless,

180 mV vs. NHE remains a reasonable estimate of the reduction potential of Cull
Cys112Asp azurin at pH 7.0. Interestingly, this value still falls within the range of observed

reduction potentials for blue copper sites in proteins (Table 1.1).



62

Crystal Structure: General. The unit cell of the Cul! Cys112Asp P. aeruginosa
azurin crystal is composed of four asymmetric units, each of which contains a dimer of holo
azurin molecules (Figure 3.11). Furthermore, owing to the use of Cull in the crystallization
buffer, there is a copper ion that links each azurin molecule to another in a neighboring
asymmetric unit. The non-active-site copper center is coordinated by the amino nitrogen
and carbonyl oxygen atoms of Alal, N&(His83) from a different azurin molecule, and a
solvent water molecule (H,OA) in a distorted square planar geometry (Figure 3.12, Table
3.1). The metal is displaced ~0.6 A from the square plane toward a patch of electron
density that has been modeled as a second water molecule (H,OB). The H,OB(O)-metal
distances are 3.2 A in molecule A and 3.7 A in molecule B of the asymmetric unit. The
magnitude of these distances as well as their 0.5 A difference indicates that H,OB is not
coordinated to the metal center. Regardless, Cull ions can apparently mediate the
oligomerization of azurin molecules, and this process is probably related to the surface-
bound copper form of azurin that had been proposed to exist in solution from observations
made from the Cul! titration and FPLC purification experiments (vide supra).

The two non-crystallographically related Cys112Asp azurin molecules are nearly
identical as reflected in the 0.3 A rms deviation between their main chain atom positions.
The interface between the two azurin molecules is lined on either side by the residues
(Met13, Leu39, Pro40, Val43, Met44, Phel 14, Prol15, Gly116, Alal19, Leul20) that define
the hydrophobic patch of P. aeruginosa azurin26 (Figure 3.11). Interprotein contacts
between hydrophobic patches have also been observed in the crystal structures of WT2! as
well as a number of mutant azurins.26-27 Variations in the relative orientation of the
individual molecules in the hydrophobic azurin dimer structure have been noted,26 and the
Cys112Asp azurin dimer structure is distinct from all the other reported structures. This
difference may result indirectly from structural requirements imposed by the surface-bound

copper ions. Meanwhile, in the middle of the hydrophobic patch, the His117 side chain,
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which is thought to mediate electron transfer between the active-site copper and
physiological redox partners,?8 remains partially solvent exposed. Water molecules have
been identified within the hydrophobic dimer crevice of certain azurin structures?7226 and
have been implicated to be important in promoting the observed facile electron self-
exchange kinetics by providing a hydrogen-bonded bridge between opposing His117 N&
atoms,2S which are ~6.6 A apart in the WT dimer. The corresponding distance in the
Cys112Asp azurin structure 1s ~9.7 A, and some electron density that has yet to be
accounted for is detected between the Cys112Asp azurin dimer.

The crystal structures of the low (5.5) and high (9.0) pH forms of WT azurin
showed that the Pro36-Gly37 peptide bond undergoes significant structural rearrangements
between the two pH values.2! A hydrogen bond is present in the low pH structure between
the Pro36-Gly37 peptide carbonyl group and a protonated N¢ of His35. At high pH, this
hydrogen bond is destroyed as the carbonyl group flips out, and the His35 side chain
becomes deprotonated. Interestingly, the Pro36-Gly37 peptide carbonyl group of the
current Cys112Asp azurin structure is oriented intermediate between those of the low and
high pH forms of the WT protein. The existence of a hydrogen bond between the carbonyl
group and His35 in the mutant structure is, nonetheless, clearly discounted. Therefore, we
have chosen to use the Cull WT azurin structure at pH 9.0 (PDB code 5azu) to make
quantitative comparisons with that of Cull Cys112Asp azurin.

Despite major differences in the arrangement of molecules between WT and
Cys112Asp azurins within their respective crystal lattices, the main chain atoms of the
azurin monomers are nearly superposable, except at the N-termini (Figure 3.13). A
localized disparity in structure at this region is not surprising as the positional errors are
generally greater at the termini of proteins and, more significantly, the non-active-site Cull
ion is coordinated at this location in the Cys112Asp azurin structure. In the WT azurin

structure, the Alal amino group is hydrogen bonded to the backbone carbonyl oxygen of
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Ser4, while the Alal backbone carbonyl group is hydrogen bonded to NH(Ser4). But, in
Cys112Asp azurin, the terminal amino group, in addition to coordinating the copper ion, is
hydrogen bonded to OY(Ser25), while the Alal carbonyl oxygen is involved in bonding
interaction with only the exogenous copper ion. When Alal and Glu2 are excluded in an
rms deviation calculation (main chain atoms), the value decreases from 0.9 Ato only 0.5 A.

Crystal Structure: Active Site. The distorted square pyramidal active-site
coordination structure of Cull Cys112Asp azurin that was proposed from spectroscopic and
computer modeling studies (vide supra) is confirmed in the crystal structure (Figure 3.14,
Table 3.1). The metal is coordinated by both carboxylate oxygens of Asp112, N3 of His46
and His117, and the backbone carbonyl oxygen of Gly45 and is displaced slightly from the
pseudosquare base defined by the side chains of His46, Asp112, and His117 towards
Gly45. Meanwhile, the ~4.0 A distance between the thioether sulfur of Met121 and the
copper center precludes the existence of any bonding interaction. The Asp112 carboxylate
group?3 coordinates the metal asymmetrically such that one of the metal-oxygen bonds is
~0.6 A longer than the other (Figure 3.15A). In addition, the Cull jon is positioned ~1 A
out of the plane defined by the carboxylate group of Asp112 (Figure 3.15B).

Aside from the introduction of two extra carboxylate oxygen atoms from the
Aspl112 side chain, many small perturbations to the native active-site structure have occurred
to accommodate the Cull jon in Cys112Asp azurin (Figure 3.16). While the position of the
His46 side chain has not moved considerably, the entire His117 side chain has translated in
toward the active-site cavity and also closer to the Gly45 carbonyl group, thereby
withdrawing the solvent-exposed part of the His117 imidazole ring away slightly from the
bulk solvent. Like the active-site structures of Zn!! (ref 30) and Nill (ref 31) azurins, both
the metal and Gly45 carbony! group of Cull Cys112Asp azurin have moved closer to each
other. The relatively long Met121 side chain has rearranged itself so that the thioether

sulfur atom is located farther from the active site core. Finally, the entire Asp112 side chain
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is pulled away from the active-site cavity, perhaps to lessen the severity of the out-of-plane
binding of the copper. The two WT Cys112 side chain-to-main chain hydrogen bonds,
however, are preserved in thé mutant active site. But, instead of two hydrogen bonds to a
single sulfur atom (SY(Cys112)-NH(Asn47) and SY(Cys112)-NH(Phe114)), they are split
one each to either of the Asp112 carboxylate oxygens (O8!(Asp112)-NH(Asn47) and
082(Asp112)-NH(Phe114)). The structure of apo Cys112Asp azurin is required to assess
the degree to which the metal is responsible for the observed structural rearrangements, but
it is apparent that ideal planar metal-carboxylate binding would require much more drastic
alterations. Therefore, the overriding stability of the polypeptide fold of azurin can be
considered to form a rack3? that is rigid enough to force the unusual and strained bent
metal-bidentate carboxylate bonding interaction.

Electron Transfer: Laser.33 Attempts were made to observe high-driving force
laser-induced intramolecular electron-transfer reactions between the copper center of either
Cys112Asp or His83GIn/Cys112Asp/Lys122His azurin and a ruthenium complex attached
covalently to the protein surface at His83 (metal-metal distance ~15 10\) or His122 (~12 A),
respectively. Unlike experiments with azurins that retain blue copper centers,34 however, we
were limited to being able to observe absorption changes related to the Ru label only (and
not the Cu center). The technically simple photoinduced experiment (Figure 3.17A), which
requires only labeled oxidized protein, did not result in any detectable formation of Rulll. In
other words, the lifetime of Rull* (1 = ~100 ns) is apparently too short to allow for excited-
state electron-transfer to the oxidized copper center to occur. (Some luminescence
quenching is observed, which can be ascribed to excited-state energy transfer due to spectral
overlap between emission of the Rull label and absorption (d-d) of Cul! Cys112Asp or
His83GIn/Cys112Asp/Lys122His azurin.)

The more sophisticated oxidative flash-quench experiment35 (Figure 3.17B), which

requires labeled reduced protein, circumvents the limited lifetime of Rull* by reacting it with
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an exogenous quencher to make Rul! bimolecularly. Then, in principle, the intramolecular
electron-transfer reaction between Cu! and Rulll can be observed. As experiments with
Cys112Asp azurin produced results that were uninterpretable, we focused our efforts on the
His83GlIn/Lys122His azurin system. The Rull label formed using this scheme was
observed to decay exponentially (Figure 3.18), as would be expected for a first-order
reaction. However, the electron-transfer rate constant was found to be dependent on protein
concentration, a property that is inconsistent with a unimolecular process. There are two
likely bimolecular electron-transfer reactions that can lead to the reduction of Rulll in

competition with the desired intramolecular reaction:

Rull —cu! + Q- —— Rl —cd

Rl —cd! + R\ —C! —— Rul — Ccd + Ra —cu

The first reaction corresponds to the thermal electron-transfer reaction between the products
of the quenching reaction. Control experiments using labeled oxidized protein showed that
this reaction can be minimized (for up to ~1 ms) by lowering the concentration of quencher
used. The second reaction corresponds to the bimolecular electron-transfer reaction
between Cul of one protein with the Rull label of another, a reaction that is pseudo first
order under the conditions of the flash-quench experiment. (< 5% of the irradiated sample
leads to Rulll formation.)

We conclude, therefore, that intramolecular electron transfer can not compete
effectively against the latter bimolecular side reaction with second-order rate constant ~2 x
108 M-1s-1. At the very least, however, we can assign an upper limit of ~103 s-! to the
intramolecular electron-transfer rate constant for the Cul-to-Rulll reaction involving
His83GIn/Cys112Asp/Lys122His azurin. The electron-transfer rate constant for
His83GIn/ Lys122His azurin system, in which the blue copper center is preserved, has been

measured under the same conditions to be 7.1 x 106 s"1.342 To understand the origins of
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this large discrepancy in rate constants between blue (Cys112) and normal (Asp112)
azurins, we turn to the theory of electron transfer developed by Marcus.36
The semiclassical Marcus expression for the rate constant (ke;) of a nonadiabatic

electron-transfer reaction between rigidly fixed donor and acceptor groups is described

by:36
l 2
4’ )2 2 [ -(AG°+A)
k. = H xXp| —— 2 3.7
where:

AG® = thermodynamic driving force of the reaction
Hag = electronic coupling matrix element
A = reorganization energy

Although AG® of the intramolecular electron-transfer reaction involving His83GIn/
Cys112Asp/Lys122His azurin (~-0.87 eV) is close to that involving His83GIn/Lys122His
azurin (~-0.75 eV), our inability to measure a discrete electron-transfer rate constant for the
His83Gln/ Cys112Asp/Lys122His azurin system precludes any quantitative discussion of
the effect of the Cys-to-Asp mutation on Hag and A. We can conclude, however, that the
substitution has altered significantly one or both of these parameters. To determine whether
the difference in the rate constants can be ascribed solely to A, we considered the
bimolecular electron-transfer reaction between WT and Cys112Asp azurins.

Electron Transfer: Stopped-Flow. Results from the redox titration experiment
between Cys112Asp azurin and cytochrome css) (vide supra) had demonstrated that
relatively efficient protein-protein electron-transfer reactions involving Cys112Asp azurin
was possible. Indeed, we found that Cys112Asp azurin will also transfer electrons with WT
azurin. To quantitate this reaction, we examined by stopped-flow spectrophotometry the

reaction between Cull WT and Cu! Cys112Asp azurins:
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ks
Cu! WT azurin + Cul Cysl12Asp azurin == Cu' WT azurin + Cull Cys112Asp azurin
k 21

(AG® = ~-0.13 eV = K¢q = k12/kz) = ~160)

An important feature of this system is that changes in concentrations of both reactants can
be observed during the course of the reaction as both WT and Cys112Asp azurins exhibit
significant absorption differences between oxidation states at 628 and 310 nm, respectively
(see Figures 1.1 and 3.5). Upon mixing the reactants, absorption changes are observed that
indicate depletion of Cull WT azurin (Figure 3.19A) with concomitant formation of Cull
Cys112Asp azurin (Figure 3.19B) due to electron transfer between Cull WT and Cu!
Cys112Asp azurins. The kinetics at 628 and 310 nm are superposable (Figure 3.20),
indicating that electron transfer occurs directly between the copper sites of WT and mutant
proteins without formation of an intermediate species.

Attempts to model the data to second-order kinetics were unsuccessful so long as
the first time point was included. However, when that one point is excluded, the rest of the
data can be modeled well with k;, and ko set to 1.60 x 104 and 1.00 x 102 M-1s-1,
respectively (Figure 3.21). Our inability to model the entire data set suggested initially that
the problem with the time point may be due to an instrument-derived artifact. However, a
similar problem point is mirrored in the data collected at 310 nm (Figure 3.19B), and
examination of the reaction kinetics at shorter time bases revealed the presence of a faster
kinetic phase that was complete within the first ~0.1 s of the reaction (Figure 3.22). Based
on the observed change in absorbance after these first ~0.1 s, the reaction is already ~25%
complete. In fact, if the simulated kinetic trace (Figure 3.21) is extrapolated to the initial
concentration of Cull WT azurin before any reaction has occurred, ~2.4 s would have had to

elapsed before ~25% of the reaction was complete. As 2.4 s is well within the deadtime of
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the stopped-flow instrument, we believe that this fast phase is a non-artifactual phenomenon.
Its significance to electron transfer in our system, however, is currently not well understood.

The reverse reaction between Cul WT and Cull Cys112Asp azurins was also
examined. Upon mixing, an increase in absorption at 628 nm is observed (Figure 3.23A),
indicating the formation of Cull WT azurin. A fast kinetic phase similar to that observed in
the reaction between Cull WT and Cu! Cys112Asp azurins is seen in this reaction as well.
As aresult, attempts to model the kinetics of this reaction also proved unsuccessful without
excluding the first data point (Figure 3.23B). Nevertheless, the remaining data points were
modeled with k15 and ky; set to 1.40 x 10% and 1.75 x 102 M-1s-1, respectively. These
values agree reasonably well with those used to model the forward reaction.

Electron Transfer: Is It All in A? The reason for the multiphasic transient
absorption kinetics observed in the reactions between WT and Cys112Asp azurins may
result from the known pH-dependent conformational heterogeneity of P. aeruginosa
azurin,?! suggesting that we may be observing at least two separate and kinetically resolved
reactions. Regardless, the kinetics of the slower phases can be used to place estimated
lower limits on the bimolecular electron-transfer rate constants: k1, = ~1.4 x 104 and ky; >
~1.8 x 102 M-1s-l. Meanwhile, NMR techniques have been used to determine the rate
constant of the electron self-exchange reaction of WT P. aeruginosa azurin:37

ki
Cu! WT azurin + Cu! WT azurin = Cd WT azurin + Cul! WT azurin

ki1 has been estimated to be ~10° M-Is-! at 25 °C.35 With values of k;5 (or k»;) and kj; in
hand, an estimate of ky», the electron self-exchange rate constant for Cys112Asp azurin, can

be made using the following approximated form of the Marcus cross relation:36

k12? = k11k22Keg (3.8)
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Thus, ky, is calculated o be at least 20 M-ls1. Ag AG® of the self-exchange reaction is 0,
the nearly four orders of magnitude difference between k11 and k;; must be a reflection of
significant differences in Hpg and/or A between the WT and mutant systems. Classical
Marcus theory can be used to estimate the maximum possible change in reorganization
energy that is caused by the Cys-to-Asp mutation.

The rate constant of a bimolecular electron-transfer reaction (k) is given by:36

—AG‘+’
k = kAc? 3.9
w22 5

where:

K = transmission coefficient (probability of electron transfer of the transition-state complex)
Ao? = measure of collision frequency

AG* = free energy of activation

Crystallographic studies have shown that the Cys-to-Asp mutation does not drastically
perturb the surface structure of the hydrophobic patch that is thought to be important in the
electron self-exchange reaction of azurin.3® Therefore, it is reasonable to assume that both
WT and Cys112Asp azurins react with themselves and with each other through a very
similar encounter complex structures. If we assume further that the electronic coupling
(Hap) between the copper centers in the encounter complex is unaltered by the mutation, the
pre-exponential factor in eq 3.9 can be considered the same for the electron self-exchange

reactions of both WT and Cys112Asp azurins. By taking the ratio of ky; and k37, we

obtain:

ki AAG*

-l =ex 3.10
Ky p( RT ] (3.10)
where:

AAGF = AG*y, — AGH; (3.11)
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AAG? is calculated to be ~21 kJ/mol (or ~0.22 eV).

Since the reactants and products of an electron self-exchange reaction are identical,
the work needed to bring both the reactants (wr) and products (wP) to form encounter
complexes are also identical,. As a result, AG* of an electron self-exchange reaction is
related to A (which contains both inner- and outer-sphere contributions to the reorganization

energy) by:36

A
AGH=Z 3.12
1 (3.12)

By extension, AAG* can be related to AA by:

AAGE = D (3.13)
4

where:

Ak = }‘Cysl 12Asp — Awt (3.14)

Therefore, A\ is calculated to be ~0.87 eV (or ~84 kJ/mol), assuming no change in
electronic coupling.

The reorganization energy of the ruthenium-labeled WT azurin system described
above has been estimated to be ~0.8 eV .34 Furthermore, the self-exchange reorganization
energies of the ruthenium label and WT azurin can be estimated to be ~0.6 and 1.0 eV,

respectively.33 By using another manifestation of the Marcus cross relation (related to eq

3.8):36

|
ot =§(M +1,) (3.15)

where:

Aq = self-exchange reorganization energy of the electron donor group
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Ao = self-exchange reorganization energy of the electron acceptor group

the reorganization energy of the ruthenium-labeled Cys112Asp azurin system is estimated
to be ~1.3 eV. Then, by assuming that the electronic coupling application of eq 3.7 predicts
that the rate constant of intramolecular electron transfer in the ruthenium-modified
Cys112Asp azurin should be smaller by a factor of ~3.6 from that of the Cys112 azurin
system (ke; = 7.1 X 106 571 (ref 34a)). Therefore, theory predicts that the electron-transfer
rate constant for ruthenium-labeled His83Gln/Cys112Asp/Lys122His azurin should be at
least ~2 x 106 s°1; the experimental value of this rate constant was determined to be at most
~103 1. It is clear from these calculations that our assumption that the Cys-to-Asp
mutation has not affected Hap is untenable in the intramolecular electron-transfer reaction
between Cul and the RuM label at position 122. For the same reason, Hag between Cu! and
the Rulll label at position 83 (ke; = 1.1 x 10 s-1 for WT azurin3%) is altered significantly
by the Cys-to-Asp mutation.

This conclusion leads us to consider what has changed between WT and
Cys112Asp azurin structures to cause such dramatic decreases in electronic coupling in the
intramolecular systems. As the overall structure of Cys112Asp azurin was determined to be
very similar to that of the WT protein (vide supra), the coupling provided by the B-sheet
structure of azurin34 is most likely preserved. Since theoretical studies suggest that
electron-transfer between the copper and ruthenium centers occurs through the ligand
thiolate sulfur atom in the Cys112 azurin systems,34? it is reasonable to assume that
whatever change has occurred in electronic coupling is localized at or near the mutation site.
Unlike Cys112 azurins, we would expect some structural rearrangements to occur between
the Cull and Cul oxidation states of Cys112Asp azurins. Unfortunately, we do not have a
good handle on the active-site structure of Cul Cys112Asp azurin. Although computer

modeling suggests that pseudotetrahedral coordination utilizing a monodentate Asp112
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carboxylate is possible (vide supra), it is also possible that the Asp112 side chain is
detached completely from the metal center in the reduced state, thereby providing no bonded
coupling to the Cul center at all through the position 112 side chain. (Partial ligand
detachment has been documented in the crystal structure of Cu! Met121Gln azurin from A.
denitrificans.39) On the other hand, the fact that bimolecular electron-transfer reactions
between Cys112Asp azurin and both cytochrome cs551 and WT azurin can be observed
indicates that the copper center of Cys112Asp azurin is still coupled to external reactants

through His117.
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Table 3.1 Interatomic distances and angles involving the surface- and active-site-bound
copper centers of the two non-symmetry-related Cull Cys112Asp P. aeruginosa azurin
molecules that define an asymmetric unit (see Figure 3.11) (n/a = not applicable) The
average values are also presented. HoOA is defined as the water molecule with the shorter
bond to the exogenous copper atom. 03! of Asp112 is defined as the carboxylate oxygen
with the shorter bond to the active-site copper center. Analogous values involving the active-

site copper of WT P. aeruginosa azurin (pH 9.0)2! are given for comparison.
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Figure 3.1 “Cut-and-paste” construction of the pET-3a (His83GIn/Cys112Asp/
Lys122His) plasmid (] denotes a WT codon; Ml denotes a mutant codon). First, the
His83GIn/Cys112Asp double mutant was made by replacing the BamH VEcoR 1 fragment
of pET-3a (His83GIn/Lys122His) containing the position 112 and 122 codons with the
analogous fragment from pET-9a (Cys112Asp) (A). Subsequently, the Xma I/EcoR 1
fragment containing the position 122 codon of the resultant pET-3a (His83GlIn/

Cys112Asp) plasmid was substituted by the analogous fragment from pET-3a (His83GlIn/
Lys122His) (B).
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Figure 3.2 Absorption changes accompanied by the titration of apo Cys112Asp P.

aeruginosa azurin with Cull in the near-UV (A) and the visible/near-IR (B).
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Figure 3.3 Titration plots derived from the data from Figure 3.2 with accompanying fits to
two lines: Aghs = 310 nm (A), and Aops = 754 nm (B). The coordinates of the intersection
points are noted. (The abscissae of the two intersection points do not coincide as the data

from 310 and 754 nm are from separate experiments.)
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Figure 3.4 FPLC chromatogram (solid trace) from the purification of Cull-reconstituted
Cys112Asp P. aeruginosa azurin (buffer: 10 mM DEA-HCI (pH 8.8); column: Mono Q
HR 10/10; flow rate: 1 mL/min; chart speed: 0.25 cm/mL; gradient held at 22% B after 15
min). The dashed trace represents the percentage of Buffer B (starting at 0% and increasing
to a maximum of 100%) of the eluant. Peak A corresponds to Cull Cys112Asp azurin,

while Peak B to the Cull EDTA complex.
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Figure 3.5 Electronic absorption spectra of Cull Cys112Asp P. aeruginosa azurin in
10 mM DEA-HCV~40 mM NaCl (pH 8.8) (A) and Cul Cys112Asp azurin in oL = 0.1 M

sodium phosphate (pH 7.0) (B) at room temperature.
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Figure 3.6 X-band (9.506 GHz) EPR spectrum of a frozen solution of 63Cull Cys112Asp
P. aeruginosa azurin in 10 mM DEA-HCI buffer (pH 9.0)-glycerol mixture (1:1) at 85 K.

The spin-Hamiltonian parameters are: g = 2.315(1), Ay = 152(1) x 104 cml; g, =
2.075(5), A; =10(2) x 104 cm’}; All\f =10(2) x 104 cm’l, AJI\_T =10(1) x 104 cml.
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Figure 3.7 FPLC chromatogram (solid trace) from the purification of Sigma-brand P.
aeruginosa cytochrome css; (buffer: 10 mM DEA-HCI (pH 8.8); column: Mono Q HR
10/10; flow rate: 1 mL/min; chart speed: 0.25 cm/mL; gradient held at 25% B after 20 min).
The dashed trace represents the percentage of Buffer B (starting at 0% and increasing to a
maximum of 100%) of the eluant. Protein from Peak B was used in the redox titration

experiment.
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Figure 3.8 Cyclic voltammogram of Felll cytochrome css) from P. aeruginosa (~0.6 mM)

in u = 0.1 M sodium phosphate (pH 7.0) at room temperature (scan rate = 10 mV/s, Ej» =

14 mV vs. SCE (or 255 mV vs. NHE)).
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Figure 3.9 Overlay of visible absorption spectra from the titration of Fell cytochrome css;
with Cull Cys112Asp azurin, both from P. aeruginosa. Spectra were not corrected for
changes in volume. The numbers in the figure legend represent the volume (UL) of Cull

Cys112Asp azurin added to the solution.
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Figure 3.10 (A) Titration plot derived from the data from Figure 3.9 with accompanying fit
to eq 3.1. (B) Simulated titration plots using eq 3.1 with K4 defined as either 0.04 or 0.06.

The experimental points are included for reference.
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Figure 3.11 Main chain trace of the Cul! Cys112Asp P. aeruginosa azurin dimer that
constitutes an asymmetric unit. The side chains of the residues (Met13, Leu39, Pro40,

Val43, Met44, Phel14, Prol15, Alal19, Leu120) that define the hydrophobic patch?6 are

also shown.
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Figure 3.12 Coordination structure of the surface-bound Cul! ion of Cys112Asp P.

aeruginosa azurin (molecule A). Interatomic distances and angles are given in Table 3.1.
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Figure 3.13 Overlay of the main chain traces of Cull Cys112Asp (molecule A) and of Cull
WT (pH 9.0, molecule A (ref 21)) P. aeruginosa azurins. The two main chain structures
exhibit an rms deviation overlap of 0.9 A; the value decreases to 0.5 A if the first two

residues are ignored.
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Figure 3.14 Coordination structure of the active-site Cull ion of Cys112Asp P. aeruginosa

azurin (molecule A). Interatomic distances and angles are given in Table 3.1.
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Figure 3.15 Top (A) and side (B) views of the Asp112 carboxylate group along with the
active-site Cull center of Cys112Asp P. aeruginosa azurin (molecule A). The extent to
which the metal is displaced from the plane of the carboxylate group can also be gauged by
the angle defined by CP(Asp112)-CY(Asp112)-Cu, which is 148 and 153° for molecules A

and B, respectively.
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Figure 3.16 Overlay of the active-site Cull coordination structures of Cys112Asp and WT
(pH 9.0, molecule A (ref 21)) P. aeruginosa azurins. The atomic coordinates were

determined from an overlay of the main chain traces (excluding Alal and Glu2).
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Figure 3.17 Photoinduced (A) and flash-quench (B) schema for intramolecular electron-
transfer reactions involving ruthenium-labeled azurins. Q denotes an exogenously added

quencher molecule.
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Figure 3.18 Transient absorption trace at 500 nm from a flash-quench experiment using
the His83GIn/Cys112Asp/ Lys122His azurin system. The initial negative change in
absorbance signifies the “instantaneous” formation of Rulll. The subsequent decay back
to zero corresponds to reduction of the Rulll label over time. The data has been fit to a
single exponential function (dark line), yielding an apparent first-order rate constant of 5.6 x

103 s-1.
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Figure 3.19 Transient absorption traces (average of 4 runs; 100 data points per run) at 628
(A) and 310 (B) nm from the reaction between Cull WT (9.6 uM) and Cul Cys112Asp
(15 uM) P. aeruginosa azurins. The recorded absorbance is referenced against the

absorbance of the solution after completion of the reaction.
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Figure 3.20 Manual overlay of the transient absorption traces at 628 and 310 nm from

Figure 3.19. The 628-nm data was scaled and offset accordingly.
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Figure 3.21 Overlay of the transient absorption data collected at 628 nm (derived from
Figure 3.19A) (open circles) and a simulated second-order kinetic trace (solid circles) with
k12 =1.60 x 104 and k31 = 1.00 x 102 M-1s-! using the following initial azurin
concentrations: Cull WT, 5.9; Cul WT, 3.7; Cull Cys112Asp, 3.7; Cul Cys112Asp,

11.3 uM. The experimental data presented here differ from the raw 628-nm data shown in
Figure 3.19A in that the absorbance coordinates are offset by +0.00057 absorbance units

(calculated using Keq of the reaction) to correct for the non-zero absorbance of the reference

at 628 nm.
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Figure 3.22 Transient absorption trace (100 data points) at 628 nm of the reaction from
Figure 3.19 over a 5-second time base. The recorded absorbance is not referenced against
the absorbance of the solution after completion of the reaction but rather an undetermined

time after the 5-second scan.
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Figure 3.23 (A) Transient absorption trace (average of 8 runs; 100 data points per run) at
628 nm from the reaction between Cul WT (57 uM) and Cull Cys112Asp (42 uM) P.
aeruginosa azurins. The recorded absorbance is referenced against the absorbance of the
reaction buffer solution. (B) Overlay of the transient absorption data from A (open circles)
and a simulated second-order kinetic trace (solid circles) with k13 = 1.40 x 104 and kp1 =
1.75 x 102 M-1s-! using the following initial azurin concentrations: Cull WT, 1.85; Cul WT,

40.15; Cull Cys112Asp, 55.15; Cul Cys112Asp, 1.85 uM.
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Chapter 4

Cobalt(I) Cys112Asp Azurin
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Introduction

Metal substitution studies can provide valuable insights into the coordination
chemistry of metalloprotein active sites. For example, the paramagnetic d7 Col! ion has
often been incorporated into the active sites of Znl! proteins as the diamagnetic d'0 Zn!! ion
is very difficult to probe using standard spectroscopic methods.! Coll-substituted proteins
generally exhibit d-d transitions in the visible region that can be analyzed with respect to
band positions, shapes, and intensities. By comparing such information to those of Coll
compounds of known structure, an educated guess as to the coordination number, the
geometry, and even the ligand set? of Coll sites can be made, thereby providing information
that may be germane to the spectroscopically silent native Zn!! sites. Moreover, as Col! sites
in proteins are often high-spin, NMR spectroscopic techniques can also be employed
toward the elucidation of active-site structures of Coll proteins.3 Owing to the relatively fast
electronic spin-relaxation times of high-spin Coll, NMR resonances associated with nuclei
located near the metal center can be observed. As these resonances generally appear well-
separated from the other resonances that crowd the main (~0-10 ppm) portion of an NMR
spectrum, the hyperfine-shifted signals can be assigned more easily to specific nuclei.

Although blue copper sites in proteins exhibit inherently rich spectroscopy, Coll
substitution experiments proved to be instrumental in confirming the assignment of the
characteristic 600-nm band of blue copper to a Cys(thiolate)-to-Cull charge-transfer
transition prior to the first structure determination of a blue copper protein.# The first Coll-
substituted blue copper protein to be reported was that of stellacyanin; the Coll derivatives
of plastocyanin and azurin followed soon afterwards.® All Coll-substituted blue copper
sites in proteins exhibit intense bands in the near-UV and some weaker features in the
visible (e.g., see Figure 4.1). The two near-UV bands are Cys(thiolate)-to-Coll charge-
transfer transitions that are analogous to the native Cys(thiolate)-to-Cull charge-transfer

transitions centered ~460 and ~600 nm. The positions of these bands are significantly
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blue-shifted in the Colt derivatives owing to the increased stability of the 2+ over the 1+
oxidation state of cobalt. Meanwhile, the double-humped d-d bands in the visible region are
attributable to Coll in pseudotetrahedral coordination environments.

NMR signals in and around oxidized blue copper active sites can not be observed
because of the relatively slow electronic spin-relaxation times of Cull. (NMR studies of
reduced (diamagnetic d10 Cul) blue copper proteins have, however, been reported.”)
Although NMR spectroscopy of Coll-substituted blue copper sites has not been pursued
extensively, NMR spectra of Coll-substituted azurin from P. aeruginosa® were known to
exhibit hyperfine-shifted signals well before the blue ‘copper active-site structure had been
revealed by X-ray crystallography. Since completion of our work described below, most of
the signals from protons within 10 A of the Coll center of P. aeruginosa azurin have been
assigned.’

We made the Coll derivative of Cys112Asp P. aeruginosa azurin to gain a better
understanding of the structural perturbations caused by the Cys-to-Asp mutation. Data
from electronic and NMR spectroscopies have been used to construct a computer model of
the Coll active site independent of the Cull Cys112Asp azurin structure described in

Chapter 2.

Materials and Methods!©

Metal Titration. Molar extinction coefficients of the absorption bands of Coll WT
and Cys112Asp azurins were determined from titration experiments. To an appropriately
concentrated solution of known volume of pure recombinant apo WT or Cys112Asp P.
aeruginosa azurin in 10 mM DEA-HCV/~40 mM NaCl (pH ~8.5) was added aliquots of a
standardized solution of aqueous CoCl; (€510 =4.81 M-lcm)ina 1-cm pathlength quartz
cuvette. Absorption changes were monitored using a Hewlett-Packard 8452A Diode Array

Spectrophotometer and allowed to stabilize after each addition. The data at a given
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wavelength were plotted as (observed absorbance) vs. (concentration Coll added). The data
were not corrected for volume changes as the maximum change was < 6%. The resulting
titration plot was fit using KaleidaGraph 3.0 (Abelbeck Software) to two lines that best
describe the data points in order to determine the point at which the azurin active site was
saturated with Coll,

Protein Preparation. For general purposes, Coll WT and Cys112Asp azurins were
made by the addition of a moderate excess of aqueous CoCl, to buffered solutions (pH ~9)
of the appropriate apo protein. The resultant solutions were allowed to stand for at least 1
hour to assure complete reconstitution; precipitation of some Co(OH); was often observed.
Excess Coll was chelated with the addition of EDTA, and the Col! azurins were then
purified by FPLC on a Mono Q (strong anion-exchange) column (Pharmacia) using a NaCl
gradient in 10 mM DEA-HCI (pH 8.8). The low salt buffer (Buffer A) contained no
additional NaCl; the high salt buffer (Buffer B) was supplemented with 200 mM NaCl.
Protein was detected by UV absorption at 280 nm. Concentrated protein samples were
obtained using Centricon-10 concentrator units (Amicon). The buffer composition of the
NMR samples was converted to sodium phosphate by repeated ultrafiltration in either H;O
or D,O solution.

Spectroscopic Measurements. High-resolution absorption spectra were recorded
on a modified Cary 14 spectrophotometer.

NMR spectra were recorded on a Bruker AMX600 spectrometer operating at a
magnetic field of 14.1 T or on a Bruker MSL.200 at 4.7 T. 1D experiments were performed
using the superWEFT pulse sequence (180°-1-90°).11 NMR spectra were calibrated by
assigning the HyO or the residual HDO signal a chemical shift of 4.81 ppm from DSS
(298 K). 1D NOE difference spectra were recorded using previously reported
methodology.!2 2D NOESY experiments were recorded in phase-sensitive TPPI mode.!3

In order to detect connectivities among hyperfine-shifted, fast-relaxing signals, 1024 x 512
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data-point matrices were collected over a 100-kHz spectral width. Mixing and recycle
delays were 6 and 120 ms, respectively. To investigate the spectral region between -10 and
20 ppm, NOESY experiments were recorded using 2048 x 1024 data points over a 20-kHz
spectral width. Mixing and recycle delays were 15 and 580 ms, respectively. To suppress
the strong solvent signal, presaturation was used during both mixing and recycle delays. A
COSY experiment, recorded in magnitude mode, was acquired over a 20-kHz spectral width.
2048 x 512 data points were acquired using 480 ms of recycle delay. The same experiment
was also performed using 512 x 180 data points with 115 ms of recycle delay. All 2D
NOESY data were processed using a shifted (/2 or 71/3) sine-squared weighting function
in both dimensions prior to Fourier transformation. An unshifted sine-squared weighting
function was used in processing 2D COSY data. Reported pH values were not corrected
for the deuterium isotope effect.

Computer Modeling. Azurin structures were modeled employing the BIOGRAF
simulation package (Molecular Simulations) based on the crystal-structure coordinates of P.
aeruginosa azurin (PDB code 4azu)!4 in which the copper ion was removed and all
hydrogen atoms were added.. All calculations were done using POLARIS AminoLib
charges!> and DREIDING II force-field parameters.!6 Note that the Cys112 thiolate was
protonated to the corresponding thiol prior to minimization. The demetallated WT azurin
crystal structure was minimized with all atoms moveable by five steps of deepest-descent
minimization followed by 200 steps of conjugate-gradient minimization. Thereafter, all
mutants that were built converged within 100 steps of conjugate-gradient minimization.
Cys112Asp azurin was constructed by replacing the sulfhydryl group of Cys112 in the
calculated apo WT azurin structure with a carboxylate group. The metal ion was added

manually to the minimized structures.
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Results and Discussion

Metal Titration and Protein Purification. Titration of apo WT and Cys112Asp
azurins with Co!! is accompanied by absorption changes that make the solutions appear blue
(indicating formation of Coll WT azurin) and purple (indicating formation of Coll
Cys112Asp azurin), respectively (Figure 4.2). In both cases, the absorption increase is
linear with respect to added Coll until ~1 equivalent has been added, after which only
minimal changes are observed (Figure 4.3). Each titration plot was fit to two lines (Figure
4.3), and, as discussed for the Cu!l titration experiments (Chapter 3), the ratio of the
Cartesian coordinates of the intersection point of the two lines represents the molar
extinction coefficient. In this way, €¢3g for Col!l WT azurin was determined to be 5.1 x
102 M-lem-1, while g¢10 for Coll Cys112Asp azurin to be 2.9 x 102 M-lcm-!. The error in
these values is estimated to be < £10%. The molar extinction coefficients of the d-d bands
of Coll Cys112Asp azurin are significantly greater than previously published.!” This
discrepancy probably arose from contamination by the colorless Zn!l derivative in previous
protein preparations which did not employ the purification protocol described in Chapter 2.

The FPLC elution profiles of Coll WT and Cys112Asp azurins are not only similar
to each other but also to those of Cull and Zn!I WT and Cys112Asp azurins, indicating very
similar charge distributions among these proteins at pH ~9. The azurin surface, however,
does not appear to present as strong of a non-active-site binding site for Coll as for Cull
(see Chapter 3). Coll WT and Cys112Asp azurins are stable to metal loss for months
under the purification conditions, but the metal can be removed at low pH using the Znll
extraction protocol described in Chapter 2.

Electronic Spectroscopy. In contrast to the absorption spectrum of Coll WT azurin
(Figure 4.1), the spectrum of Col! Cys112Asp azurin (Figure 4.4) shows a clear absence of
the intense near-UV bands, reinforcing the importance of the cysteine ligand to these

transitions in the Coll WT protein. Meanwhile, a comparison of the Co!! d-d transitions
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(Figure 4.5) reveals significant differences in band shapes and intensities. Instead of the
two broad visible transitions that characterize Coll-substituted blue copper proteins, the
transitions of Coll Cys112Asp azurin show better resolved structure. The intensities of the
d-d bands of Coll WT azurin fall in the range typical for distorted tetrahedral Col! (gmax >
250 M-lcm-1).1:18 Although the d-d bands of Co!l Cys112Asp azurin are weaker than
those of the Coll WT protein, they are still more intense than those generally found in five-
coordinate Coll complexes (50 < €max < 150 M-lem1),1.18 being just above the lower limit
for distorted tetrahedral species; this observation is suggestive of a geometry perhaps
intermediate between four and five coordination.

Based on the metal coordinating properties of amino acids,? it is reasonable to
assume that both active-site histidines (His46 and His117) and either the cysteine (Cys112)
or aspartate (Asp112) contribute donor atoms to the Coll ion. The importance of the
backbone carbonyl group of Gly45 and the Met121 side chain to the Coll coordination
environment, however, is difficult to predict from electronic absorption data alone.
Therefore, we turned to paramagnetic NMR spectroscopy to gain a more complete picture
of the active-site coordination structure of Coll WT and Cys112Asp azurins.

NMR Spectroscopy. The 200-MHz IH-NMR spectra of both the Coll-substituted
WT and Cys112Asp azurins show a number of hyperfine-shifted signals (Figure 4.6).
Most of the WT azurin signals have been observed and assigned previously.!1® The two
WT azurin signals a and b (Figure 4.6A, B) can be assigned to the B-CH; protons of
Cys112. B-CH; protons of coordinated cysteines are always found far downfield in Coll-
substituted metalloproteins.20 Their large hyperfine shifts confirm regular coordination of
Cys112 to the Co!! ion. These signals are not present in the Asp112 mutant (Figure 4.6C,
D).

The assignment of histidine ring protons was achieved through NOE and NOESY
data on H,O and D,0 samples. Comparison of the H,O and D,O NMR spectra of both
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the WT and mutant proteins reveals the disappearance of WT signals ¢ and f (Figure 4.6B,
A) and mutant signals ¢ and e (Figure 4.6D, C), all of which can be assigned to
exchangeable imidazole-NH protons. WT signal f and mutant signal e have fractional
intensities due to partial saturation from solvent but gain full intensity at lower pH (data not
shown). From NOE and NOESY experiments, WT signal e is dipole-coupled to signal A,
and signal fto signal g (data not shown), as already reported.!® Likewise, in the mutant,
signal c is dipole-coupled to signal f, and signal e to signal d. Figure 4.7 shows the region
of the NOESY spectrum performed on the Cys112Asp derivative where the connectivities c-
fand d-e are observed. In line with previous work,!9 the e-4 and f-g pairs in the WT protein
are assigned to He2-H?®2 pairs of two coordinated histidines, and the same assignment is
made for the c-f and d-e pairs in the mutant.

The sequence-specific assignment is facilitated by the observation that the He2
proton of His117 is solvent-exposed while that of His46 is not. The fractional intensity of
WT signal f and mutant signal e at pH 7.0 indicates relatively high solvent-exchange rates.
Therefore, WT pair e-h and mutant pair c-f are assigned to His46 whereas WT pair f-g and
mutant pair d-e are assigned to His117. The chemical shifts of these signals in both
systems are all in the range (50-80 ppm) typical of ring protons of regularly coordinated
histidines.?! The He! protons are expected to yield much broader signals due to their ring
positions adjacent to the coordinating N®! nitrogens. Possible candidates for these protons
are WT signals ¢ and d and mutant signals a and j (Figure 4.6). However, no connectivities
could be detected from such broad signals to confirm this assignment. If the assignment is
correct, the smaller shift of signal j in the mutant would be indicative of some difference in
at least the pseudocontact contribution to the shift of this proton in the immediate vicinity of
the metal ion.

There is a strong NOESY and COSY cross peak between WT signals i and g (data

not shown), as observed previously.!® Despite their experiencing hyperfine shifts opposite
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in sign, they have been assigned as the 0-CH; proton pair of Gly43. This assignment 15
confirmed by an NOE between signal g and the slowly exchangeable proton m (Figure
4.6B) assigned as the amide NH proton of Gly45. In the mutant protein, no similarly strong
connectivities between upfield- and downfield-shifted signals are observed. However,
strong NOESY and COSY connectivities typical of a geminal proton pair are detected
between mutant signals b and /, both downfield, although one is much more shifted than the
other (Figure 4.8).

Note that the spectrum of Coll Cys112Asp azurin at pH 5.5 (Figure 4.8A) is
slightly different from the spectrum at pH 8.0 (Figure 4.6D). Indeed, some signals
experience hyperfine-shift changes. In particular, signals ¢, &, and i move slightly
downfield, sizably upfield, and slightly upfield, respectively, on decreasing the pH from 7.0
to 4.5. At intermediate pH values, both “high pH” and “low pH” signals are observed.
Signals from the *“high pH” form (the minor species at pH 5.5) are labeled with primes.
The observation of two sets of signals at intermediate pH values demonstrates the presence
of two pH-dependent species in equilibrium. The chemical exchange rate between the two
species is slow on the NMR timescale (kox <2 x 103 s71).

Figure 4.8B shows the -15 to 20 ppm region of the 1D NOE difference spectrum
obtained upon saturation of mutant signal b in D,O. In addition to the strong NOE to
signal /, an NOE to signal m is also observed. Mutant signal b experiences additional
dipolar connectivities involving hyperfine-shifted signals. Figure 4.8A shows the 1D NOE
difference spectra over the entire spectral window obtained upon irradiation of signal b in
H,O0 solution (trace (a)) and D,O solution (trace (b)). In HyO, two NOEs are observed
with the exchangeable signals i and k. Inspection of the X-ray crystal structure of azurin!4
confirms that no other reasonable candidate exists for a hyperfine-shifted geminal proton
pair close in space to hyperfine-shifted exchangeable protons. Therefore, we conclude that

the b-1 pair in the mutant must be assigned to the a-CH; protons of Gly45. Mutant signal
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can then be assigned to the amide NH proton of His46 in view of its larger shift and signal
k to the amide NH proton of Gly45 itself. In contrast to the analogous WT protons, the
substantially different hyperfine shifts of some of the above protons indicate that, although
coordinated in both cases, some differences may exist in the binding mode of the Gly45
carbonyl group. For example, a slightly shorter carbonyl-Coll bond in the mutant might
significantly increase the downfield contact contribution to the shifts of both o-CH,
protons of Gly45 and the amide NH proton of His46. Alternatively, a reduction in the
upfield pseudocontact contribution from WT to mutant is possible.

Of the other hyperfine-shifted signals outside the diamagnetic region (Figure 4.6),
we are left with signals j, &, n, 0, p in WT and signals g, A, n in the mutant. There is little
analogy between the two derivatives as far as these signals are concerned. Signals g and 4
in the mutant have shifts and linewidths typical of B-CH; protons of a coordinated
carboxylate residue (Figure 4.8A),22 and hence can be assigned to Asp112 coordinated
regularly through at least one oxygen.

WT signals j and p have been assigned tentatively to the y-CHj; protons of Met121,
with signals n and o attributed to its B-CH; protons.!? The NOE experiments performed
upon saturation of the WT signals a and b (B-CH, protons of Cys112) allowed us to detect
an NOE between signal b and at least one of the two unresolved signals n and o (Figure
4.9). Such an NOE is consistent with the proposed assignment!® of signals » and o to the
B-CH; protons of Met121.

A crucial point for the assignment of Met121 signals would be the identification of
the &-CHj signal. As can be seen in Figure 4.10, WT signal / (of intensity 3), assigned
previously as the e-CHj3 protons of Met121,19 is dipolarly connected to signal g (H* of
Gly45). Signal I gives rise to three dipolar connectivities (Figure 4.11A, cross peaks 1, 2, 3)
with signals belonging to the same spin pattern, as can be observed from the COSY

experiment reported in Figure 4.11B. The signal at -4.8 ppm has intensity three; the only
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residue with two methyl groups occurring at short distance from one of the H protons of
Gly45 (signal g) is Leu86.14 As signal / is much broader than the signal corresponding to
the other methyl group, inspection of the X-ray structure!4 suggests the assignment of / to
82-CH3 of Leu86 (i.e., the methyl group closer to the metal ion). This conclusion is
supported by the network of interresidue connectivities (see caption to Figure 4.11) that
involve Leu86 with Lys41 and Leu68. The COSY spectrum (Figure 4.11B) allows us to
identify every resonance of Lys41, which, along with Leu86, is one of the residues close to
the active site but not coordinated to the metal ion. All the signals of Lys41 experience a
slight upfield pseudocontact shift (0-6 ppm). The signal of 3!-CHj3 of Leu86 is also
dipole-dipole coupled to another signal of a methyl group that can be assigned on the basis
of the X-ray structurel4 to Leu68. In summary, the NOESY and COSY maps (Figure 4.11)
have allowed us to assign almost all the upfield-shifted signals (because of pseudocontact
shifts) in the region -14 to -0.3 ppm. The NOEs observed upon saturation of upfield signal
q are all consistent with these assignments and are reported in the caption to Figure 4.10. In
agreement with this reassignment of WT, the homologous methyl signal m in the mutant is
dipolarly connected to signal b (H* of Gly45), as observed clearly from 1D NOE data
(Figure 4.8). Such an NOE is definitely inconsistent with the assignment of signal  to the
e-CHj3 protons of Met121, but it is consistent with the assignment of m to one of the 3-CHj
protons of Leu86. We conclude that the e-CHj signal of Met121 is unobserved in both
derivatives (it should fall in the diamagnetic region of the spectrum). Mutant signal 7 gives
an NOE to signal m. From an inspection of the X-ray crystal structure,!4 a plausible
candidate for signal » is one of the B-CH; protons of Phe114.

There are no hyperfine-shifted signals in the mutant that can be related to WT
signals j and p. A possible explanation is that the mutant y-CH; protons of Met121 also
fall in the diamagnetic region. Such a decrease in the hyperfine shifts of the y-CHj protons

of Met121 could arise from the fact that the methionine sulfur atom is not coordinated to the
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Co'! ion in the Cys112Asp mutant. The absence of the two upfield-shifted signals

(~10 ppm) in the mutant (signals » and o in WT) is consistent with this explanation. All of
the above observations point to modest hyperfine shifts experienced by all protons of
Met121 in the WT protein and even smaller shifts by those of the mutant protein. In light
of the present finding of very large hyperfine shifts for the 3-CHj; protons adjacent to a
regularly coordinated sulfur atom of Cys112, the most likely interpretation of the data is that
Met121 is at most semi-coordinated in the WT structure and essentially not coordinated in
the mutant. The larger downfield shifts of the Gly45 a-CH and NH and His46 NH
protons are consistent with this view of the Coll coordination environment in the Asp112
protein.

Assignments of the hyperfine-shifted NMR signals of both Coll WT and
Cys112Asp azurins are compiled in Table 4.1. A map of the protons that exhibit the
hyperfine-shifted resonances (Figure 4.12) shows pictorially the differences observed
between Coll WT and Cys112Asp azurins. Our assignments are wholly consistent with
those from a more recent and more extensive paramagnetic NMR study of Coll WT P.
aeruginosa azurin,? in which WT signal k (unassigned in our study) has been assigned to
one of the v-CH; protons of Met13, and a moderately hyperfine-shifted signal
corresponding to the £-CHj3 protons of Met121 was observed near the signal for the §2-
CHj; protons of Leu86 (WT signal /).

Based on both electronic absorption and NMR data, it is likely that the Coll
coordination geometry of Coll WT azurin is similar to that of the pseudotetrahedral Zn! jon
observed in the crystal structure of Zn! WT azurin,?3 in which the metal is coordinated by
the main chain carbonyl group of Gly45 and the side chains of His46, Cys112, and His117.
Furthermore, the closely similar absorption spectra of the Coll derivatives of Met121Leu
azurin and the WT protein suggest that Met121 is not a ligand.24 Although the NMR data

accord with this conclusion, we still cannot rule out completely the possibility of some type
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of weak Met121-Coll bonding interaction (especially in view of the finding of a hyperfine-
shifted resonance for the e-CHj protons of Met121 (ref 9)). As in Coll WT azurin, the Coll
ion of Coll Cys112Asp azurin is likely coordinated by the Gly45 carbonyl group and the
side chains of His46 and His117. Coordination by the Asp112 side chain is also clearly
indicated; coordination by Met121, however, is unlikely. In order to assess the possible
bonding modes of the Asp112 carboxylate group, which can, in principle, coordinate metal
ions in either a monodentate or bidentate fashion,2> a computer model of the active site was
generated.

Computer Modeling. It has been shown that the structures of the apo and Cull
forms of WT P. aeruginosa azurin are nearly superposable.26 Furthermore, qualitative
modeling studies (described in Chapter 3) showed that the Cys112 residue can be replaced
with an Asp without introducing steric clashes within the azurin active site. Therefore, we
propose that the calculated positions of the active-site side chains of apo Cys112Asp azurin
will constitute a valid approximation of the structure of the mutant metal binding site. The
minimized apo WT azurin structure exhibited a positional rms deviation of all non-
hydrogen main-chain and side-chain atoms of 1.5 A with the crystal structure of the holo
protein,!4 and the displacements of the copper-site ligands were similar to those reported for
the crystal structure of apo WT azurin.26 The positions of the native copper ligands of all
the calculated structures were nearly superposable.

The Aspl12 carboxylate group can apparently adopt several reasonable
conformations with respect to rotations about its CB-C¥ bond; monodentate or bidentate
coordination can be accommodated depending on its orientation within the active site. A
minimized structure of the metal binding site with the carboxylate group in a potentially
bidentate binding mode is shown in Figure 4.13. Standard metal-ligand bond distances
(~2 A) can be achieved with the Gly45 carbonyl group, His46, and His117. Interestingly,

the Asp112 carboxylate group can be positioned in such a way that both oxygens are
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located within reasonable bonding distances but in which one 1s significantly closer than the
other (2.1 vs. 2.5 A). Such a model can be considered intermediate between four and five
coordination and would be consistent with the observed intensities of the d-d bands of Coll
Cys112Asp azurin. The model also suggests the existence of a bent bond25 between Coll
and the Asp112 carboxylate group, owing to constraints placed on the 112 side chain by the
global fold of the protein. The apparent movement of the Coll ion away from Met121
toward the Gly45 carbonyl is not surprising because the Asp oxygen donor atoms should
harden the Coll center.2’ Thus, the Co!l ion in the mutant should have a greater affinity for

the Gly45 carbonyl oxygen than for the softer sulfur atom of Met121.
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Table 4.1 TH-NMR assignments of the hyperfine-shifted signals of Col!l WT and
Cys112Asp P. aeruginosa azurins that are discussed in the text (n/a = not applicable). WT

signal k has subsequently been assigned to one of the y-CH, protons of Met13.%
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Co®! WT Azurin

Co!! Cys112Asp Azurin

B-CH, Cysl112
B-CH, Cys112
He! His46/117
He! His46/117
He? His46
He2 His117
H® His117
H?2 His46
o-CH, Gly45
v-CH, Met121
(unassigned)
0-CH; Leu86
NH Gly45
B-CH, Met121
B-CH, Met121
v-CH, Met121
o-CH, Gly45

He! His46/117
o-CH, Gly45
He2 His46
H32 His117
He2 His117
H32 His46
B-CH, Asp112
B-CH, Aspl12
NH His46
He! His46/117
NH Gly45
o-CH, Gly45
8-CH; Leu6
B-CH, Phel14
n/a
n/a
n/a
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Figure 4.1 Electronic absorption spectrum of Col WT P. aeruginosa azurin in 10 mM

DEA-HCV/~40 mM NaCl (pH 8.8) at room temperature.
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Figure 4.2 Absorption changes accompanied by the titration of apo WT (A) and
Cys112Asp (B) P. aeruginosa azurins with Coll,
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Figure 4.3 Titration plots derived from the data from Figure 4.2 with accompanying fits to

two lines for WT (Agps = 638 nm) (A) and Cys112Asp (Aops = 610 nm) (B) azurins.
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Figure 4.4 Electronic absorption spectrum of Col! Cys112Asp P. aeruginosa azurin in

10 mM DEA-HCl/~40 mM NaCl (pH 8.8) at room temperature.
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Figure 4.5 Overlay of the visible absorption spectra of Coll WT (Amax = 521, 638 nm) and
Cys112Asp (Amax = 521, 560, 609 nm) P. aeruginosa azurins in 10 mM DEA-HCl/

~40 mM NaCl (pH 8.8) at room temperature.
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Figure 4.6 200-MHz 'H-NMR spectra (298 K) of Col! WT (pH 8.0) in D,0 (A) and
H>0 (B) and Coll Cys112Asp P. aeruginosa azurins (pH 7.0) in D,0 (C) and H,0 (D).
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Figure 4.7 600-MHz NOESY spectrum (298 K) of Coll Cys112Asp P. aeruginosa azurin
(pH 7.2). The 35 to 70 ppm region is reported. The d-e cross peak is weaker than the ¢-f

cross peak because signal e is of fractional intensity at this pH.
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Figure 4.8 (A) 600-MHz 1D NOE difference spectra (298 K) obtained upon selective
saturation of signal b of Coll Cys112Asp P. aeruginosa azurin (pH 5.5). Trace (a) is the
1D difference spectrum in H,O, and trace (b) is the 1D difference spectrum in D,0.
Connectivities between signals b and two exchangeable signals i and & are observed. The
reference spectrum is also given. (B) An expanded plot of the -15 to 20 ppm region of the
difference spectrum of trace (b), together with the reference spectrum in D,O. Besides
several other NOE:s that are not discussed, a strong NOE is observed with broad signal [ as

well as a weak NOE with signal m, which corresponds to a methyl resonance.
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Figure 4.9 200-MHz 1D NOE difference spectra (298 K) obtained upon selective
saturation in D,0O (pH 8.0) of signals a (A) and b (B) 6f Coll WT P. aeruginosa azurin.

An NOE with one of the two overlapped signals n and o is observed when saturating signal

b. The reference spectrum is also given.
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Figure 4.10 600-MHz 1D NOE difference spectrum (298 K) obtained upon saturation of
signal g in Coll WT P. aeruginosa azurin in H,O (pH 7.2). The NOE peaks indicated with
numbers are assigned (mainly on the basis of NOESY and COSY data in Figure 4.11) as
follows: (1) NH-Gly45, (2) 82-CH3(Leu86), (3) HY(Leu86), (4) 8!-CH3(Leu86), (5)
HY!(Lys41) and HB(Lys41), (6) HXLys41), (7) 3-CH3(Leu68), (8) HY2(Lys41), (9)
HB(Lys41), (10) H3(Lys41). Small cross peaks 7, 8, and 10 are likely due to spin diffusion.

The reference spectrum in the -13 to 2 ppm region is also reported.
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Figure 4.11 600-MHz NOESY (A) and COSY (B) spectra (298 K) of Coll WT P.
aeruginosa azurin in HyO (pH 7.2) in the -9 to 2 ppm region. In the NOESY spectrum
(A), cross peaks are labeled as follows: (1) §2-CH3(Leu86)—HY(Leu86), (2) §2-
CH3(Leu86)—0!-CH3(Leu86), (3) 32-CHj3(Leu86)—HP(Leu86), (4) HY(Leu86)—35!-
CH3(Leu86), (5) HY(Leu86)—HY!(Lys41), (6) HY(Leu86)—HB(Leus6), (7) 8-
CH3(Leu86)—HY(Lys41), (8) 8!-CH3(Leu86)—58-CH3(Leu68), (9) 61-CH3(Leu86)—
H3(Lys41), (10) 8!-CH3(Leu86)—HB(Leu86), (11) HP(Lys41)—H%(Lys41), (12)
HYl(Lys41)—06-CHj(Leu68), (13) HY}(Lys41)—HY2(Lys41), (14) HB(Lys41)—
HB(Lys41), (15) HY(Lys41)—H3(Lys41), (16) HY!(Lys41)—H3(Lys41), (17)
H%(Lys41)—HB(Lys41), (18) H¥(Lys41)—HY2(Lys41). Cross peaks 5, 7, 8, 9 identify the
connections of the spin system of Leu86 to the spin system of Lys41 and to the spin
system of Leu68. In the COSY spectrum (B), letters indicate cross peaks belonging to the
same spin system. The spin systems are labeled as follows: (a) Leu86, (b) Lys41, (¢)
Leu68. Cross peaks indicated with (d) belong to a spin system that does not give rise to
any dipolar connectivity with H* of Gly45 or any other resonance of the above assigned
residues. NOESY (A): A higher field threshold level was used for the contour plot of the
left panel; the right panel was obtained upon Fourier transformation of a 512 x 256 data-
point matrix. COSY (B): The upper and lower right panels were obtained upon Fourier

transformation of 600 x 300 and 360 x 180 data-point matrices, respectively.
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Figure 4.12 Representation of the protons of Coll WT and Cys112Asp P. aeruginosa
azurins that possess large hyperfine-shifted NMR signals.
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Figure 4.13 Computer-generated model of the active-site structure of Coll Cys112Asp P.
aeruginosa azurin. The Coll ion was added manually to the minimized apo protein
structure. Reasonable bond distances could be achieved between the Coll center and the
Gly45 carbonyl (2.3 A), N3(His46) (2.1 A), O81(Asp112) (2.1 A), 082(Asp112) (2.5 A),
and N8(His117) (2.1 A). According to this model, the Coll-S3(Met121) distance is 3.7 A,
the metal is displaced ~1.4 A out of the pseudosquare plane towards Gly45, and the
CB(Asp112)-C¥(Asp112)-Cu angle is ~145°.
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Chapter 5

Nickel(Il) Cys112Asp Azurin
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Introduction

Like Coll substitutions of blue copper sites in proteins (see Chapter 4), substitutions
with Nill result in similar changes: (1) the Cys(thiolate)-to-metal(Il) charge-transfer
transitions shift to higher energy! due to the relative instability of Nil, and (2) the high-spin
character of the d8 Nill centers in blue copper active sites allows paramagnetically shifted
NMR signals in and around the active sites to be detected owing to favorable electronic
spin-relaxation times.2 In particular, the absorption spectrum of Nill WT P. aeruginosa
azurin (Figure 5.1) shows two relatively intense bands centered at 357 and 440 nm, both of
which are attributable to Cys(thiolate)-to-Nill charge-transfer transitions; the energies of
these transitions are not as blue-shifted as in Col!l WT azurin (Figure 4.1), implying that the
Nill center is more easily reduced than the Coll center. The crystal structure of Nill WT P.
aeruginosa azurin has been reported,3 and shows a pseudotetrahedral Nill coordination
geometry defined by His46, His117, Cys112, and the backbone carbonyl of Gly45. To
investigate further the coordination chemistry of the Cys112Asp mutant of P. aeruginosa

azurin, we examined the spectroscopic properties of its Nill derivative.

Materials and Methods

Metal Titration. Molar extinction coefficients of the absorption bands of Nill
Cys112Asp azurin were determined from a titration experiment. To an appropriately
concentrated solution of a known volume of pure recombinant apo Cys112Asp P.
aeruginosa azurin in 10 mM DEA-HCl/~40 mM NaCl (pH ~8.5) was added aliquots of a
standardized solution of aqueous NiCl, (€304 = 5.0 M-lcm!) in a 1-cm pathlength quartz
cuvette. Absorption changes were monitored using a Hewlett-Packard 8452A Diode Array
Spectrophotometer and were allowed to stabilize after each addition.

The data at a given wavelength were plotted as (observed absorbance) vs.

(concentration Nill added). The data were not corrected for volume changes as the
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maximum change was < 5%. The resultant titration plot was fit using KaleidaGraph 3.0
(Abelbeck Software) to the following function:

A= %[Sm (IM]g, +[Pliog + Ko ) - \/ eni2 (Ml +[Pl, +Ka)’ —4exi2[P], M1, ] (5.1)

where:

A = observed absorbance

eni = molar extinction coefficient of Nil! Cys112Asp azurin
[M]tor = total [Nill]

[Plio: = total [protein]

K4 = dissociation constant

The derivation of eq 5.1 assumes a simple equilibrium process:

Ni! + apo Cys112Asp azurin Nil' Cys1 12Asp azurin

where:

_ i Jlapo Cys112Asp azurin]

Kd
[Ni'' Cys112Asp azurin]

(5.2

in which the observed absorbance is due solely to Nill Cys112Asp azurin. [P];, was
determined using €589 = 9.0 x 103 M-lem! for apo Cys112Asp azurin. en; and Ky were
determined from the fit.

Protein Preparation. For general purposes, Nill WT azurin was made by the
addition of a moderate excess of aqueous NiCl, to a buffered solution (pH ~9) of apo
protein. The resultant yellow solution was allowed to stand for at least 1 hour to assure
complete reconstitution. Excess Nill was chelated with the addition of EDTA, and Nill WT
azurin was then purified by FPLC on a Mono Q (strong anion-exchange) column

(Pharmacia) using a NaCl gradient in 10 mM DEA-HCI (pH 8.8). The low salt buffer
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(Buffer A) contained no additional NaCl; the high salt buffer (Buffer B) was supplemented
with 200 mM NaCl. Protein was detected by UV absorption at 280 nm.

Samples of Nill Cys112Asp azurin were prepared by the addition of a known
excess of Nill to a solution containing a known amount of pure apo Cysl1 12 Asp azurin.

Concentrated protein samples were obtained using Centricon-10 concentrator units
(Amicon).

Spectroscopic Measurements. High-resolution absorption spectra were recorded

on a modified Cary 14 spectrophotometer.

Results and Discussion

Metal Titration and Instability to Metal Loss. Titration of apo Cys112Asp azurin
with Nill is accompanied by absorption changes that make the solution turn yellow-orange
(indicating formation of Nill Cys112Asp azurin) (Figure 5.2A). However, unlike titrations
with Cull (see Chapter 3) or Coll (see Chapter 4), the absorption changes took much longer
to stabilize, were not linear with respect to added Nill, and did not plateau until well over 1
equivalent of Nill had been added (Figure 5.2B). These results suggested that an
equilibrium process was occurring with relatively weak metal binding. A control experiment
using Zn!! Cys112Asp azurin showed that exogenous Nill does not contribute significantly
to the overall absorbance of the solution under the conditions of the titration experiment,
thereby demonstrating not only that the observed absorbance changes reflect formation of
Nill Cys112Asp azurin but also that the Nill ion is being bound at the active site of azurin.
A fit of the titration plot to eq 5.1 resulted in €339 (€n; in eq 5.1) = 3.4 x 102 M-lecm! and
K4 = 1.1 x 104 M (Figure 5.2B). The error in these values is estimated to be < +15%.
The relatively large dissociation constant of Nill Cys112Asp azurin is reflected in the ease
with which the protein is demetallated by EDTA. Furthermore, Nill Cys112Asp azurin can

not survive the FPLC purification protocol without metal loss.
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Electronic Spectroscopy. The absorption spectrum of Nill Cys112Asp azurin
(Figure 5.3) shows no intense charge-transfer bands, as observed in the Nill WT protein
(Figure 5.1). Instead, low-intensity absorptions are observed throughout the near-UV,
visible, and near-IR. The presence of low-energy absorption bands are suggestive of high-
spin Nill. This conclusion has been confirmed with the detection of hyperfine-shifted
NMR signals (data not shown), since low-spin Nill is diamagnetic. Therefore, the
possibility of a square planar Nill geometry can effectively be ruled out.

The nature of the most intense absorption band centered at 330 nm remains
somewhat of a mystery. The relatively high energy of the transition argues strongly against
it being a d-d band. If so, we are forced to assign the band to a charge-transfer transition,
and the most reasonable active-site ligand that might produce such a low-energy charge-
transfer transition with Nill is the thioether of Met121. In fact, octahedral Nill thioether
complexes that employ thia crown ethers exhibit intense bands ~300-320 nm which have
been assigned to thioether-to-Nill charge-transfer transitions.# Although, these bands are
significantly more intense than the one observed for Nil! Cys112Asp azurin, this
discrepancy may result from poor orbital overlap between the thioether of Met121 and the
Nill center caused by structural constraints imposed by the protein fold. If we assume that
the other well resolved band at 444 nm represents the highest energy d-d transition of Nill
Cys112Asp azurin, its intensity is too low and its energy still too high to consider
tetrahedral Nill coordination. Distorted square pyramidal, trigonal bipyramidal and
octahedral geometries remain viable possibilities.

Based on results from the Cull (see Chapter 3) and Coll (see Chapter 4) derivatives
of Cys112Asp azurin, it is reasonable to assume that both native histidine residues (His46
and His117) and the carboxylate group of Aspl12 are involved in Nil! binding. In contrast,
however, the Nill derivative may possess a Met121(thioether)-metal bonding interaction that

1s strong enough to give rise to an observable electronic transition. Paramagnetic NMR
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studies are currently in progress to help further elucidate the coordination structure of Nilt

Cys112Asp azurin.
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Figure 5.1 Electronic absorption spectrum of Ni!t WT P. aeruginosa azurin in 10 mM

DEA-HCl/~40 mM NaCl (pH 8.8) at room temperature.
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Figure 5.2 Absorption changes accompanied by the titration of apo Cys112Asp P.
aeruginosa azurin with Nill (A) and the corresponding titration plot (Aqps = 330 nm) with

accompanying fit to eq 5.1 ([Pl = 0.55 mM) (B).
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Figure 5.3 Electronic absorption spectrum of Nill Cys112Asp P. aeruginosa azurin
(Amax = 330, 444 nm) in 10 mM DEA-HCl/~40 mM NaCl (pH ~8) at room temperature
(contains ~0.4 mM free Nill which contributes a background absorption of < 0.002

absorbance units).
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Chapter 6

Summary
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We have found that replacement of the active-site Cys (at position 112) of P.
aeruginosa azurin with an Asp does not compromise the inherent stability of the protein nor
abolish its ability to bind metal ions (viz., Cull, Cul, Coll, Nill, ZnIl). Nevertheless, the
spectroscopic properties of holo Cys112Asp azurins are significantly different from those
of the analogous metal-bound forms of the WT protein (except for the Zn!l derivatives),
thereby reinforcing the importance of the thiolate sulfur ligand to the electronic structure of
the WT active site. The electronic spectroscopy of the various open-shell metal derivatives
of Cys112Asp azurin all show d-d bands that are consistent with five-coordinate
geometries.

Data from a combination techniques (paramagnetic NMR spectroscopy, electronic
absorption spectroscopy, X-ray crystallography (of Cull WT azurin)) provided the basis for
the generation of a computer model of the Cys112Asp active site. Subsequent X-ray
crystallographic studies of Cull Cys112Asp azurin revealed a remarkably similar active-site
structure: a distorted square pyramidal coordination structure with an out-of-plane metal-
binding interaction with a bidentate, asymmetrically bound carboxylate group. The metal
ion, however, is not as removed from the plane of the carboxylate group as in the computer
model structure. This difference probably reflects the desire of Cul! to adopt a more
standard planar metal-carboxylate interaction, an energetic term that was not included in the
computer calculations. Regardless, the perturbation caused by the local Cys-to-Asp change
is transmitted to surrounding residues leading to small but significant positional changes of
atorns within the entire active-site region and beyond.

Our inability to observe intramolecular electron transfer in systems that exhibit fast
kinetics in analogous WT protein systems demonstrates the criticality of the Cys residue to
the reaction. The reason for the intramolecular electron-transfer-impaired nature of the
mutant has been determined to result at least in part by a significant reduction in the

electronic coupling between the donor and acceptor groups. Nevertheless, the bimolecular
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electron transfer between Cys112Asp azurin and either WT azurin or cytochrome ess; 18
still observed and the reactions quantifiable. The difference between the intramolecular and
intermolecular electron-transfer systems most likely reflects the fact that the intermolecular
reactions involve the hydrophobic patch of azurin and the transfer of electrons through the
partially solvent-exposed ligand His (at position 117), thereby bypassing the Cys112 ligand
altogether. Therefore, the Cys ligand appears to be important for promoting long-range
electron transfer, a property that may be necessary for the proper in vivo function of blue
copper proteins, in general.

We hope that further studies of Aspl12-containing azurins will be pursued to
understand better the role of the Cys112 ligand to electron transfer in azurin. For example:

(1) A pulsed laser experiment (A = ~290 nm) may allow intramolecular electron
transfer to occur between the highly oxidizing and the very long-lived triplet excited-state of
Trp48 and the Cull center. If excited-state quenching occurs by electron transfer at an
appreciable rate, the ground-state electron-transfer reaction between the Cul center and the
Trp48 cation radical may be observable by transient absorption spectroscopy.

(2) It may be possible to obtain crystals of Cul Cys112Asp azurin by chemical
reduction of crystals of the oxidized protein. A determination of the active-site structure of
Cu! Cys112Asp azurin is important to know what kind of structural changes, including the

possibility of ligand loss, accompany change in redox state.



