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Many proteins in living cells coordinate cofactors, such as metal ions, to attain their activity. Since the cofactors in
such cases often can interact with their corresponding unfolded polypeptides in vitro, it is important to unravel how
cofactors modulate protein folding. In this review, | will discuss the role of cofactors in folding of the blue-copper
protein Pseudomonas aeruginosa azurin. In the case of both copper (Cu" and Cu') and zinc (Zn"), the metal can
bind to unfolded azurin. The residues involved in copper (Cu" and Cu') coordination in the unfolded state have
been identified as Cys112, His117, and Met121. The affinities of Cu", Cu', and Zn" are all higher for the folded
than for the unfolded azurin polypeptide, resulting in metal stabilization of the native state as compared to the
stability of apo-azurin. Cu", Zn", and several apo forms of azurin all fold in two-state kinetic reactions with roughly
identical polypeptide-folding speeds. This suggests that the native-state 3-barrel topology, not cofactor interactions
or thermodynamic stability, determines azurin’s folding barrier. Nonetheless, copper binds much more rapidly (i.e.,
4 orders of magnitude) to unfolded azurin than to folded azurin. Therefore, the fastest route to functional azurin is
through copper binding before polypeptide folding; this sequence of events may be the relevant biological pathway.

1. Do Cofactors Play a Role in Protein Folding? total number of contactshz; is the number of residues
separating contacfsandj, andL is the number of residues

Proteins are involved in virtually every biological process. - X
in the proteir? note that the suny is over all contactsN.

To function, linear chains of amino acids must fold into their i ) ) i )
unique three-dimensional structures. Many small proteins Protéins with many short-range interactions such-aglices
fold rapidly in apparent two-state processes, whereas the(Corresponding to low CO) fold faster than proteins with
folding of larger proteins often requires the involvement of Many Iong-r_ange m_teractlons such ,és_s_heet structures
intermediates and longer timé€orrelations of the experi-  (corresponding to high CO). The empirical contact-order

mental folding rates for many small single-domain proteins COrrelation was subsequently explained in terms of the
(without cofactors), folding by two-state mechanisms, have topomer-search model which is a theory stipulating that the

been studied against several parameters (e.g., thermodynamig€@rch for unfolded conformations with a grossly correct

stability, polypeptide chain length, transition-state placement, t0P0logy is rate-limiting in foldind. This theory suggests
and native-state topology). Interestingly, the native-state that the transition-state corresponds to an expanded version

contact order, reporting on the degree of local versus nonlocal®f the n?tive structure and thU_S is simil'a.r to the “extended

contacts in the native state. was found to be the mostnucleus description of the folding-transition state proposed
- - - . g ! . H 5

statistically significant parameté#?. Relative contact order earlier:

(CO) is calculated as C& [1/(LN)] 3 AZ;, whereN is the More than 30% of all proteins in living cells require
' cofactors (e.g., metals and organic moieties) to perform their

*E-mail: pernilla@rice.edu. Phone: 713-348-4076. Fax: 713-348-5154. gctivities® These proteins fold in a cellular environment
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Blue-Copper Protein Azurin Folding

by a combination of spectroscopic methods, with each
method reporting on a different aspect of the protein
structure. For example, visible absorption reports on tHe Cu
environment, tryptophan fluorescence reports on the integrity
of the protein core via tryptophan-48and far-UV circular
dichroism (CD) reports on polypeptide secondary-structure
changes. If an unfolding process is “two-state”, which means
that only folded and unfolded species are populated, different
spectroscopic methods should yield the same ré%dlo
probe folding kinetics, we use stopped-flow mixing to
achieve rapid denaturant-jumps (instrument dead tim8 2
ms) that are followed by spectroscopic detection. The
logarithms of the observed rate constatgsg( folding-rate
constants at low denaturant concentrations; unfolding-rate
Figure 1. The two extreme mechanisms for going from free cofactor and CONStants at high denaturant concentrations) are often plotted
unfolded polypeptide to a functional cofactor-binding protein. In part A, as a function of denaturant concentration in a so-called
cofactor binding occurs prior to polypeptide folding. In part B, cofactor cheyron plot. If the data points in this appear V-shaped, that
does not bind until after polypeptide folding is completed. . T . .
is one indication of two-state kinetic behavidr.
in vitro, many metalloproteins (e.g., cytochroing, myo- With azurin as our model system, we have addressed the
globin, azurin, and the Gudomain) retain strong metallo-  following questions: Does the cofactor bind to the unfolded
ligand binding after polypeptide unfoldirigi® This implies polypeptide, and if so, what are the ligands? How tight do
that in vivo cofactors may interact with their corresponding various metals bind to the folded and unfolded polypeptide,
proteins before polypeptide folding takes place and, therefore,and what is the effect on azurin’s overall stability? Does the
impact the folding reaction (Figure 1). Local and nonlocal presence of metal in the unfolded state affect the polypeptide
structure in the unfolded protein may form due to coordina- folding speed and mechanism? What may be a biologically
tion of a cofactof! Such structural restriction may dramati-  relevant pathway for formation of active (holo) azurin? Our
cally decrease the entropy of the unfolded state, limiting the observations on azurin may have implications flesheet
conformational search for the native st&t@he cofactor may  formation and metatprotein interactions in a broad perspec-
in this way serve as a nucleation site that directs polypeptidetive.
folding. Cofactors often stabilize the native states of pro-
teins’1314However, the manner in which cofactors modulate 2. What Are the Basic Characteristics of Azurin?
polypeptide-folding pathways is not well understdéd. Pseudomonas aeruginoaaurin is a small (128 residues)
Here, | will review our biophysical efforts to learn more  ye_copper protein (also called cupredoxin) that is believed
about roles of cofactors in protein-folding reactions in the {5 facilitate electron transfer in denitrification/respiration
case of the copper-binding protéiseudomonas aeruginosa  :npainst® Its redox partners, cytochromess; and nitrite
azurin. Although copper is an essential transition metal that ;o ctase, have been identified from in vitro experiments,
acts as a cofactor in many proteins in vivo, free copper ions ¢ their relevance as physiological partners has not been
are toxic, and incorrect coppeprotein interactions can re_sult established in vivé? It was recently proposed that the
in diseasé? In order to better understand metgrrotein physiological function of azurin ifP. aeruginosanvolves
interactions in azurin, we perform in vitro equilibrium and  gjectron transfer directly related to the cellular response to
kinetic folding experiments using chemical denaturants, such yiqative stres& Azurin has onex-helix and eighp-strands
as urea and GUHCI, to perturb the structure (most often atyha; fold into g8-barrel structure arranged in a double-wound
pH 7, 20°C). The conformational state of azurin is probed Greek key topologl2! (Figure 2). Proteins with thé-barrel
(6) Gray, H. B.Proc. Natl. Acad Sci, USA. 2003 100, 3563-8, motif belong to the large famil_y of sandwichlike_ proteins.
(7) Robinson, C. R.: Liu, Y.; Thomson, J. A.; Sturtevant, J. M.; Sligar, The structures of these proteins are characterized by two

S. G.Biochemistryl997 36, 16141-6. , o B-sheets packed against each other (like a sandiidn).
(8) Bertini, I.; Cowan, J. A.; Luchinat, C.; Natarajan, K.; Piccioli, M. p . . d . tau) i
Biochemistry1997 36, 9332-9. - aeruginosaazurin, a re ox_-a(.:t|ve copper ( / u) is
(9) Wittung-Stafshede, P.; Lee, J. C.; Winkler, J. R.; Gray, HPBc. coordinated by two histidine imidazoles (histidine-46 and

Natl. Acad Sci. USA. 1999 96, 6587-90.

(10) Wittung-Stafshede, P.; Malmstrom, B. G.; Winkler, J. R.; Gray, H.
B. J. Phys. Chem. A998 102 5599-5601.

(11) Pozdnyakova, |.; Guidry, J.; Wittung-Stafshede].Am. Chem. Soc. (17) Gilardi, G.; Mei, G.; Rosato, N.; Canters, G. W.; Finazzi-Agro, A.

histidine-117), one cysteine thiolate (cysteine-112), and two

200Q 122, 6337-6338. Biochemistryl994 33, 1425-32.
(12) Luisi, D. L.; Wu, W. J.; Raleigh, D. Rl. Mol. Biol. 1999 287, 395~ (18) Fersht, AStructure and mechanism in protein scierdée H. Freeman
407. and Company: New York, 1999.
(13) Leckner, J.; Bonander, N.; Wittung-Stafshede, P.; Malmstrom, B. G.; (19) Adman, E. TAdv. Protein Chem1991 42, 145-97.
Karlsson, B. GBiochim. Biophys. Actd997 1342 19-27. (20) Vijgenboom, E.; Busch, J. E.; Canters, G.Microbiology 1997, 143
(14) Pozdnyakova, l.; Guidry, J.; Wittung-Stafshede ARch. Biochem. 2853-63.
Biophys.2001 390, 146-148. (21) Nar, H.; Messerschmidt, A.; Huber, R.; van de Kamp, M.; Canters,
(15) Wittung-Stafshede, FAcc. ChemRes.2002 35, 201-8. G. W. FEBS Lett.1992 306, 119-24.
(16) Rae, T. D.; Schmidt, P. J.; Pufahl, R. A.; Culotta, V. C.; O’'Halloran, (22) Kister, A. E.; Finkelstein, A. V.; Gelfand, I. MProc. Natl. Acad
T. V. Sciencel999 284, 805-8. Sci. USA. 2002 99, 1413741.
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Table 1. Kp Values for Metal (ZH, Cu, and CU) Binding to Folded
(Buffer, pH 7, 20°C) and Unfolded (GuHCI, pH 7, 26C) Wild-Type
Azurin and the Thermodynamic StabilithGy(H20), for Each Metal
Form of Wild-Type Azurin and Various Apo Forms (Buffer, pH 7,

20°Cy7a
azurin variant  AGy(H20) Kp(folded state) Kp(unfolded state)
Cu' form 524+ 3 kd/mol 25 fM 0.3nM
Cu form 40+ 3 kJ/mol 0.033 fM 3.0fM
Zn" form 394 2 kd/mol 82 nM 5.4 2uM

apo wild type 29+ 2 kJ/mol
apo His46Gly 18t 2 kJ/mol
apo His117Gly 19t 1 kJ/mol

2 The difference in binding affinity of each metal for the folded versus
the unfolded protein A(AG)binding = —RT In[Kp(folded)Kp(unfolded)],
corresponds to the difference in thermodynamic stability between the metal

Figure 2. Three-dimensional representation of azurin (1azu.pdb) With .0 of azurin and the stability of apo-azurin[AGy(Hz0)]. (No errors
copper in blue and its five ligands, forming the trigonal bipyramidal o given for calculatep values.)

coordination geometry, shown in stick representation (prepared using
PyMOL). ) )
3. Does Copper Remain Bound upon Azurin

Unfolding?

Early equilibrium unfolding experiments (using the chemi-
cal denaturant guanidine hydrochloride, GUHCI) of oxidized
(Cu") and reduced (Cluazurin showed that the oxidized form
is more stable than the reduced form (Table 1). The unfolding
curves were reversible and exhibited no protein concentration
dependence. This implied that the metal remained bound to
the unfolded state since, otherwise, higher protein concentra-
tions should have resulted in unfolding curves shifted to
Figure 3. Native copper-azurin (left) retains the copper upon unfolding higher GUHCI concentratior§.Moreover, if the metal had
(right) in a trigonal coordination. In this schematic representation of azurin's dijssociated in the unfolded state refolding would follow the
secondary structure (leftf-strands are labeled from N- to C-termini, and behavi f th . ’d hi bsefed
the copper ligands in folded azurin are labeled (Gly45, His46, His117, e avior of the apo'PrOt?'n’ an _t IS V\{as nF’t opse e :
Cys112, and Met121). Strands 4-5-6-3 form the Greek Key motif; the strands Different spectroscopic signals yielded identical unfolding
that form an interlocked pair, a substructure recently found highly conserved c\rves. in accord with two-state equilibrium-unfolding transi-
amongp-sandwich protein&? are shaded in blue (strands 7-4-6-3). . ’ . . . .
tions. On the basis of the difference in thermodynamic
stability for the two redox forms, we predicted that the copper
in unfolded azurin has a reduction potential 0.13 V higher
than that in folded azuri?f This was based on a thermo-
dynamic cycle connecting folded and unfolded forms in their
oxidized and reduced states, respectively. Subsequent cyclic
voltammetry experiments confirmed this prediction of the
rdination in azurin well in other bl ; unfolded-state reduction potential such that folded azurin has
coot . ;IO a |ucufas © ﬁall_s do N h ue—cl?ppe a reduction potential of 320 mV versus the normal hydrogen
prc()jelln —n gg_nerg, avtc))rs SO hlgan j (suc; ashsu durs) electrode (NHE) whereas the reduction potential for unfolded
?n gw cogr r:pa;;tlon numd-ers-, w ereabé?ue ers harder — azurin is 456 mvV versus NHE (20C, pH 7)% This
igands and higher coordination numbetsin vitro, P. difference in reduction potentials can be explained by a

aeruginosaazurin can bind many different metals in the trigonal metal-coordination in the unfolded state (see below)
active site (e.g., zinc). Crystal structures of apo- and holo- o+ favors the Cuform.

azurin [apo= without cofactor; holo= with cofactor] have The high CUl/CU reduction potential for unfolded azurin,
shown that the overall three-dimensional structure is identical \yhich is much higher than the potential for the "0Tu
with and without a metal (copper or zinc) cofactéf>Since  coyple in solution, confirms that the metal remains associated
there is significant biophysical and structural data on folded ith the unfolded polypeptide (chemical denaturation, pH
P. aeruginosaazurin, and on many point-mutated variants 7, 20°C) (Figure 3). On the basis of the high potential, it
(including the ones used in our work), azurin is a superior was suggested that Cys112 remains a copper ligand in the
system for in vitro studies of the interplay betwg@sheet  ynfolded-state comple®. Unfortunately, GuHCl-induced
formation and metatprotein interactions. unfolding of oxidized copper azurin is only partly reversible
in aerobic conditions since a redox reaction takes place
(23) Wittung-Stafshede, P.; Hill, M. G.; Gomez, E.; Di Bilio, A.; Karlsson,  between the thiol of Cys-112 and €in the unfolded staté?

CB;i'c;JI.L fncc'frrfc’:ﬂémv.vl'ggée ré,JéeF;js%éy' H. B Maimstrom, 8. & Since the zinc form of azurin is always a byproduct upon

(24) Berg, J. M,; Lippard, S. Lurr. Opin. Chem. Biol2004 8, 160-1.
(25) Nar, H.; Messerschmidt, A.; Huber, R.; van de Kamp, M.; Canters, (26) Leckner, J.; Wittung, P.; Bonander, N.; Karlsson, G.; Malmstrom, B.
G. W.J. Mol. Biol. 1991, 221, 765-72. J. Biol. Inorg. Chem1997, 2, 368—-371.

weaker axial ligands, sulfur of methionine (methionine-121)
and carbonyl of glycine (glycine-45), in a trigonal bipyra-

midal geometry (Figures 2 and 3). The highly covalent nature
of the copper-cysteine bond gives azurin an intense absorp-
tion at 630 nm? It has been suggested that the polypeptide
fold defines the metal site, leading to the rather unusudl Cu
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azurin overexpression i& coli, and both copper and zinc
may be present in the cells where the azurin polypeptide is
produced, we have also probed the role of zinc in the folding
of azurin. Equilibrium-unfolding studies of zinc-loaded azurin
have revealed that zinc, like copper, remains bound to the
polypeptide upon unfolding?’ Zinc is redox inactive, and
therefore, more quantitative studies can be performed on
zinc-azurin than on the copper form.

4. What are the Metal Ligands in Unfolded Azurin?

Extended X-ray absorption fine structure (EXAFS) experi-

Figure 4. The top part shows the primary structure of the 13-residue model
peptide (residues 131123 in azurin) with the three residues identified as
copper ligands underlined. The bottom part shows the secondary structure
of the region of azurin that corresponds to the model peptide (based on

ments in high GuHCI concentrations established that copperiazu.pdb) with copper ligands in stick representation.

(Cd) in unfolded azurin is coordinated in a trigonal geometry
to one thiolate (most likely Cys-112), one imidazole (perhaps
one of the native state ligands His-46 or His-117), and a
third, unknown liganéf (Figure 3). The nature of the third
ligand could not be determined in these experiments; it could
be a chloride from GuHCI, water, or another sulfur (perhaps
Met-121). To elucidate if one of the two native-state histidine
ligands, His-117 or His-46, is involved in copper coordination
in unfolded azurin, we prepared two single-site (histidine-
to-glycine) azurin variants: His117Gly and His46Gly azur-
in.2% Equilibrium-unfolding experiments of His46Gly azurin

Complementary evidence for the copper and zinc ligands
in unfolded azurin comes from model peptide studies. We
prepared a 13-residue peptide corresponding to the loop
region in azurin (residues 1#1123) that contains Cys-112,
His-117, and Met-121 (Figure 4). This peptide was found
to bind copper strongly, in a 1:1 stoichiomettyUpon
copper (Cti) binding to the peptide, visible absorption bands
appeared at 330 and 530 nm, ghtlke secondary structure
formed. The presence of absorption at these wavelengths
suggests thiolate(S) to €ligand-to-metal charge-transfer

loaded with copper demonstrated that copper remained boundransitions®® Copper (Cl) binding to the peptide was also

to the protein in high urea concentrations where the protein’s
secondary structure is lost. In contrast, for copper-loaded
His117Gly azurin, copper did not stay coordinated upon
polypeptide unfolding?® This result strongly indicated that
His-117 is the histidine coordinating copper in unfolded
azurin, which is in accord with the proximity of His-117 to
Cys-112 in azurin’s primary sequence.

Of the five native-state copper ligands in azurin, three
(Cys-112, His-117, and Met-121) are situated in a loop region
toward the C-terminus of azurin’s polypeptide (Figure 3).
Since two of these ligands were confirmed copper ligands

in the unfolded state (Cys-112 and His-117), we suspected

that Met-121 may be the third, unknown ligand. To address
the role of Met-121 in copper binding in unfolded azurin,
we prepared the single-site mutant Metl21Ala azurin, in
which the methionine had been replaced by an alatfidée
found that copper (C{) dissociated from Met121Ala azurin
early on in the polypeptide-unfolding reaction (GuHCI-
induced equilibrium unfolding), suggesting that Met-121 is
important for copper retention in the unfolded copper form
of wild-type azurin. Notably, the equilibrium-unfolding
behavior of the zinc form of Met121Ala azurin was identical
to that of wild-type azurin loaded with zinc, implying that
zinc may not include Met-121 as an unfolded-state ligdnd.
This finding correlates with the crystal structure of zinc-
substituted wild-type azurin, which shows that Met121 is
not a zinc ligand in the native state of zinc azufin.

(27) Marks, J.; Pozdnyakova, I.; Guidry, J.; Wittung-Stafshedd, Biol.
Inorg. Chem 2004 9, 281-288.

(28) DeBeer, S.; Wittung-Stafshede, P.; Leckner, J.; Karlsson, G.; Winkler,
J. R.; Gray, H. B.; Malmstrom, B.; Solomon, E. I.; Hedman, B.;
Hodgson, K.Inorg. Chim. Acta200Q 297, 278-282.

(29) Pozdnyakova, I.; Guidry, J.; Wittung-Stafshede,JPBiol. Inorg
Chem.2001, 6, 182-188.

observed using isothermal titration calorimetry (ITC) al-
though no thermodynamic parameters could be derived due
to oxidation side reactions between 'Cand the peptide
cystein€?’ Likewise, zinc also binds to the peptide in a 1:1
ratio as detected by ITC experiments; however, no secondary
structure was induced when this complex formed. Metal
titrations using ITC to a set of point-mutated peptides, in
which Cys-112, His-117, and Met-121 were replaced by
glycine one by one, confirmed that all three ligands are
required for copper binding, whereas only Cys-112 and His-
117 are needed for zinc bindifg.

5. How Do Metal Affinities for Folded and Unfolded
Azurin Affect Overall Stability?

Apo, CU, Cu', and zZt forms of azurin all unfold in
apparent two-state equilibrium-unfolding reactions (chemical
denaturation, pH 7, 20C).263233Sjnce, in the cases of both
copper (Chand CU) and zinc, the metal stays bound upon
unfolding, the net effect on azurin’s stability (as compared
to the stability of apo-azurin) corresponds to the difference
in metal affinity for the folded and unfolded polypeptide.
The metals greatly stabilize native azurin; zinc!,@md CU
forms of azurin have thermodynamic stabilities of 39, 40,
and 52 kJ/mol, respectively, whereas the stability of apo-
azurin is 29 kJ/mol (pH 7, 20C).26:32:33

(30) Nar, H.; Huber, R.; Messerschmidt, A.; Filippou, A. C.; Barth, M,;
Jaquinod, M.; van de Kamp, M.; Canters, G. Bur. J. Biochem.
1992 205 1123-9.

(31) Mandal, S.; Das, G.; Singh, R.; Shukla, R.; Bharadwaj, RC#ord.
Chem. Re. 1997, 160, 191-235.

(32) Pozdnyakova, I.; Guidry, J.; Wittung-StafshedeBRphys. J2002
82, 2645-2651.

(33) Pozdnyakova, |.; Wittung-Stafshede Brochim. Biophys. Acta003
1651 1-4.
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Figure 5. Thermodynamic cycles connecting folding of apo- and holo-forms of azta@,(H-0), with cofactor binding (metalprotein dissociation
constantsKp) to the unfolded and folded states, respectively (pH 7;@p (A) zinc, (B) Cd', (C) CU.

Figure 6. Time scales for formation of active azurin via pathway 1 (cofactor binding before polypeptide folding) and pathway 2 (polypeptide folding prior
to cofactor binding) (pH 7, 20C). For each step, the approximate time is given. Upon comparison, pathway 1 is 4 orders of magnitude faster than pathway
2 (milliseconds versus minutesiours).

A thermodynamic cycle can be constructed that links the (Exq = 150 mV vs NHE) and in the folded proteif, =
free energy of zinc-binding to unfolded and folded wild- 320 mV vs NHE). For a closed cycle, the difference in
type apo-azurins, with the free energy of unfolding of apo- reduction potentials XE) should equal the difference in
and zinc-bound polypeptides (Figure 5A). We determined protein affinity (A[RTINKp]) according to the following:RT
the affinity of zinc for unfolded wild-type azurin to be 5  In[Kp(Cu)/Kp(Cu')] = NF(Ea, — Eag), WhereF is Faraday’s
uM (pH 7, 20°C) in ITC experiment¥ (Table 1), which constant anch is number of electrons transferred, which is
results in an affinity Kp) of zinc for folded wild-type apo- 1 in this case. Using the known values, the calculated'a Cu
azurin of 82 nM (pH 7, 20C). In the case of Cubinding affinity for the folded protein is~0.033 fM (pH 7, 20°C) 2
to apo-azurin, we could not estimate accutgtevalues from The affinity between Cuand folded apo-azurin can then be
the ITC isotherms due to oxidation side reactions although linked in another cycle to the stability of the apo and the
metal binding could be confirmed. However, another group, Cu forms of azurin, to calculate a Caffinity for unfolded
using an innovative approach, reporteka of 25 fM for azurin of~3 fM (pH 7, 20°C)?” (Figure 5C, Table 1). Taken
Cu' binding to folded apo-azuriff. This value together with  together, the data show that'@inds stronger to both folded
the stability of apo and Cuforms of azurin allowed us to  and unfolded azurin as compared to"CTihis is consistent
estimate an affinity of copper for the unfolded polypeptide with the higher reduction potentials for the'@DuU pair when
of 0.3 nM (pH 7, 20°C)?’ (Figure 5B, Table 1). Remarkably, bound to the folded and unfolded polypeptides (i.e., 320 and
the metal affinity for the unfolded polypeptide is about 456 mV vs NHE, respectively) as compared to copper in
17 000-fold higher for Clithan for zinc, which may in part ~ aqueous solution (i.e., 150 mV vs NHE)In all cases
be explained by stabilization from the Met121 coordination (Figure 5), the metal affinity is higher for the folded than
with respect to copper, but not in the case of zinc. for the unfolded polypeptide which results in metal-mediated

In vivo, the environment is reducing, and copper is most stabilization of the native-state of azurin.
often found as Calthough Cli may sometimes be preséfit.

The CU and Cu affinities for folded apo-azurin can be 6. Does Copper (Cl) Play a Role in Azurin’s Kinetic
coupled through a thermodynamic cycle to the reduction Folding Process?

potentials E's) of the CUY/CuU pair in aqueous solution . . o
To address possible pathways for formation of active (i.e.,

(34) Blasie, C. A,; Berg, J. MJ. Am Chem Soc.2003 125 6866-7. folded protein with copper in the active site) azurin in vivo,
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(neglecting the minor slower phase) show that the folding
speed for azurin’s polypeptide is not affected by the presence
of bound copper in the unfolded state (Figure 6). This
suggests that azurin’s folding transition state does not involve
the copper-binding loop connectiffystrands 7 and 8.

B. Zinc-form

A. Apo-form

7. Does Zinc Play a Role in Azurin’s Kinetic Folding
Process?

Like copper, zinc remains bound upon azurin unfolding,
but in contrast to copper, zinc does not coordinate Met-121
in the unfolded state complé&(Table 1). Time-resolved
‘ . folding and unfolding experiments with zinc-azurin revealed

0 1 2 3 4 01 2 3 4 5 6 that unfolding is a single-exponential process, whereas

GuHCI concentration (M) GuHCI concentration (M) refolding is best fit with double-exponential functions (Figure
Figure 7. Semilogarithmic plots (so-called Chevron plots) of unfolding ~ 7B). The faster phase corresponds to 80% of the amplitude
e o S s o (e oo, CANGe, the siower phase (0 the remaining 20% at a
major phase; open symbols, minor phase). The solid curves are (in A) two- denaturant conditions studiétThe biphasic behavior is not
state and (in B) second-order polynomial fits. due to the presence of a fraction apo-azurin since folding
kinetics is detected at denaturant concentrations where the

the time scales for the two extreme scenarios (Figure 6), apo-form would not fold. Instead, we determined that the
copper binding before polypeptide folding (pathway 1) and piphasic behavior is due to the unfolded state of zinc-
copper binding after polypeptide folding (pathway 2), were sypstituted azurin being heterogene&iSince refolding of
investigated. The folding and unfolding kinetics for apo- azurin in the presence of copper is also biexponential, as is
azurin follows two-state behavior (Figure 7X)>33%3The  copper binding to the model peptide, it appears as if metals
extrapolated folding time in water, ~ 7 ms, is in good  (zinc and copper) can bind to the unfolded azurin polypeptide
agreement with the topology-based CO prediction. The jn two distinct ways. Metal coordination in the major
relative contact order for folded apo-azurin is 16.7%, which population of unfolded molecules may include Cys-112, His-
corresponds to a predicted speed of 62(se., 7 of 16 ms)? 117, and Met-121 for copper (and Cys-112 and His-117 for
Copper uptake by folded apo-azurin, which governs active zinc), resulting in the faster refolding rates. In the minor
protein through pathway 2, is very slow (i.e.~ 14 min population of unfolded molecules, one of these ligands may
depending on protein-to-copper excess). Thus, pathway 2pe replaced by another residue or a solvent molecule,
(Figure 6) is limited by slow copper incorporation to the resulting in retardation of polypeptide refoldifd.
folded apo-proteird>=° In contrast to apo-azurin (Figure 7A), the semilogarithmic

In contrast, we found the formation of active azurin to be plot of zinc-azurin folding and unfolding rate constants versus
much faster when copper is allowed to interact with the denaturant concentration exhibits pronounced curvature in
unfolded polypeptide. Refolding experiments of azurin in both folding and unfolding arm%(Figure 7B). In general,
the presence of 10:1, 50:1, and 100:1 copper-to-protein ratiossuch behavior can be caused by transient aggregation and
yield identical time trajectories. Active azurin forms in two  burst-phase intermediates and by movement of the transition
kinetic phases with folding times, extrapolated to water, of state placement. In the case of zinc-substituted azurin, we
7 ~ 10 ms (major phase, 85% of molecules) and 200 could assign the curvature to movement of the transition state
ms (minor phase, 15% of moleculé@8f°Correlating copper  as a function of denaturant concentration. Taking into account
binding studies, with the small model peptide, supported that the curvature, the folding time in water 1820 ms for the
initial cofactor binding is fasti(~2.5 ms) and thus not rate-  major population of zinc-substituted azuffiThus, neglect-
limiting. Thus, in these latter experiments, active azurin ing the minor slower phase, refolding of zinc-bound azurin
formation follows pathway 1 (Figure 6), with rapid copper proceeds in a two-state reaction with roughly the same
uptake before polypeptide folding. Upon comparison, intro- polypeptide-folding speed in water as apo- and copper-bound
ducing copper prior to protein folding results in much faster azurin (i.e.,r values of around 10 ms). Taken together,
(>4000-fold) formation of active (i.e., the folded holo-form) copper and zinc do not speed up azurin folding in water,
azurin¥:3¢ but their presence still affects the kinetic-folding reactions,

Since copper induces structure in the model peptide uponas shown by the biphasic behavior, seen with both metals,
binding!* we initially speculated that the corresponding as well as the gradual movement of the transition state in
C-terminal region in full-length azurin may act as a nuclea- the presence of zint:*>We are currently addressing these
tion site that, upon copper coordination, would speed up the observations in detail.

folding of azurin. However, the kinetic experiments above ) ) .
8. Is Azurin’s Folding Speed Dictated by Topology

| R I P, 3 S T T I |

(35) Pozdnyakova, I.; Wittung-Stafshede Bochemistry2001, 40, 13728
33

(36) szdnyakova, I.; Wittung-Stafshede JPAm Chem Soc 2001, 123
10135-10136.

Instead of by the Cofactor?
As mentioned, the prediction of apo-azurin’s folding speed
in water based on its native state contact order is 62%
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Table 2. Folding Speeds in Water (225 °C, pH 7) for Proteins with Copper is found to bind to unfolded azurin in vitro, and
3 . . \pe .
Greek Keyp-Barrel Fold? the metal ligands have been identified (Figures 3 and 4). In
Greek key protein folding speed in water{s vivo, translation of gene messages into functional proteins

Zn''—azurin 50 (strong curvature) should be rapid for efficient maintenance of cellular activities.
C!f'('j—tazuf'” _ 1103% We discovered that although polypeptide folding speed is
wild-type apo-azurin . . . .
His117Gly apo-azurin 70 not increased, active azurin forms many or_ders of matgnltude
His46Gly apo-azurin 60 faster when the cofactor is allowed to interact with the
apo-pseduoazurin 2 (via intermediate) unfolded polypeptide, instead of with the folded protein
g domain CD2d1 18 Ei 6). We theref that bindi f cofact
Ig domain TWig18 15 ( igure ). We erefore propose that binding of cofactors
Fnlll domain TNfn3 6.2 prior to polypeptide folding may be a method to ensure
Fnlll domain TNfn10 240 (strong curvature) adequate formation of active cofactor binding biomolecules

_ aFor zir_tc- and coppe_r-substitu_ted azutin, the faster (major) phase is in vivo.

listed: Ig, immunoglobulin; Fnlll, fibronectin type III. We note that, in the case of copper, such ions are almost

There is currently no method for including the mettdiand nonexistent in their free form in the cytopladisince

interactions in the CO calculation. Thus, we cannot derive COPPer's redox properties may result in oxidative damage
true CO values for copper- and zinc-forms of azurin. Since of proteins, |IpIdS,. anti nut:lelc acids. Instead, the cellular
only five additional interactions should be added, we COPPerconcentration is strictly controlled, and most copper
speculate that, upon averaging over all interactions, the CO'O"S are delivered to their destinations by copper chaper-
value for holo-azurin would be similar to that of apo-azurin, ©nes:"* Three organelle-specific trafficking petthways for
Extrapolated folding rates in water for apo-azurin, two point- COPPer have been described in eukaryotes: Cox17 for
mutated apo-azurin forms, zinc-substituted azurin (major Mitochondrial delivery, CCS for cytosolic delivery to su-
phase), and azurin in the presence of excess of copper (majoperOX|de dismutase, and ATX1 for.dehvery tQ proteins in
phase) all fall within the range 5050 s1.33 Since the the secretory pathwa¥ Prokaryotes, liké>. aerug|nosalqu
thermodynamic stability of these species ranges between 1gntracellular compartments, and thus, organelle-specific car-
and 52 kJ/mol (Table 1), the native state topology, and not M1€rS of mtetals may not be essentlal._ However, a homologtje
thermodynamic stability or the presence of cofactor interac- °f ATX1 (i.e., CopZ) has bgen described for enteric bacteria
tions, is the major determinant of azurin's folding speed in (€-9- Enterococcus hirge®® E. hirag which is the best
water. understood prokaryotic copper homeostasis system, regulates

In Table 2, we have summarized published folding speeds “OPPer luptake, availability, and export through a cop
in water for proteins with the Greek keg-barrel fold operort:* The cop operon is composed of four structural

including all azurin variants we have studi®dhe observed ~ 9eNnes which encode for a copper-responsive repressor CopY,
folding rates for these proteins range between 1.5 and 2402 Copper ChaPerOT‘e Cop_Z, and two copper ATPasg_s, CopA
s L. Most of these proteins fold by two-state kinetic mech- a“f?' QopB“.l Itis quite feasible tha. aeruginosanay l_ml'ze
anisms, but sometimes an intermediate is involved (i.e., & Similar copper regulator system. Currently, little is known
pseudoazurin). For the two most thermodynamically stable 220Ut COpper incorporation in azurin iR. aeruginosa
proteins (neglecting copper-azurin since a full Chevron plot although it is believed that the polypeptide is transported to
has not been determined), zinc-substituted azurin and TN-the Periplasm before copper insertfétihe periplasm is not
fn10, the Chevron plots exhibits curvature that down-tune @S reducing as the cytoplasm, posing the question as to which
the folding speeds in water. We propose that there is a spee’ CU or CU' is inserted into azurin if. aeruginosaSince

limit that can be modulated by transition state movement in the zinc form of azurin 1 hot a byproduct n vm??)elthe_r
some cases, with respect to the formatiorfdfarrels with the level of copper is higher than that of zincRaerugi-

Greek key topology. This speed limit is on the order efl® nosds periplasm, or a copper chaperone is involved. We
ms33which is highly reasonable in terms of the complexity ProPose thatif a copper chaperone is involved in vivo, such
of the Greek keys-barrel fold. chaperone-mediated copper delivery is easier if azurin is
unfolded with the copper ligands exposed. In folded azurin,
9. What Are the Implications of Our Azurin Work? the copper site is burie7 A below the surface and thus

shielded from solvent and other protefsOur in vitro
observations of tight and specific copper binding to unfolded
azurin support this idea (Table 1, Figure 5).

Since azurin in various forms, as well as other structurally
similar proteins, fold with roughly the same speed (Table

Despite the critical role of cofactor binding proteins
(metalloproteins) in fundamental processes in vivo, little is
known about the molecular mechanisms of metalloprotein
biosynthesis and assemBfTo unravel how cofactors, in
particular metals, may affect and direct protein-folding
reactions, here | have reviewed our in vitro work on the (38) O'Halloran, T. V.; Culotta, V. CJ. Biol. Chem200Q 275, 25057

i in i i i 60.
interplay between metaprotein interactions and polypeptide (39) Lamb, A. L.; Wernimont, A. K.; Pufahl, R. A.; Culotta, V. C.:
folding in azurin, a blue-copper protein (Figure 2). There O'Halloran, T. V.; Rosenzweig, A. QVat. Struct. Biol1999 6, 724—

are several interesting implications that can be drawn from 9. )
(40) Lamb, A. L.; Torres, A. S.; O’Halloran, T. V.; Rosenzweig, A. C.

our results. Nat Struct. Biol.2001, 8, 751-5.
(41) Solioz, M.; Stoyanov, J. VFEMS Microbiol Rev. 2003 27, 183~
(37) Bartnikas, T. B.; Gitlin, J. DNat. Struct. Biol.2001, 8, 733—4. 95.
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2), there appears to be a speed limit for the formation of related to protein misfolding, which often involvgssheet
p-barrels with Greek key topology. This implies that there aggregation (e.g., amyloid and prion-protein diseases), and
may be a unifying folding transition state for proteins with cofactor metabolism, which involves incorrect cofaetor
this structural motif. It was recently shown that 94% of all protein interactions (e.g., Menkes syndrome and Wilson's
sandwichlike proteins, such as azurin and otfidrarrel disease). Notably, Cuand Z' ions have both been shown
proteins, contain an invariant substructure consisting of two to induce aggregation of amyloid-forming peptid&Binally,
interlocked pairs of neighboringstrands with eight hydro-  p. aeruginosaazurin was recently shown to interact with
phobic positions conservédin azurin, the two interlocked  the tumor-suppressor gene product p53 and act as an
pairs correspond tf-strands 3, 4, 6, and 7 (Figure 3). We anticancer agent in cell culture studi@sThus, not only is
speculate that azurin's folding transition state, and that of p_aeruginosaazurin a superior model system for in vitro

otherp-sandwich proteins, involves interactions between the studies, but it also is a putative cancer drug candidate in
conserved residues in these four strands. Our most recenfiqqs.

work has revealed that four of the eight structurally conserved

residues form nativelike interactions in apo-azurin's folding  Acknowledgment. The NIH (GM 059663) is acknowl-
transition state but have only minor effects on native state edged for financial support. | am extremely grateful to B.
stability. The other four residues do not form nativelike & Malmstrom (deceased) and H. B. Gray (Caltech), for
interactions in the folding transition state; instead, they introducing me to azurin many years ago, and to Irina
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determinants found across _adi-sandV\_nch_ proteins are (Rice University) is acknowledged for preparing graphics. |
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curvature in the zinc-azurin Chevron plolt (Figure .78) Orleans Protein Folding InterGroup (NOProFIG), for helpful
suggests that the metal, although not changing the height Ofdiscussions and continuous support throughout the years
the barrier, affects its broadness and thus participates in the '
folding transition state. We are currently investigating the 1C049398G

structure of azurin’s folding transition state in the presence

and absence of metals using both experimental and theoreti(42) villanueva, J.; Hoshino, M.; Katou, H.; Kardos, J.; Hasegawa, K.:

cal approaches. Naiki, H.; Goto, Y.Protein Sci.2004 13, 797—-8009.
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