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ABSTRACT. Apo-pseudoazurin is a single domain cupredoxin. We have engineered a mutant in which a
unique tryptophan replaces the tyrosine residue found in the tyrosine corner of this Greek key protein, a
region that has been proposed to have an important role in folding. Equilibrium denaturation of Y74W
apo-pseudoazurin demonstrated multistate unfolding in urea (pH 7.0, 0.5:%Nat 15°C), in which

one or more partially folded species are populated in 4.3 M urea. Using a variety of biophysical techniques,
we show that these species, on average, have lost a substantial portion of the native secondary structure,
lack fixed tertiary packing involving tryptophan and tyrosine residues, are less compact than the native
state as determined by fluorescence lifetimes and time-resolved anisotropy, but retain significant residual
structure involving the trytophan residue. Peptides ranging in length from 11 to 30 residues encompassing
this region, however, did not contain detectable nonrandom structure, suggesting that long-range interactions
are important for stabilizing the equilibrium partially unfolded species in the intact protein. On the basis
of these results, we suggest that the equilibrium denaturation of Y74W apo-pseudoazurin generates one
or more partially unfolded species that are globally collapsed and retain elements of the native structure
involving the newly introduced tryptophan residue. We speculate on the role of such intermediates in the
generation of the complex Greek key fold.

The mechanism of protein folding has been the subject of the conformational properties of partially folded states and
much debate and intensive study in recent years. Studies othe roles of domains and subdomains in folding, especially
the refolding of proteins in vitro following their dilution from  for those proteins for which kinetic and equilibrium species
chemical denaturants, combined with protein engineering andhave been shown to be simila, (13, 14).
solvent perturbation methods, have begun to provide insights  Until recently, the majority of folding studies focused on
into the nature of the complex events that accompany the a-helical or mixedo/3-proteins. By contrast with these, some
transition between the denatured and native states of ag-sheet proteins, particularly those with complex topologies,
protein. Although for most small proteins folding is a highly  are stabilized by longer range interactions, posing intriguing
cooperative event, proteins over 100 residues in lendth ( questions about how these interactions form during folding
and some smaller protein2<5), populate intermediates in (15, 16). Studies on a number gtsheet proteins have now
the first msec of folding. These species usually contain shown that, like their helical and mixed/3-counterparts,
substantial secondary structure but lack the fixed tertiary small s-sheet proteins usually fold in the absence of
interactions that characterize the native state, although theirintermediates {7—23) while larger, more compleg-sheet
rapid formation makes higher resolution information difficult proteins populate intermediates during refoldi2g33).
to obtain. For a number of proteins, intermediates have beenSeveral models have been proposed to explainfistvands
detected under equilibrium condition$—{12), offering distant in sequence space might form during folding, in
opportunities to determine more detailed information about particular for the common Greek key fold. These include
the initial formation of a longs-hairpin that later twists into

tS.J. and J.S.R. were supported by the BBSRC, and M.H. by the the classic Greek key motif34) and models involving
University of Leeds. A.P.K. and A.E.A. are funded by the Wellcome jnitiation by the formation of af-zipper” involving hydro-

Trust. D.A.S. and S.E.R. acknowledge financial support from the : ; _ _
BBSRC, EPSRC, and the Wellcome Trust. The work is a contribution phObIC StaCkmg between non hydmgen bonﬂaﬂraﬂds on

from the Astbury Centre for Structural Molecular Biology and the North  Opposite sides of thg-barrel @5). Whether either, or both,
of England Structural Biology Centre, which is funded by the BBSRC. of these models are relevant for Greek key folding has not
*To whom correspondence should be addressed. Pho#€)(113 yet heen discerned, but recent investigations have demon-

233 3170 ;%ﬁgégéﬁgﬁgdségﬂé@r{]oa't'hzmgaﬂord@Ieeds'aC'UK' stratedg-hairpin formation angB-turn formation (between

§School of Biochemistry and Molecular Biology, University of —unpaireds-strands) in peptides in isolatior3§—38). Ad-
Leeds, Leeds LS2 9JT, UK. ditionally, a common but unique feature of most Greek key

'Current address: The Scripps Research Institute, 10550 North e “ : . .
Torrey Pines Road, La Jolla, CA 92037, proteins is the “tyrosine corner3g). Here, a tyrosine residue

" Department of Physics and Astronomy, University of Leeds, Leeds (Y) at the beginning or end of an antiparajfebtrand makes
LS2 9JT, UK. a hydrogen bond from its side-chain hydroxyl group to the

10.1021/bi9923959 CCC: $19.00 © 2000 American Chemical Society
Published on Web 04/21/2000




Equilibrium Unfolding of Y74W Apo-Pseudoazurin Biochemistry, Vol. 39, No. 19, 2005673

backbone amide and/or carbonyl of a residue at position Y-3,
Y-4, or Y-5. This motif is found in over 40 different Greek
key proteins from both eukaryotes and prokaryotes. In
addition, four Greek key proteins have been reported to have
“tryptophan corners”39), where tryptophan replaces the
tyrosine residue. As a consequence of its high conservation,
the tyrosine corner has been postulated to be important in
folding and/or stabilization of the native protei@9j. This
hypothesis has been supported by recent experiments on the
folding of fibronectin type Ill domains and the related Ig-
superfamily, both of which retain a conserved tyrosine corner
(40). These studies have shown that for both these proteins
the tyrosine corner is important for stabilizing the native
structure, but only in the former case is it important for
folding.

In this paper, we investigate the folding of pseudoazurin
from Paracoccus pantotrophy@ the absence of its copper
ion, named apo-pseudoazurin). The protein contains eight
f-strands arranged in a complex double-wound Greek key
fold and twoao-helices (Figure 1a). In accordance with the
Hazes and Hol model3f), strands VI and VII of apo-
pseudoazurin form a putatiyezipper that also contains the
tyrosine corner in which Tyr74 is hydrogen bonded to the b
backbone carbonyl of Glu70 (Figure 1b). The tyrosine corner
is found in all blue-copper proteins at an equivalent location
involving a Greek key connection that is opposite the copper-
binding site. To investigate the role of this region in the
folding and stability of apo-pseudoazurin, Tyr74 was replaced
with a tryptophan residue, providing a unique fluorescent
probe to follow protein folding (the wild-type protein lacks
tryptophan residues). We show that the mutation does not
disrupt the native structure of apo-pseudoazurin. Introduction
of the tryptophan, however, alters the equilibrium unfolding
behavior of the protein such that intermediate(s) becomes
populated during denaturation. Further analysis reveals these
species to be partially structured as determined by fluores-
cence and circular dichroism and to retain residual structure
involving the newly introduced tryptophan residue, as
revealed by fluorescence anisotropy measurements. On the
basis of these results, we speculate on the possible role of
protein collapse and burial of hydrophobic residues during
the early stages of folding of apo-pseudoazurin and the
importance of the tyrosine corner and its associated regions
in acquisition of this Greek key fold.

MATERIALS AND METHODS

Chemicals.All chemicals were purchased from Sigma . 1. Structure of (a) wild-type apo-pseudoazurin, produced

; : IGURE 1: Structu wild-ty, -pseudoazurin, u

Cher_‘mcal Co., except for urea (L."trapure grade), which was from the crystal structure using the program MOLSCRIRBT) (
obtained from ICN Pharmaceuticals. T4 DNA polymerase (grookhaven protein databank accession code 1ADW). Strands VI
and T4 DNA ligase were purchased from Promega. DNA and VII of the structure are shown in black. (b) Segment of

was prepared using Wizard mini-plasmid DNA kit (Promega) pseudoazurin encompassing residues®8of strands VI and VII.
and manually sequenced using Sequenase version 2.0 fron] he hydrogen bond between the hydroxyl group of Tyr74 and the
backbone carbonyl group of Glu70 (the tyrosine corner) is shown.

Amersham.

Mutation of Pseudoazuriry.74 was mutated to tryptophan
using the Kunkel method of mutagenesid)( Briefly, the
uracil-containing single-stranded DNA of plasmid pJR2)(
was prepared fronktscherichia colistrain RZ1032 and the
MUT1 oligonucleotide (5SCGGGGCTTTGGGGCGTGAA-
ATG 3) annealed (at position 634655), extended, and ) — — '
ligated. The mutated plasmid (pMut1) was then transformed | CPAlt\’AbéeV!a“O”S.- ESIMS, electrospray ionisation mass spectrometry;
. . . . , inductively coupled plasma mass spectrometry; ANS,
into E. coli XL1-blue and successful mutagenesis confirmed 1.anjlino’8-naphthalenesulphonic acid; Y74W apo-pseudoazurin, apo-
by DNA sequencing of the resulting plasmid DNA. pseudoazurin containing the mutation of Tyr74 to tryptophan.

Thr 65

Preparation of Y74W Apo-Pseudoazurifibhe Y74W
pseudoazurin was overexpressed from plasmid pMug. in
coli strain XL1-blue. The cells were grown in 2xTY media,
supplemented with 1mM CuS@t 37°C for 24 h without
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induction. The protein was purified and the copper removed BD-2000 dynamic light-scattering apparatus. Protein solu-
as described in ref27. SDS-PAGE and electrospray tions of 10, 5, and 1 mg/mL in buffer A containing 4.3 M
ionization mass spectrometry (ESI MS) (using a Micromass urea were analyzed after filtration using a @2 filter to
Platform 1l mass spectrometer) showed the protein to be remove dust particles. A sample time of 8.0 s, last channel
greater than 98% pure and no residual copper remainedof 1024, and mass-normalization set to 3.00 (for globular
bound to the protein. Further analysis of metal ion content species) were used. Fifty accumulations for each solution
by inductively coupled plasma mass spectrometry (ICP-MS) were acquired to produce an average hydrodynamic radius
showed that-0.3% copper and-0.8% zinc remained bound  (hm) calculated according to the manufacturers specifi-
to the protein. Sedimentation velocity ultracentrifugation also cations.

showed the protein in buffer A at 1% (see below) to be NMR SpectroscopyH NMR spectra were recorded at 15
monodisperse and of the expected molecular weight. °C on a Varian Inova 500 MHz NMR spectrometer. Samples

Equilibrium Denaturation of Y74W Apo-Pseudoazurin, contained 0.5 mM Y74W apo-pseudoazurin in buffer A

Far-UV CD and fluorescence measurements were performedContaining 0, 4.3, 08 M urea. Each sample was equilibrated
using 0.6 or 0.1 mg/mL protein, respectively, in buffer A at 15°C overnight. Proton NMR spectra were acquired with

(20m M sodium phosphate, 0.5 M p&0; and 1 mM DTT 512 transients using presaturation during the 1.5 s recycle
pH 7.0) containing the appropriate concentrations of urea. 4€/dy o suppress the water signal. The spectral width was
All experiments were reproducibly carried out in triplicate 6982.6 Hz and 256 scans were taken with an acquisition time

on different protein preparations, and the data were averaged®f 1-17 S The data were processed using the package Felix

All solutions were incubated at 1% for at least 12 h prior 2.3 l(Biosym Technfolqgies, S(;’m Diego). | .

to their measurement. All steady-state CD experiments were F uorescence L.' etime an Time-R Amsotropy.
performed on a Jasco J-715 spectropolarimeter with a Jascd luorescence lifetimes and time-resolved anisotropy decays
PTC-348W peltier system for temperature control. The CD of 0.1 mg/mL (7.4uM) Y74W apo-pseudoazurin in buffer

signal at 220 nm (1 nm band width) was measured for 3 ’If\/l containirg ? Mto 8 Mdurea_we:ﬁ n:_easured ?ttfg:' inal
min in a 1 mmpath length cuvette and the data averaged. easurements wereé made using the ime-correlated single

Fluorescence experiments were carried out on a Perkin—EImerphOton'Countlng technique with an Edinburgh Instruments

LS50B luminescence spectrometer using 1 cm path IengthELgOODCtT gl;%:)egsce;nce hspectlrolmtete;] |tncor|p;pr|§\t|r][gba
cuvettes. Fluorescence was excited at 280 nm using slit amamatsu microchannel pate photomultipiier tube.

widths of 3 nm. Fluorescence emission was measured for 3The excitation source was a cavity-dumped dye laser,
min at 335 nm, and the resulting data were averaged. synchronously pumped by a frequency doubled mode locked

- ) Nd:YAG. The cavity dumped output from the dye laser was
The pre- and posttransition baselines measured for bothfrequency doubled to produce an excitation source at 282

far-UV CD and fluorescence equilibrium denaturation were nm with a pulse width of approximately 8 picoseconds. The

linear and had very small slopes (see Supporting Information, jnstrument response function had a full width half-maximum

Figure 1), indicating the absence of multiple native states 4¢ . 5 ps.

with different global stabilities under the conditions used.  The fluorescence decayKf), (Table 1) were measured

To allow comparison of the unfolding transitions monitored \yith the emission polarizer at the magic angle and were fitted

by the different spectroscopic techniques the data werepy jterative reconvolution of the instrument function with a

concentration using eq 1:

Obs(xMurea)- D(xMurea)

I(t) = Zlﬁi exp(-t/z,) (3)
N(xMurea)— D(xMurea) =

x 100%

1
@) wherep; are the amplitudes of the exponential function decay

where, D(xMurea) is the signal of the denatured state; constantssi. The number of exponentials used,was the
N(xMurea) is the signal of the native state, and Obs(xM urea) Minimum req_uwed to achieve a good flt,. which was assessed
is the observed signal at each urea concentration. Values ofy €xamination of the sum of the residuals and the auto-
AGH° andm,, were determined using eq 2 correlation functlor_l in the conventional way.
an Fluorescence anisotropy decays), were calculated from
. Ha0_ the time-resolved decays with the emission intensity collected
(signal)= [(a[den] + b)% = MASenIRD parallel, (;), and per);/)endicular, 1), to the vetr):ically

(c[den]+ d)J/(1 + e(AGunH207mJn[den])/RT) (2) polarized excitation according to
[where AGH° is the free energy in water (containing 0.5M

un _gh® — 1)

N&SQO,) between the unfolded and native states; is the r = gl () + 215(0) 4)
denaturant dependence of the free energy, that is proportional
to the surface-area exposed upon unfoldingndd are the \yhere the geometry factor of the spectrometgr,was
signals of the unfolded and folded states respectively in the 4etermined using horizontal excitation and was verified with
absence of denaturant, andandc are the change of these 5 sample of aniline in methanol. To examine the fast and
signals with denaturant concentratiatefi] (43). slow contributions to the fluorescence anisotropy decay,

Dynamic Light ScatteringDynamic light-scattering ex-  experiments were performed on two different time scales.
periments were carried out using a Polymer Laboratories A long time-scale experiment extending over 25 ns (Table

%native signat
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2) was used to determine rotational correlation times associ- () 15
ated with global protein rotation, and a short time scale of 5
ns (Table 3) was used to investigate more accurately the
contributions of faster segmental motion and tryptophan
mobility. The anisotropy decays were fitted with either a
single-exponential function or a sum of exponentials when
a significant improvement in the fit justified their use. The
well-known model incorporating the effect of local tryp-
tophan motion and overall protein rotation in solutidid -20 . :
46) on the decay of fluorescence anisotropy can strictly only 200 210 220 230 240 250 260
be applied in certain cases where the absorption and emission Wavelength (nm)

dipole moments have known orientations with respect to the (b)
molecular axes. General models for anisotropy decay in
complex systems that have more than one contribution from
internal “wobbling” of the fluorophore and segmental motion

are often intractable or the data obtained with current
instrumentation cannot support the more complex analysis.

In the simple case, when the time-resolved decay of
fluorescence anisotropy/t), can be fitted by a biexponential

function of the form

Ellipticity (mdeg)

Ellipticity (mdeg)

200 210 220 ZéO 240 250 260
r(t) = a, exptit,) + a, exp(—t/z,) 5)

(©)

andrt; < 1y, thenr; is usually associated with the rotational
freedom of tryptophan in a cone of a semianglegiven by

ata co< 6(1 + cosb)/4 (6)

Ellipticity (mdeg)

andz; is usually associated with the overall protein rotation

. L -15

in solution @2, 45).
Y74W pseudoazurin peptideShree peptides (RGE - i

EPGLWGGR) (pepl), (RGSYTLTVTEPGKWGVK,/GR) O e )

(pep2), and (RGVESFKSKINESYTLTVTEPGKWGV-

K77GR) (pep3), 11, 19, and 30 residues in length, were (d)

synthesized. The peptides were designed to represent residues

involved in the tyrosine corner of pseudoazurin with the

following modifications: tryptophan replaced the tyrosine

residue at position 74; a surface leucine residue (Leu73) was

replaced by lysine to ensure an unequal positive and negative

charge to improve solubility, and RG-end groups were added

to provide repulsion of the end groups and avoid polymer-

ization @7).

Ellipticity (mdeg)

200 210 220 230 240 250 260
RESULTS Wavelength (nm)

Purification and Characterization of Y74W Apo-Pseudo- Ficure 2: Far-UV circular dichroism spectra of wild-type and
azurin. The Y74W mutation was introduced into the wild- ;r:g%%%(tf?;ggggzsurrirr:ba(:l[s))'_io?éso ﬁnbfgg V(Vgt)h V(\Z%EP S)é”r‘]t(’)%s)
type pseudoazurln genpdz3in the plasmld_pJR246), and_ pseudoazurin (Cull), )(/b) wild-type apo-pseudoazur%;]r,) (c) Y74W
the Y74W prqtem overexpressed and p.urlfled as de_scrlbedho|o_pseudoazurin (Cull), and (d) Y74W apo-pseudoazurin.
above. The vyield of Y74W pseudoazurin was consistently
lower than that of the wild-type protein (typically 10 mg of the copper ligands is retained in the mutant. In addition, the
pure protein/L and 60 mg of pure protein/L, respectively). far-UV CD spectra (Figure 2), near-UV CD, afid NMR
SDS-PAGE and ESI MS revealed a single protein species spectra (data not shown) of the mutant protein both in the
at the expected molecular mass for the holo-protein (13 428holo- and apo-forms are very similar to those of the wild-
+ 1 Da). To ensure that Y74W pseudoazurin had the sametype protein, consistent with the retention of a highly native
global tertiary structure as the wild-type protein, the absorb- fold in both species, and indicating that removal of the copper
ance spectra of the copper(ll) species of the two proteinsion does not perturb the native fold of the protein, consistent
were compared. The spectra were identical (data not shown)with fluorescence emission spectra (Figure 3) and previous
apart from an increase in signal at 280 nm, consistent with X-ray results 49).
incorporation of the indole group into the mutant protein.  Equilibrium Unfolding of Y74W Apo-Pseudoazurirhe
This indicates that the environment of the copper(ll) ion in equilibrium unfolding transitions of Y74W and wild-type
the two proteins is the same, and the precise arrangement obpo-pseudoazurin, measured at pH 7.0, in the presence of
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0.5 M N&SQ;, by far-UV CD at 220 nm are shown in Figure (a) 2.5¢+5

4. The addition of Ng50, stabilizes the native states of wild-

type and Y74W apo-pseudoazurin (Figure 2, Supporting = 2.0e+5

Information). To ensure that the presence of stabilizing salt _‘éo@

had no effect on the native conformations of either wild- ° § 1.5e+5

type or Y74W pseudoazurin, far-UV CD and fluorescence % Z

emission spectra were analyzed in the presence and absence % § 1.0e+5

of 0.5 M NaSQy. The data show that 0.5 M N8O, does g 3

not perturb the native structures of either protein (Figures 2 E T 5.0e+4

and 3) in accord withH NMR data (not shown). Note that, '("?""'f««m«,««;««m@,,W —

in the presence of the copper ion, both wild-type and Y74W 0.0 b A
apo-pseudoazurin proteins have a lower fluorescence signal 300 320 340 360 380 400 420 440 460
than for the apo-proteins. This effect has been frequently Wavelength (nm)
observed for metallo-proteins (see r&0). All further (b) 2.5¢+5

experiments were thus carried out under these stabilizing
conditions. For both wild-type and Y74W apo-pseudoazurin,
unfolding is fully reversible under the chosen conditions. The
equilibrium unfolding data for wild-type apo-pseudoazurin
fit well to a simple, apparently two-state, transition (eq 2)
with a AG2° of 28.8 ¢-0.7) kd/mol and army, value of
7.84 &0.1) kd/mol M, in agreement with previous results
(27).

In comparison with the denaturation transition of the wild-

2.0e+5
1.5e+5 1

1.0e+5

Fluorescence signal
(counts/second)

5.0e+4

0.0 —

type protein, Y74W apo-pseudoazurin unfolds in a more T —
complex reaction, which cannot be described by a two-state 300 320 340 360 380 400 420 440 460
transition (Figure 4). Rather, a plateau is observed between Wavelength (nm)

4 and 5 M urea in the unfolding curve monitored by both (© 2e+6

far-UV CD and tryptophan fluorescence, suggesting that one

or more intermediate species are populated during unfolding. 2646 |

In accord with this, equilibrium denaturation of Y74W apo-
pseudoazurin at 28C in 0.5 M NaSQ,, although apparently
fitting to a two-state transition, has a significantly decreased
myn value [4.99 £0.59) kJ/mol M] compared with that of
the wild-type protein [7.8440.1) kJ/mol M] consistent with
population of at least one intermediate species at equilibrium
(data not shown)H1). Attempts to fit the data in Figure 4

to a simple three-state transition @4 | = U, where N, |, 0 B "

and U are native, intermediate, and unfolded species, 300 320 340 360 380 400 420 440 460
respectively), although possible, were unsatisfactory since d Wavelength (nm)

the stability of the protein and the sum of tievalues (d) 2646
resulting from the fit were both substantially higher than
expected £ 50 kJ/mol and~14 kJ/mol M, respectively). The
discrepancy in the fit can be explained by a number of
scenarios. One possibility is that there are multiple native
conformations. However, detailed analysis of the NMR
spectra of the native protein showed only the expected
number of resonances (not shown), analysis of the fluores-
cence anisotropy decay lifetimes of tryptophan show only a
single decay component (see below), and the pretransition
baseline of the denaturation curves is of shallow gradient
and entirely linear (see Supporting Information, Figure 1),
suggesting that such a scenario is unlikely. Alternatively,
noncooperative denaturation of the intermediate species,
contributions from cis/trans proline isomerization, or popula-
tion of a number of !mermedlate Species bet""e‘?'_” 4 an_d 5FIGURE 3: Fluorescence emission spectra of wild-type and Y74W
M urea would result in a simple three-state transition being gn0-pseudoazurin at pH 7.0 and 4, with (open symbols) and
inadequate to describe the unfolding daia)( without (closed symbols) 0.5 M N8O, (a) Wild-type holo-

P ~ ; pseudoazurin (Cull). (b) Wild-type apo-pseudoazurin. (c) Y74W
To ensure that the deviation from two-state unfolding holo-pseudoazurin (Cull) and (d) Y74W apo-pseudoazurin. Fluo-

behavior of Y74W apo-pseudoazurin was not attributable to regcence was excited at 280 nm. Note that wild-type pseudoazurin
intermolecular interactions or incomplete removal of copper lacks tryptophan residues and the lower fluorescence signal allows
ions during the preparation of the apo-protein, a series of visualization of the water Raman peak at 310 nm.

Fluorescence signal
(counts/second)

2et6 |

let6

Fluorescence signal
(counts/second)

Wavelength (nm)
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Ficure 4: Urea-induced equilibrium unfolding of wild-type and
Y74W apo-pseudoazurin at pH 7.0 and 15, in 0.5 M N&SQ,.
Far-UV circular dichroism of¥) wild-type apo-pseudoazurin and
(O) Y74W apo-pseudoazurin; tryptophan fluoresce@geof Y74W
apo-pseudoazurin. N8O, was added to stabilize the proteins, all
of which were fully unfoldedn 2 M urea in the absence of p&0O,
(see Figure 2, Supporting Information).

Ellipticity (mdeg)

rigorous tests was carried out. Thus, the far-UV CD and
tryptophan fluorescence signals of Y74W apo-pseudoazurin
depend linearly upon protein concentration from 0.02 to 0.6
mg/mL in buffer A containing 0, 4.3,r08 M urea. In
addition, ANS does not bind to wild-type or Y74W apo- (c) 1000
pseudoazurin in the presence of 4.3 M urea, ruling out minor
populations of aggregated species3)( Dynamic light-
scattering experiments also showed that solutions of Y74W
apo-pseudoazurin ranging from 1 to 10 mg/mL in 4.3 M urea
are monodisperse, with an average hydrodynamic radius of
3.6 nm, consistent with a partially unfolded monomerdf3
kDa (the hydrodynamic radius of native protein in buffer A,
in the absence of urea 82 nm). Finally, the equilibrium
unfolding curve was identical when carried out in the pres-
ence of 50 mM EDTA, confirming that the transition does 0 ¥, . ; : . e
not reflect denaturation of a mixture of holo- and apo-protein. 300 320 340 360 380 400 420 440 460
Properties of Partially Unfolded Y74W Apo-Pseudoazurin. Wavelength (nm)
Complex equilibrium unfolding behavior has been observed Ficure 5: Conformational properties of partially unfolded Y74W
for a number of proteinslQ, 54—56). These proteins usually ~ apo-pseudoazurin. (a) Far-UV CD; (b) near-UV CD; (c) tryptophan
contain multiple domains with different stabilities, and their f“rlgt’;ﬁcg;_ceaer?;ﬁs'?g; dsg’ggtrga'gsei?]c;‘ g"’"\ieljrteh;;'ggg' orgig?n”at"’e
unfold_ing behgvior can be simply explained by .sequent.ial genaturedyripS M t}/rea ¥ ar% shown. Spectra were ac%uired in
domain unfolding. Since Y74W apo-pseudoazurin contains pyffer A at 15°C.
only a single domain composed of two interwound Greek
key motifs, it is difficult to imagine a plausible division of in this species. By contrast, the signal in the near-UV CD is
the structure into independent folding domains. Although the almost completely abolished in 4.3 M urea (Figure 5b),
two a-helices could possibly form a domain independent of indicating that species populated in 4.3 M urea lack the fixed
the3-sheets, the free-energy difference upon their unfolding tertiary interactions involving tryptophan and tyrosine resi-
is unlikely to be as substantial as that observed. Moreover, dues that characterize the native state. A large decrease in
analysis of the X-ray structure of wild-type pseudoazurin tryptophan fluorescence intensity and increasg,ix from

260 280 300 320 340
Wavelength (nm)

800

600 4

Fluorescence signal (a.u.)

indicates that the helices pack tightly against fhbarrel, 335 nm to 340 nm (Figure 5c), coupled with the lack of
making numerous interactions and thus a separate divisionsignificant chemical shift dispersion observed in the 1D
of the molecule into distinct folding domains is unlike#gj. NMR spectrum of this species (Figure 6), are also consistent

To assess the conformational properties of partially folded with partial unfolding of the protein in 4.3 M urea. Interest-
Y74W apo-pseudoazurin in more detail a variety of ap- ingly, however, resonances in thel NMR spectrum of
proaches were employed, including far-UV CD, near-UV Y74W apo-pseudoazurin in 4.3 M urea are much sharper
CD, steady-state fluorescence, time-resolved fluorescencethan typically observed for partially unfolded species in
fluorescence anisotropy measurements, andHBMR. A intermediate exchangeT, 58) on the NMR time scale,
significant residual signal is retained in the far-UV CD suggesting that if more than one species is populated in
spectrum of Y74W apo-pseudoazurin in 4.3 M urea (Figure Y74W apo-pseudoazurin in 4.3 M urea, they are in rapid
5a), suggesting that at least some secondary structure persisexchange.
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Ficure 6: One-dimensionalH NMR spectra of Y74W apo-pseudoazurim@® M urea (lower spectrum), 4.3 M urea (middle spectrum),
and 8 M urea (top spectrum) at pH 7.0, 45 and in 0.5 M NaSO,.

Table 1: Time Resolved Fluorescence Decay Parameters of 74w attributed to multiple conformations of the tryptophan side

Apo-Pseudoazurin as a Function of Denaturant Concentfation chain 69, .60), multiple microstates or alternative protein
urea a, o a o 2 s c_onformat|ons 6_1, 62). There have been a few reports o_f
M) (%) (ns) (%) (ns) (%) (ns) 72 single-exponential tryptophan fluorescence decays in native
0 13 1521t 0054 87 5.156 0272 1.04 proteins b0, 63, 64), but these are exceptlon_aI.IBetween 35

1 9 1.285+0052 91 5.104-0.022 1.14 and 4.5 M urea, the fluorescence decay lifetimes decrease
2 12 1.825+0.083 88 5.114-0.031 1.11 to values of about 4.9 and 1.2 ns, consistent with increased
25 L 00265 0.009 1170 11-63‘:38; 8-83? gg i-é;i g-ggg i-gg solvent exposure of the fluorophore and the decrease in
4 2 00340002 10 L27% 0069 88 4944 0.033 111 steady state fluorescence emission intensity. In the unfolded
45 3 0.039-0.017 10 1.146-0.071 87 4.859- 0.036 1.01 State ?6 M Urea), these two decay constants decrease further
5 5 0.037+0.001 15 1.223 0.057 80 4.614r0.040 1.24 to values of about 4.5 and 1.1 ns consistent with increased
2-5 f 8-82& 8-88; 12 i-(l)g% 8-82‘2 ;g i-igg g-ggg i-gg solvent accessibility of the tryptophan as the intermediate(s)
2 1 0039£0031 17 1199 0129 82 4536 0068 110 unfolql(s). The 'relatlve amplitudes of these two components
8 2 00380003 17 12010045 81 45727 0037 1.02 remain approximately constant versus denaturant concentra-

i ~ ~150 i
a3y (%) is the contribution to the total fluorescence lifetime of the tion (~85 and~15%, r_e_spectl\_/ely). . .
component with characteristic lifetimg (nanoseconds). To analyze the equilibrium intermediate species further,

specifically in terms of its heterogeneity, compactness and
Fluorescence Lifetime and Time-Resal Anisotropy motional freedom of the tryptophan residue, time-resolved
MeasurementsTo gain further insight into the conforma- fluorescence anisotropy measurements were also analyzed
tional properties of Y74W apo-pseudoazurin, fluorescence over a wide range of urea concentrations (Figure 7). The
lifetime and anisotropy measurements were carried out. Theanisotropy experiments were performed on two time scales
time-resolved fluorescence lifetime data shown in Table 1 (summarized in Tables 2 and 3) in order to accurately
indicate that Y74W apo-pseudoazurin exhibits an essentially determine both the slower decay rates which reflect the global
biexponential fluorescence decay over the entire range ofrotation of the whole protein (25 ns time scale) and faster
urea concentrations studied, with only a very small contribu- decay rates (5 ns time scale) which reflect localized tryp-
tion (<5%) of a third rapid decay constant80 ps) above  tophan freedom or segmental motion. Under native condi-
3.5 M urea. In the native-state{@.5 M urea) fluorescence tions, the decay of fluorescence anisotropy is described by
decays with characteristic lifetimes of approximately 5.1 and a single exponential (Figure 7a), confirming the presence of
1.5 ns with amplitudes of85 and~15%, respectively, are a unique native conformation under these experimental
observed. Multiple lifetimes in single tryptophan-containing conditions. The time constant of the fluorescence anisotropy
proteins have been observed in other proteins and have beedecay of the native protein increases with increasing urea
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FiGure 7: Fluorescence anisotropy decays of Y74W apo-pseudo-

azurin in the presence of)@ M urea, (b) 4.5 M urea, and (c) 8 M
urea in buffer A at 15C. The solid line shows fits of the data to
a single exponential (a) and biexponential (b and c) functions.

concentration from a value of 6.4 ns® M urea to 10.2 ns

Biochemistry, Vol. 39, No. 19, 200%679

cn?/g protein) 66). For a spherical protein of molecular mass
13366 Da and specific volume of 0.7 &g of apo-
pseudoazurin, the rotational correlation time is calculated to
be 7.8 ns, in good agreement with the measured value in 0
M urea. Although the longer correlation time which corre-
sponds to global protein motion cannot be accurately
determined from the short time-scale data in Table 3, these
data confirm that there is no fast anisotropy decay component
in the range 6-2.0 M urea, indicating that the tryptophan
residue is in a fixed position (possibly hydrogen bonded) in
the native protein. The emergence of a significant contribu-
tion (50%) from a fast decay component (0.035 ns) in 3.5
M urea is indicative of rapid rotation of the tryptophan
residue, suggesting that the indole ring is no longer fixed in
the intermediate species. Importantly, the observation of only
a single decay component corresponding to global protein
motion suggests that if more than one species is populated
in 4.3 M urea, then theses species must have very similar
correlation times. In addition, the increase in the long
correlation time from 13.2 to 18.1 ns between 3.5 and 4.5
M urea suggests that partially unfolded Y74W apo-pseudo-
azurin is expanded compared to the native state, but remains
globally compact.

As the urea concentration is increased further from 5 to 8
M, data from both the long and short time-scale experiments
show that the correlation time for the global motion of the
protein increases until it can no longer be measured ac-
curately &~20 ns). The contribution of the fast(00 ps)
anisotropy decay increases to approximately 70% in this urea
concentration range and reflects the increased rotational
freedom of the tryptophan residue in the denatured state. The
data in Tables 2 and 3 also show~80% contribution to
the anisotropy decay time constant of approximately 3 ns,
which may arise from segmental motion in the vicinity of
the tryptophan residue in the unfolded protein. Importantly,
anisotropy decays between 3.5 and 4.5 M urea could not be
fitted satisfactorily to a linear combination of the anisotropy
decays of the native and denatured states, confirming that
the unique fluorescence characteristics at intermediate con-
centrations of urea reflect the presence of novel, but
structurally similar partially folded species populated during
unfolding.

In native Y74W apo-pseudoazurin, the tryptophan is fixed
in the protein resulting in a single-exponential decay of
fluorescence anisotropy on a time scale commensurate with

in 2.0 M urea (Table 2). The former measurement agrees9dlobal protein rotation and a calculated cone angle of 0

well with the rotational correlation time previously calculated
from N relaxation time measurements of native wild-type

pseudoazurin (6.3 ns) (G. S. Thompson, Y.-C. Leung, C.

Redfield, S. J. Ferguson, and S.E.Rrotein Sci, in press).
This value is also in good agreement with rotational
correlation times observed for other small proteih§ 65).
For a globular protein the rotational correlation tingg (s
given by

9 =L+ 1) ™)

wherey is the viscosity of the solvent (buffer A without
urea measured to be 1.2910°2 Pa s at 15C), M is the
molecular weight of the protein, is the specific volume of
the protein, andh is the degree of hydration (taken to be 0.3

(Table 3). However, under conditions where one or more
intermediates are populated, there is a 50% contribution of
the rapid decay component (Table 3) which results in a
calculated cone angle of about°3ghat remains constant
between 3.5 and 4.5 M urea. This is consistent with only
partial unfolding in the vicinity of the tryptophan residue
over this range of urea concentrations.

Structural Properties of Y74W Apo-Pseudoazurin Peptides.
To test the hypothesis that the tryptophan corner may persist
in partially folded apo-pseudoazurin, three peptides of
increasing lengths that contained Trp74 were synthesized and
their ability to fold in isolation analyzed. The peptides were
11 (pepl), 19 (pep2), and 30 (pep3) residues in length, and
encompassed residues-68b (the tyrosine corner only), 63
77 (the tyrosine corner plys-strands VI and VII), or 52
77 (the tyrosine corner plug-strands V, VI, and VII),
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Table 2: Time Resolved Fluorescence Anisotropy Decay Parameters of Y74W Apo-Pseuodoazurin as a Function of Denaturant Concentration
Acquired on a 25 ns Time Scéle

urea (M) initial anisotropyr, ay (%) 71 (NS) az (%) 72 (NS) as (%) 73 (NS)

0 0.15 100 6.37+ 0.47
1 0.20 100 7.49+1.52
2 0.19 100 10.19+ 2.15
3 0.19 100 11.87+ 0.47
35 0.16 100 13.22+ 0.86
4 0.17 24 0.516t 0.182 76 17.83£ 1.76
45 0.17 36 0.32% 0.094 66 18.08: 1.51
5 0.27 63 0.045: 0.009 19 1.06t 0.30 18 10.76+ 3.18
55 0.26 54 0.052- 0.021 35 1.05+ 0.40 11 8.72+ 3.23
6 0.20 35 0.058: 0.056 35 0.506: 0.298 30 5.9Gt 1.01
7 0.18 44 0.109: 0.100 56 1.0Gt 0.89

8 0.17 41 0.136: 0.053 59 1.62+0.37

aay (%) is the contribution to the total anisotropy decay of the component with characteristic decay (im@oseconds).

Table 3: Time Resolved Fluorescence Anisotropy Decay freely rotate in the native protein suggesting that the newly

Parameters of Y74W Apo-Pseuodoazurin as a Function of introduced tryptophan residue might be hydrogen bonded.

Denaturant Concentration Acquired @ 5 nsTime Scalé This is supported by a preliminary ultraviolet resonance
initial Raman (UVRR) study which indicates arl7 peak at 868

urea anisotropy a 7 a 12 0 cm1(68). The ratio of the two peaks in the? fermi doublet

(M) o (%) (ns) (%) (ns) (deg) at 1360/1340 cmt is ~1.0 also confirms that Trp74 is in a

0 0.17 100 10.3220.52 O hydrophobic environment as would be expected under native

1 0.16 100 20.44-134 0 conditions 69) (J. Clarkeson, S.J., S.E.R., and D.A.S.,

g 8:1; igg 18_‘8& ézég 8 unpublished data), raising the possibility that replacement

35 0.32 47 0.03%0.006 53 11.08-0.98 36 of the tyrosine for tryptophan has not disrupted the tyrosine

4 0.29 52 0.054-0.007 48 10.89-0.96 39 corner. Interestingly, tryptophan corners are found in other

45 0.31 48 0.096-0.010 52 12.1&1.24 37 Greek key proteins30).

5 0.31 68 0.083:0.006 32 3.63-0.20 -

55 0.33 73 0.08%0.006 27 3.18-0.24 - Although Y74W apo-pseudoazurin adopts a nativelike

675 828 g; 8-83% 8.882 g? ggi 8-5421 - fold, its unfolding transition displays a distinct deviation from

3 0.3 68 00690009 32 335 017 i the two-state behavior previously observed for the wild-type

: - . protein at equilibrium both in the presen@y) and absence
ax (%) is the contribution to the total anisotropy decay of the ¢ stabilizing NaSQ; (Supporting Information, Figure 2).
component with characteristic decay time(nanoseconds). One or more tiall folded . lated |
partially unfolded species are populated in
Y74W apo-pseudoazurin between 3.5 and 4.5 M urea in the
respectively (see Figure 1a). As judged by far-UV CD, presence of 0.5 M NSO, Whether such species are
tryptophan fluorescence, 1EH NMR, and fluorescence  populated in the absence of stabilizing,86) could not be
lifetime and anisotropy measurements, none of the peptidesdefinitively assessed, however, since the native apo-protein
contained significant nonrandom structure in buffer A at 15 js too unstable to permit accurate measurements in the
°C, suggesting that nonlocal interactions are important for absence of N0, (see Supporting Information, Figure 2b).
stabilization of the intermediate species in the intact protein. |n the presence of 0.5 M N&Q,, partially folded Y74W
apo-pseudoazurin retains significant residual nonrandom
DISCUSSION structure involving the newly introduced tryptophan residue.
The introduction of a tryptophan residue into the tyrosine Interestingly, however, substitution of tryptophan for Phe56
corner of pseudoazurin frofaracoccus pantotrophusas  (which lies in strand V) in apo-pseudoazurin results in a
allowed us to probe the folding properties of the apo-protein. protein that denatures with an apparently two-state transition
IH NMR, CD, and fluorescence anisotropy data point to the with aAGEﬁO value of 27.8 £1.3) kd/mol and am,, value
mutant possessing a highly nativelike structure (both in the of 8.29 @0.39) kJ/mol M in good agreement with the data
presence and absence of stabilizing;${@;). The mutant for the wild-type protein (S. J., and S. E. R., unpublished
protein is compact (having a rotational correlation time data). This suggests that the effect of introducing a trytophan
similar to that of the wild-type protein), has nativelike residue into apo-pseudoazurin is context dependent, and that
secondary structure (as judged by far-UV CD) and fixed substitution of tryptophan in the tyrosine corner perturbs the
tertiary contacts (revealed by near-UV CD). Moreover, the stability of intermediate(s) with respect to native and
side chain of the newly introduced tryptophan residue is unfolded species so that it becomes visibly populated at
likely to be buried within the hydrophobic core of the native intermediate concentrations of urea. Previous kinetic studies
protein (the mutant has a substantial near-UV CD signal of unfolding of the wild-type protein using double mixing
around 290 nm, a relatively long fluorescence lifetime and far-UV CD experiments have also shown the presence of
a blue-shift inimay. Accordingly, Tyr74 has less than 2% an unusually stable folding intermediate that is maximally
of its surface area exposed to solvent in wild-type apo- populated (relative to the native and denatured states)
pseudoazurin [calculated using DS$R)[. Furthermore, the  between 4.5 and 4.9 M urea under identical conditions to
lack of a rapid fluorescence anisotropy decay lifetime in the those used here2(). Whether these species are related,
absence of urea indicates that the tryptophan residue cannohowever, will require further analysis, for example, using
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hydrogen exchange labeling or site-directed mutagenesisan important impact on the conformational search required
experiments§, 6, 13). to produce the fully folded native state. The retention of
Detailed analysis of the conformation of Y74W apo- residual nativelike structural elements may shape the energy
pseudoazurin in 4.3 M urea revealed a partially folded landscape, as structured species in the unfolded ensemble
ensemble which retains significant residual secondary struc-will entropically favor folding. Removal of solvent upon
ture but lacks the fixed tertiary interactions characteristic of dilution of denaturant could enhance the stability of these
the native state. Nevertheless, this species does not appeaegions, around which the remaining structural elements
to be typical of the partially folded molten globules observed could then form. In some proteins, however, there is little
in other proteins g, 6, 13), in that its'H NMR spectrum or no relationship between residual interactions in denatured
has sharp resonances [rather than the line broadening usuallyproteins or partially folded species and the folding transition
found for other molten globule state§7( 58)] and this to the native state 78—80). The relevance of residual
species does not bind ANS, indicating the absence of exposednteractions in the denatured state therefore might be protein
hydrophobic surface area. Interestingly, partially folded specific. In the case of Y74W apo-pseudoazurin, it is
intermediates of other proteins including bovine pancreas intriguing that the residual structure observed in the partially
trypsin inhibitor (under some conditionsj(, 71) and apo- folded and unfolded states 8 M urea might involve the
myoglobin (2) also fail to bind ANS. In summary, our tryptophan corner that has been postulated to be important
model for the unfolding intermediate(s) of Y74W apo- in early events in folding of Greek key proteins and shown
pseudoazurin points to population of one or more speciesto be important in folding of fibronectin type 11l domains
that, on average, are compact (with a rotational correlation (40). Interestingly, replacement of Tyr74 in pseudoazurin
time of 13.2-18.1 ns) and contain residual secondary with alanine, serine, or phenylalanine resulted in either lethal
structure and significant nonrandom structure involving the proteins or proteins that could not be expressed (data not
newly introduced tryptophan residue. Although the number shown), suggesting that the interactions in the tyrosine corner
of species populated in 4.3 M urea cannot be deduced fromare essential for the generation and/or for maintenance of
the data presented above, the ensemble of species populateithe integrity of this cupredoxin fold. Further kinetic experi-
presumably possesses similar overall properties as reflectednents are now planned to test this hypothesis.
in the single a}nlsotropy fluores_cence decay observed. TheACKNOWLEDGMENT
data are consistent with retention of the propoSezipper
involving -strands VI and VI that juxtapose the tryptophan
corner, possibly stabilized by long-range interactions within
the compact globule. Consistent with this, synthetic peptides
encompassing this region are not structured in isolation under
the chosen conditions. This model for partially folded Y74W
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The data presented here not only pinpoint residual structureSUPPORTING INFORMATION AVAILABLE

in partially folded Y74W apo—pseuc_joazurin but also suggest Two figures of equilibrium unfolding of Y74W apo-
that the unfolded state of the protem8 M urea also retains  pseudoazurin measured by tryptophan fluorescence and far-
significant nonrandom structure involving the tryptophan yy CD and effect of 0.5 M Ns#8Q, on the equilibrium
residue. Thus, the Steady'state fluorescence Signal in 8 Munfo|ding transactions of W||d-'[ype and Y74W apo-pseudo-

urea shows significant intensity aroune835 nm, possibly  azurin. This material is available free of charge via the
indicating retention of residual structure involving a buried |nternet at http://pubs.acs.org.
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