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The role of the Cys-X-X-X-Cys motif on the kinetics of
cupric ion loading to the Streptomyces lividans Sco
proteint
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Jonathan A. R. Worrall*?

The mechanisms and spectroscopic properties generated by intermediate states upon cupric ion binding
to flexible peptide motifs in proteins are of considerable interest. One such motif is the Cys-X-X-X-Cys
motif characteristic to members of the Sco family of proteins. In the antibiotic producing bacterium,
Streptomyces lividans, a role for its Sco protein (5co®) as a cupric metallochaperone to the extracytoplas-
mic Cus domain of cytochrome c oxidase has been revealed. Stopped-flow kinetic studies have revealed
a mechanism of cupric ion capture by Sco®, which passes through a monothiolate intermediate, with dis-
tinct spectral features. In the present study we have used two site directed mutants of Sco®, C86A and
C90A, to determine which Cys in the CXXXC motif acts as the capture ligand. Comparison of kinetic and
thermodynamic parameters obtained from cupric ion binding to the C86A and C90A mutants clearly
indicate that Cys86 is the capture ligand and this finding can be reconciled with structural data. At sub-
saturating levels of cupric ions both mutants bind copper rapidly, but the absorbance properties are dis-
tinctly different from wild type Sco®. This is most extreme for the C86A mutant where the Cys90 thiolate
bond is considered to be weaker than the Cys86 thiolate bond in the C90A mutant. We put forward an
explanation for this behaviour whereby we propose that the cupric ion is moving to a second site with

www.rsc.org/dalton no thiolate coordination.

Introduction

The synthesis of cytochrome ¢ oxidase protein (Sco), was first
discovered in the mitochondria of yeast," where it was sub-
sequently identified to play a role in copper (Cu) delivery to
the mixed valence dinuclear Cu, domain of subunit II of cyto-
chrome ¢ oxidase (COX).>? In prokaryotes the functional role
of Sco proteins is still a matter of some debate.? Based on the
structural similarity to thioredoxins and the presence of a Cys-
X-X-X-Cys motif, where X is any amino acid, a putative redox
role has been reported for some bacterial Sco members.”>”
Two bridging Cys sulphur atoms coordinate the two Cu atoms
in the Cu, site of subunit II, and it is assumed that in the apo-
form they must be maintained in a reduced form to facilitate
Cu binding. A role has been demonstrated for Thermus thermo-
philus Sco as a dithiol:disulphide oxidoreductase using the
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CXXXC motif for thioredoxin-like activity, rather than a Cu-
metallochaperone.® In the antibiotic producing Gram-positive
bacteria, Streptomyces lividans, a Sco protein (Sco®) has been
identified, the gene for which is part of an operon predicted to
encode other cuproproteins that are likely to be involved in Cu
handling in the extracellular environment.”'® We have pre-
viously characterised Sco® and shown in vivo under low extra-
cellular Cu(u) concentrations that it acts as a Cu(n)-
metallochaperone, supplying the co-factor to the Cu, site of
COX.™ A second Cu(u)-chaperoning role of Sco® to an as yet
unidentified cuproenzyme has also been proposed and this
latter function is essential for triggering a development switch
in the life cycle of S. lividans that is concomitant with anti-
biotic production.™!

All Sco proteins have a CXXXC motif, which regardless of
their function has been shown in vitro to be redox active.'™"
From structural studies, only NMR has been successful in cap-
turing a structure of a Sco protein with Cu bound at the
correct site."”> The NMR structure of the Cu(1) bound form of
human Scol (Sco") reveals the two Cys residues in the CXXXC
motif act as Cu(i)-thiolate ligands, with a third ligand identi-
fied as a His-Ne2 atom completing the trigonal Cu(i) ion
coordination geometry."® A crystal structure of a Ni(u)-form of
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Sco” has also been reported and may be considered as a di-
valent surrogate for Cu(u)."® The coordination of the Ni(u) site
also involves the Cys and His residues, with a ClI™ ion complet-
ing a distorted square planar geometry. In the apo-form, NMR
studies with Sco™ and Bacillus subtilis Sco (Sco™) indicate that
the Cu binding site is not pre-formed."*'* In solution a large
number of amino acid residues in the metal-binding region
sample multiple local conformational states that interconvert
with one another. This dynamic equilibrium places on average
the coordinating His ligand >10 A away from a S§(Cys) atom in
the CXXXC motif in Sco™'® Thus considerable reorganisation
of the protein loop housing the His ligand is required to form
a compact Cu binding site. The X-ray structure of apo-Sco®®
corroborates the dynamic NMR data,® with both Cys residues
in the CXXXC motif located on a highly solvent exposed loop
with the His ligand (His135) pointing away from the CXXXC
loop and into solvent (Fig. 1). In contrast an unpublished X-ray
structure of Bacillis anthracis Sco (Sco®) shows high structural
homology to the core Sco-fold of Sco® but a considerable vari-
ation in the loop regions housing the Cu binding ligands
(Fig. 1). This structure now seemingly appears to be close to a
preformed Cu binding site where both Cys residues in the
CXXXC motif and the His ligand are turned inside the protein
(Fig. 1). Thus these two structures serve to illustrate the flexi-
bility in the Cu(u) binding site, with the core Sco-fold main-
taining high structural similarity (Fig. 1).

Interest into the mechanisms of Cu(u) ions binding to flexi-
ble, dynamic regions in proteins has heightened in recent
times with the discovery that Cu(u) ions readily bind to flexible
motifs in a-synuclein and amyloid-p peptide, resulting in struc-
tural damage and thus a major role for Cu(u) ions in the

Fig. 1 Structure of bacterial Sco. An overlay of the X-ray crystal structures of
the apo-Sco proteins from B. subtilis (pdb 1XZ0)° green and B. anthracis (pdb
4HDE) orange. The four a-helices in the core thioredoxin fold are labelled along
with the N- and C-termini with the loops containing the CXXXC motif and Cu(i)
His ligand indicted in the dashed box. Superposition of the two structures gives
a root-mean-square-deviation (RMSD) in Ca positions of the core Sco-fold (i.e.
excluding the boxed loops) of 0.8 A. A zoomed in region of the dashed box
area highlights the positional differences between Cys and His residues in the
two structures. Nitrogen and sulphur atoms are coloured blue and yellow,
respectively. Residues are labelled with Sco® numbering which corresponds to
Cys86 (C45), Cys90 (C49) and His176 (H135) in Sco®.
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disease physiology of Parkinson’s and Alzheimer’s has been
inferred."”>* Furthermore, proteins involved in Cu trafficking
and homeostasis pathways>*">® also rapidly bind Cu to cognate
flexible binding motifs, with the kinetics of in vitro metallation
studies indicative of intermediates and Cu(u)-capture com-
plexes with unusual ligand geometries and distinct absorbance
spectrum.'"?”"2 As part of a previous study the mechanism of
Cu(u) capture and binding to Sco® along with the H176A
mutant, where the coordinating His ligand has been replaced
by an Ala, has been studied by UV-vis, EPR and stopped-flow
spectroscopies.'' We developed a model where one of the Cys
residues in the CXXXC motif is involved in initial Cuf(u)
capture. Therefore, to test further this model experimentally
the aim of the present study is to determine which of the two
Cys residues (Cys86 or Cys90) in the flexible CXXXC motif cap-
tures Cu(u) first, to yield a spectrally distinct Cu(u)-capture
complex. We have employed two site-directed mutants, C86A
and C90A, whereby each Cys residue in the CXXXC motif has
been replaced in turn by an Ala residue, and we discuss the
results in the context of our model.'*

Results and discussion

The Cys to Ala mutations in the CXXXC motif do not perturb
the Sco®™ fold

From a previous study, the wild type (wt) Sco® and the H176A
mutant were over-expressed in Escherichia coli and purified in
the apo-form (i.e. no detectable Cu ions present)."! This was
also the case in the present study with the C86A and C90A
mutants. Far-UV circular dichroism (CD) spectroscopy of the
two apo-Cys mutants gave almost identical spectra to that of
the previously reported apo-wt Sco® with the spectral features
consistent with a mixed secondary structure'" (Fig. 2). Dichro-
web analysis®**" confirmed that the Cys mutations do not sig-
nificantly alter the percentage secondary structure content
compared to wt Sco® (Table S1, ESIT) and thus we conclude
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Fig. 2 Far UV-CD spectra of the apo-forms of wt Sco® and the C86A and C90A
mutants recorded at 20 °C with protein concentrations ~20 uM.
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that the Ala mutations in the CXXXC motif do not affect the
overall structural fold.

A model for Cu(n) binding to wt Sco™

Fig. 3 depicts a model previously reported to account for Cu(u)
binding to wt Sco®.'* Despite the absence of structural infor-
mation for Sco® it is highly likely that the loops housing the
His176 ligand and the CXXXC motif will be mobile and mul-
tiple conformations in equilibrium with one another will exist.
Some of these we propose possess a pre-formed Cu(u) binding
site (box in Fig. 3). The Cu(u) capture complex exists with
coordination from an imidazolate N atom from His176, an
unassigned N-donor possibly from a nearby backbone
amide,*” and a Cu(u)-monothiolate interaction from a Cys in
the CXXXC motif (Fig. 3). In the wt Sco® rapid binding of
Cu(u) to this initial site leads to the evolution of a broad absor-
bance band centred at A, ~ 375 nm, that is assigned to arise
from monothiolate S(Cys)-Cu(u) coordination. The A,.x of this
intermediate species is also modulated by the His176 ligand."*
A slower reorganisation of the protein brings the second avail-
able Cys residue in the CXXXC motif into the Cu(u) coordi-
nation sphere and leads to a 2-fold increase in extinction
coefficient (¢) and a shift in 4. to ~362 nm, which corres-
ponds to that which we observe in the absorbance spectrum
for the fully Cu(u) saturated Sco®'. The data with the C86A and
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C90A mutants acquired in the present study have been inter-
preted based on this model (vide infra).

Stoichiometric addition of Cu(u) to apo-C90A Sco™

On addition of a stoichiometric amount of Cu(u) to the C90A
mutant a number of distinct optical absorbance bands appear
in the absorbance spectrum, with features consistent with
those previously reported for wt Cu(u)-Sco® and other Cu(u)-
loaded Sco proteins''**° (Fig. 4A). The major absorbance
feature, with a A,.x between 360-380 nm depending on
protein variant, is consistent with S(Cys)-to-Cu(u) charge trans-
fer interactions dominated by a favourable Cu(u)-Spo inter-
action due to the dx* — y* orbital orientated in the equatorial
plane.*® Weaker Cu(u)-Spr interactions are observed at lower
energy (450-506 nm) in the spectrum and d-d absorption at
even lower energies (574-724 nm) are observed and are all con-
sistent with a type-2 tetragonally distorted Cu(n) site.>’ >° The
major absorbance band centred at 362 nm in the wt Cu(u)-
Sco® is red shifted by 18 nm to 380 nm in the Cu(i)-C90A
protein, along with further significant red shifts for the two
lower energy bands (Fig. 4A). Extinction coefficients (¢) are also
affected in the mutant, with the peaks at 380 nm (& ~ 2400 M~
em ") and 506 nm (e ~ 463 M™' cm™') having a ¢ of ca. half that
of the corresponding peaks at 362 nm (¢ ~ 4200 M~ cm™)
and 459 nm (e ~ 973 M~* cm™') in the wt Sco®. This may be
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Fig. 3 Mechanistic features of Cu(i) binding to the Cys-X-X-X-Cys motif (Cys-Pro-Asp-Val-Cys) in Sco® and the two Cys mutants C86A and C90A as discussed in
detail in the main text. Species I and Il in the box are representative of the disordered and preformed Cu(i) binding sites, respectively, and the ? symbolises the
unknown identity of the Cys residue involved in the initial Cu(i) capture complex, prior to the studies with the Cys mutants. Some kinetic (k; and k) and thermodyn-
amic (Ky,) parameters are reported along with 4.4 Of intermediate species determined from stopped-flow experiments and Amax of the final Cu(i)-bound species (*)

determined by UV-vis spectroscopy.
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Fig. 4 Absorbance and visible CD spectra. (A) Absorbance spectrum of Cu(i)-
Sco®, Cu(n)-C86A and Cu(i)-C90A at 20 °C pH 7.5. The spectrum of the Cu(i)-
Sco® is taken after addition of one equivalent of Cu(),"" as is also the case for
the C90A mutant. Spectrum taken following the addition of one and two Cu(i)
equivalents to the C86A mutant are also shown. The differences in Amax
between proteins are indicated. (B) Visible CD spectra of Cu(i)-Sco®, Cu(i)-C86A
and Cu()-C90A at 20 °C pH 7.0. The wt and C90A mutant spectra were
recorded following addition of one Cu(i) equivalent and the C86A following
addition of one and two equivalents of Cu(i). The A,ax for the major peaks are
indicated.

expected for a wt spectrum dominated by cysteinyl ligation.
The Amayx at 380 nm for the C90A Cu(u)-loaded mutant is identi-
cal to that of the C49A mutant of Sco™ (equivalent to C90A)*
and also similar to the A, of ~375 nm for an intermediate
species determined for wt Sco® by kinetics studies, that was
attributed to an initial Cu(u) capture complex with a single
coordinating Cys residue'’ (Fig. 3). The saturated Cu(u)-C90A
spectrum remained stable under aerobic conditions for >24 h,
with no evidence for autoreduction, as has previously been
reported on removing the His ligand in Sco® and Sco® and in
the C49A mutant of Sco®."***' In conjunction with the
absorbance spectrum, a visible CD spectrum of Cu(i)-C90A
was acquired (Fig. 4B). It is apparent from comparison with wt
Cu(u)-Sco® that the visible CD spectrum is also dominated by

This journal is © The Royal Society of Chemistry 2013
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cysteinyl ligation, with large spectral changes in both wave-
length and intensity being observed in the mutant (Fig. 4B).

Kinetics of Cu(u) binding to the apo-C90A mutant

Kinetics studies were conducted under first order or quasi-first
order conditions ie. those in which [Cu(u)] is in excess over
the protein. On mixing either the C90A or the C86A mutant
with an excess of Cu(u), a very rapid spectral change was
observed between 320-420 nm. Biphasic time courses were
obtained for both mutants over this spectral range, but unlike
the wt protein the second slower phase was very small in
amplitude compared to that of the faster process. Fig. 5A illus-
trates time courses of the first rapid phase at 380 nm for the
C90A mutant, where it may be observed after an initial flow
period lasting ~1.5 ms the kinetics of Cu(u) binding may be
discerned. The observed portion of the time course may be fit
to a single exponential and the rate constant (k; cooa) Of this
process is [Cu(u)] dependent. Because the process is so fast for
the stopped-flow method, only a portion of the time course is
observed, but it is satisfying that the exponential fits between
1.5 and 20 ms all extrapolate back to the same absorbance at
¢t = 0 and to the same asymptotic absorbance value at ¢ = 20 ms
(Fig. 5A). The rate constants at a number of [Cu(u)] derived
from global fitting of the data are plotted in Fig. 5B as are the
rate constants for the small slow process (k; cooa). The second
order rate constant (k,) for the first Cu(u) binding phase in the
C90A mutant, was 7.6 (0.6) x 10° M " s", close to 1 x 10" M " s~
reported for wt Sco®.’* The off-rate (k_,) was estimated to be
250 s~*, faster than the wt Sco® and results in an equilibrium
binding constant (K, = ki/k_;) for the initial binding site of
~3.0 x 10* M™!, somewhat lower than the value of 1.3 x 10°
M~ for wt Sco® and the H176A mutant (K, = 6.7 x 10* M™)*
(see Fig. 3). The wavelength dependence of the amplitudes for
the fast phase are shown in Fig. 6B, where it is compared with
wt Sco®, taken under similar conditions (Fig. 6A)."" It is appar-
ent that the spectral distribution of the fast phase for both pro-
teins is similar, with a A,,,x of ~375 nm for the C90A mutant,
indicating that the thiolate of Cys86 binds in the C90A mutant
as it does in the wt Sco®. The rate constant for the second,
[Cu(u)] independent step (k, cooa) is 10 (2) s™*, and is of the
same order of magnitude as that seen in wt Sco”, k, = 20 s7*
(Fig. 3). However, the amplitude and thus spectral contri-
bution to the overall optical change is considerably smaller
than seen in wt Sco® as also observed in the static spectrum
(Fig. 4A). This may be appreciated from inspection of Fig. 6B,
where the spectra of the two phases of Cu(u) binding for the
C90A protein are shown in comparison to those observed in wt
Sco® (Fig. 6A). We have rationalised these results, as shown in
Fig. 3, by proposing that the initial binding of Cu(n) to Sco®' is
to a site with rapid monothiolate coordination of S(Cys86)-to-
Cu(u), thereafter, in the wt Sco’, a rearrangement of this site
occurs enabling the coordination of the Cys90. When this
second thiol is unavailable, as in the C90A mutant, the re-
organisation of the site, although leading to some spectral
change, cannot lead to the full spectral development and the
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Fig. 5 Stopped-flow kinetics of Cu(i) binding to the Cys mutants of Sco®. (A)
Examples of time courses at 380 nm and 20 °C, with fits to an exponential func-
tion (red line), on reacting 15 pM of C90A with 40, 60 and 80 uM of Cu(n). First-
order rate constants for the fast (kq; filled squares) and slow (not shown in the
time course) (ky; open triangles) phases of Cu(i) binding to the C90A (B) and
C86A (C) mutants of Sco®. The solid line in the C90A plot indicates a fit to the
first rapid phase (k) to obtain a second-order rate constant and the dashed line
indicates the independence of the rate of the slower phase (k) on [Cu(in)].

fully saturated C90A mutant resembles the intermediate of the
wt Sco® with Cys86 bound (Fig. 3).

Stoichiometric addition of Cu(u) to the apo-C86A mutant

Addition of a stoichiometric amount of Cu(n) to the C86A
mutant gave an initial optical spectrum with weak intensity
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Fig. 6 Comparison of intermediate and final spectra for Cu(i) binding to Sco®
and mutants determined from stopped-flow spectroscopy. In (A) wt Sco®, (B)
C90A and (C) C86A, are the spectra obtained from the global fitting of the time
course kinetic data recorded between 320 and 420 nm to the model apo >
intermediate > final Cu(i) bound species. The Ayayx for the intermediate and final
form of the wt Sco® and the two mutants are indicated.

absorption bands compared to wt Sco® and the C90A mutant
(Fig. 4A). However, on addition of a second Cu(u) equivalent
the absorption bands intensify (Fig. 4A) and a 6 nm red shift

This journal is © The Royal Society of Chemistry 2013
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in Amax for the major absorbance band to 368 nm occurs along
with a prominent red shifted d-d transition compared to wt
Cu(u)-Sco® (Fig. 4A). The peak at 368 nm has an & of
~2560 M~' em™" ca. half that of the corresponding peak at
365 nm (& ~ 4200 M~' cm ™) in wt Sco®, again consistent with
monothiolate Cu(u) coordination. The Cu(un)-Spr absorption
band at 450 nm is slightly blue shifted relative to both wt and
C90A proteins and has an ¢ (255 M~ cm ™) that is ca. half that
of the C90A mutant and ~3.5 times less than Cu(i)-Sco®. This
has the effect of significantly altering the Spo/Spx ratio of the
S(Cys)-to-Cu(u) charge transfer interaction determined for Sco
proteins from the e350/e450 ratio.>*' For Cu(m)-loaded Sco™ a
£350/€450 Tatio of 4.6 has been reported,”* which is similar to
values of 4.3 and 5.1 for wt Cu(u)-Sco® and the C90A mutant,
respectively, whereas for the C86A mutant a ratio of ~10 is
observed. This suggests that the S(Cys90)-to-Cu(u) interaction
in the C86A mutant has a more favourable Spc overlap which
can indicate a longer Cu-S(Cys) bond length or a lower degree
of covalency than the S(Cys86)-to-Cu(u) interaction in the C90A
mutant. Differences in the degree of covalency between the
two thiolates in Sco® have been inferred form EPR and EXAFS
studies.’® The visible CD-spectrum of the C86A mutant with 2
equivalents of Cu(u) is clearly different form the C90A and the
wt protein (Fig. 4B). The peak maxima for the C86A mutant are
significantly wavelength shifted with respect to the C90A
mutant and the wt Sco®. Therefore, this may be considered as
further evidence to suggest that S(Cys)-Cu(u) thiolate bonds
differ in bonding properties that influence the electronic pro-
perties of the Cu(u) site.

Kinetics of Cu(u) binding to the apo-C86A mutant

Under pseudo-first order conditions the initial Cu(u) binding
to the C86A mutant was slower than seen in the C90A mutant,
and the observed pseudo-first order rate constant (k; cgea)
approached a rate limit at around 300 s™* (Fig. 5C). From the
initial portion of a plot of ks (between 10-150 uM Cu(u)), an
apparent k; for Cu(u) binding may be estimated to lie between
0.8 and 2 (0.3) x 10° M™* s™%. An estimate for k_; of ~150 s™*
yields a K, value between 1-5 x 10° M, significantly lower
than both wt Sco® and the C90A mutant (Fig. 3). The spectral
change that accompanies this initial process is shown in
Fig. 6C, where it is seen that this spectrum is again indicative
of monothiolate coordination in terms of ¢ but the A, of
~365 nm differs from wt Sco® under the same conditions
(50 uM Cu(m) + 15 pM protein after mixing).!* Furthermore, the
kinetics are significantly different from wt Sco® and the C90A
mutant. We account for these differences by proposing that in
the absence of Cys86, i.e. the thiol that we suggest binds first,
the Cys90 binds but in this case the site is more difficult to
form and the rate of this formation is rate limited at 300 s™*
(Fig. 5C). We have observed a similar rate limiting step for
Cu(n) binding (170 s™') in the H176A mutant and have
explained this in terms of the rate of which the Cu(u) binding
site forms'' (box Fig. 3). As binding is proceeded by two
(classes of) conformers, only one of which binds Cu(u), then,
under conditions when Cu(u) binding is slower than the

This journal is © The Royal Society of Chemistry 2013
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conformational rearrangement and the binding form is
initially at low concentrations compared to the disordered
form, the k; is lowered by a factor of Ky/(1 + Ky), [binding
form]/[non-binding form]. Thus the lower apparent k; for C86A
indicates that the equilibrium between the conformers is
between 10-20 fold less favourable for binding Cu(u) than in
the C90A mutant. The second slower [Cu(u)] independent
phase, k, ~ 60 (2) s~ (Fig. 5C), as seen for C90A was of a small
amplitude contributing little to the overall spectral change
(Fig. 6C).

Sub-stoichiometric Cu(u) titrations to apo-C86A and C90A
Sco® mutants

At sub-stoichiometric ratios of Cu(u) to protein the behaviour
of the C86A and C90A mutants are quite different to that pre-
viously observed for wt Sco® and the H176A mutant.'* This
was already hinted at by the requirement of an excess of Cu(u)
to stabilise the C86A mutant absorbance spectrum (Fig. 4A).
For the C86A mutant ~0.8 equivalent of Cu(n) is required
before an optical change in the spectrum at 368 nm is
observed, with further addition of Cu(u) leading to a linear
increase in the absorbance at 368 nm before reaching a
plateau at a Cu(u): protein ratio of 1.5:1 (Fig. 7A inset). From
stopped-flow experiments with the C86A mutant, sub-stoichio-
metric ratios of Cu(u) to protein, displayed behaviour shown in
Fig. 7B, where an initial fast increase at 380 nm, indicating
monothiolate binding to Cu(n), gives way to a rapid decrease
in the absorbance, which at subsaturating Cu(u) : protein ratios
(0.75: 1) fully abolishes the initial increase. At a Cu(u): protein
ratio of 3:1 or 6:1, the decrease is absent (Fig. 7B). This be-
haviour is thus consistent with the static titration data for the
C86A mutant where below stoichiometric Cu(u) the overall
absorbance change at 362 nm, taken approximately 1 min
after the Cu(u) addition is very small, if at all detectable. In the
case of the C90A mutant stopped-flow reveals only a slight
absorbance decrease compared to the C86A mutant at similar
sub-stoichiometric Cu(u) ratios, consistent with the shorter
‘lag phase’ for optical change in the static experiment
(Fig. 7A).

As mentioned previously, mutations to the Cu ligands in
Sco® and Sco™ have been shown to cause instability in the
Cu(n) coordination sphere increasing the susceptibility of the
Cu(n) bound form to autoreduce to Cu(i).'“**** Thus to
account for our spectroscopic observations one suggestion is
that on addition of sub-stoichiometric amounts of Cu(u) to the
C86A mutant, Cu(u) binds rapidly as indicated from stopped-
flow spectroscopy (Fig. 7B), and then becomes reduced to Cu(i).
Although, the source of these reducing equivalents is
unknown, it has been documented by several groups working
on Cu chaperones and regulators that aerobic addition to
samples of Cu(n) ions rapidly leads to the Cu(i)-bound
form.***® Subsequent additions of Cu(u) to the C86A mutant
may oxidise the Cu(1) bound site to form the spectrum in
Fig. 4A at high [Cu(u)], leading to the titration data we report
in the inset to Fig. 7A. However, this argument may be difficult
to sustain given the relative redox potentials of Cu(u) in
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Fig. 7 Sub-stoichiometric addition of Cu(i). (A) Evolution of absorbance

spectra for the C90A mutant upon addition of increasing [Cu(i)] (0-150 pM of
Cu(), ~100 uM of protein). Inset, changes in absorbance at Amax 362 nm,
380 nm and 368 nm for wt Sco®, C90A and C86A, respectively, plotted as a
function of [Cu()/[protein]. (B) Stopped-flow time courses at 380 nm observed
on reacting 15 pM of C86A with 0.75, 3.0 and 6.0 equivalents of Cu(i).

solution and the Cu(i) bound in the site, and therefore an
alternative mechanism may be worthy of consideration. We
therefore suggest, that in the C86A mutant initial binding of
Cu(n) to the thiol is followed by a rearrangement that releases
Cu(u) from this coordination. Fluorescence data (not shown)
indicates Cu remains bound to the protein, thus Cu must be
relocated to a second site that does not permit thiol binding,
yet still quenches the fluorescence of the Trp at position 132 in
Sco®’. Once this site is filled, subsequent Cu(u) ions bind to
the thiol and now cannot move to the second occupied site
and thus the titration and kinetic experiments conform more
closely to the wt Sco®. In support of this argument the crystal
structure of the yeast Sco protein reveals that Cu(u) is capable
of binding at a site with its cognate His ligand, equivalent to
His176 in Sco®, but not involving the Cys residues from the
CXXXC motif.”” Future work could employ EPR and paramag-
netic NMR spectroscopy techniques to study binding of sub-
saturating [Cu(u)] with the C86A mutant to provide further
evidence to corroborate a second Cu(u) site as inferred here
from kinetic studies.
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Concluding remarks

The results reported of investigations using two site directed
mutants (C86A and C90A) of Sco® support the earlier model
proposed for Cu(u) binding to Sco®, whereby initial binding of
Cu(n) to a single Cys residue is followed by a reorganisation
step leading to binding of a second available Cys."" Further-
more, the data show that the initial binding involves Cys86,
with subsequent Cys90 binding required for the rearrange-
ment step. This conclusion is strongly supported by the initial
binding of Cu(u) to the C90A mutant being closely similar in
kinetic and thermodynamic parameters to the wt Sco®,
whereas the C86A mutant yields both binding and thermo-
dynamic parameters that differ significantly (Fig. 3). A reason
why Cys86 is the preferred capture residue in Sco® may find an
explanation from the structures depicted in Fig. 1. If we
assume that the structure of Sco® represents an apo-confor-
mer with a semi-preformed Cu(u) site then the second Cys in
the CXXXC motif (Cys90 in Sco®) is now locked down into
ahelix-1. Cys86 on the other hand remains in a loop segment
and therefore retains freedom to sample different orientations
enabling Cu(u) capture and transfer into the site. As may be
expected from this model the full saturation of the two mutant
proteins generate spectra that are closely similar to the inter-
mediate formed in the wt Sco®, in which only one Cu(i)-thio-
late bond is formed. These conclusions are summarised
schematically in Fig. 3. The details of the spectra, along with
the visible CD spectra yield interesting information about
differences in the thiolate Cu(u) coordination that is apparent
between the two Cys in the CXXXC motif. In particular the
C86A spectrum is consistent with the Cu(u)-S(Cys90) having
lower covalency, giving some credence to the argument regard-
ing the movement of Cu(u) to a second site at subsaturating
[Cu(u)]. Furthermore, it is very much apparent for both
mutants, but in particular the C86A mutant, that removing
one thiol by mutagenesis renders the site much more labile
and prone to secondary reactions that complicate full analysis
of a binding mechanism. Notwithstanding these complexities
the main conclusions given above regarding Cu(u) binding to
the CXXXC motif remain secure.

Experimental

Site-directed mutagenesis and over-expression of the C86A and
C90A Sco® mutants

The Quikchange (Stratagene) site directed mutagenesis
method was employed to create the C86A and C90A mutations
in Sco® using the following mutagenic primer pairs, with the
nucleotides changed to create the respective mutation
shown in lower case; C86A-F, 5-CTTCGGCTACACCCACgcCCCC-
GACGTCTG-3', C86A-R 5-CAGACGTCGGGGEgcGTGGGTGTAG-
CCGAAG-3', C90A-F 5-GCCCCGACGTCgcCCCGCTGACCATGA-
AC-3', C90A-R 5-GTTCATGGTCAGCGGGEcGACGTCGGGGC-3'.
Confirmation of mutant clones was corroborated from DNA
sequencing. Over-expression in BL21(DE3) Escherichia coli cells
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and subsequent purification of the C86A and C90A Sco
mutants was carried out as previously described for the wt
Sco®.™ The purified mutants were subjected to denaturing
Electrospray ionisation mass spectrometry (ESI-MS) using a
Micromass Quattro Ultima triple quadrupole instrument oper-
ating in the positive ion detection mode. A mass of 21235 +
1.3 Da was obtained for the C90A and C86A mutants, with the
predicted mass calculated to be 21 233 Da.

Circular dichroism spectroscopy

Concentrations of proteins were determined by UV-Visible
spectroscopy (Varian Cary 50 UV-visible spectrophotometer)
using an & of 14440 M~' em™" at 280 nm. Protein samples
(20 pM) for CD analysis were exchanged into 10 mM KPi,
50 mM KF, pH 7.0 and far UV- and visible-CD spectra were
recorded between 260 and 175 nm and 600 and 300 nm,
respectively, at 20 °C on an Applied Photophysics Chirascan
CD spectrophotometer (Leatherhead, UK) equipped with a
thermostatic cell holder controlled with a Peltier system. CD
spectra were analysed using Dichroweb®*?" with the programs
CDSSTR*®*™° and Contin-LL*>' and the databases 1, 3, 4, 6,
7°%°% and SP175.%

Cu(u) titrations monitored by UV-vis spectroscopy

Prior to Cu(u) binding experiments, the C86A and the C90A
Sco® proteins were exchanged into 20 mM sodium phosphate,
50 mM NaCl, pH 7.5 solution by passing through a PD-10
column (GE-Healthcare). Samples for spectroscopic titrations
were sealed in a quartz cuvette (Hellma) and titration with a
Cu(u)SO, solution of known concentration was carried out
using a gastight syringe (Hamilton). Titrations were monitored
at 20 °C by UV-vis spectroscopy (700-250 nm). Protein concen-
trations used were in the region of 100 pM.

Stopped-flow kinetics

Kinetic experiments were carried out using an Applied Photo-
physics (Leatherhead, UK) SX20 stopped-flow spectropho-
tometer thermostatted at 20 °C with a Peltier system. Stocks of
100 mM Cu(u)SO4 and 30 pM apo-C86A and C90A proteins
(20 mM sodium phosphate 50 mM NaCl, pH 7.5) were pre-
pared. Time courses were taken at 360 and 380 nm with
various Cu(u) concentrations (20-1000 uM before mixing) and
15 pM protein with the transients fitted to a two-step exponen-
tial function. A point to point accumulation was carried out
over 320-420 nm with a step of 5 nm using 30 uM protein and
100 to 120 pM Cu(u) before mixing. The resulting kinetic data
were analysed using the programme ‘ProK’ (Applied Photophy-
sics Leatherhead, UK). This programme was also employed to
construct spectra of intermediates using a simple sequential
model (e.g. a > b > ¢). Analysis by singular value decomposition
(SVD) was employed to determine the minimum number of
species required to reconstruct the original data set. The rate
constants reported are an average of triplicate experiments
carried out on different days and with different protein
batches. The errors reported for the global fitting of k; and &,
are the standard deviation between the data sets.

This journal is © The Royal Society of Chemistry 2013
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