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ABSTRACT: The phytocyanins are a family of plant cupredoxins that have been subdivided into the
stellacyanins, plantacyanins, and uclacyanins. All of these proteins possess the typical typ€ys His
equatorial ligand set at their mononuclear copper sites, but the stellacyanins have an axial Gln ligand in
place of the weakly coordinated Met of the plantacyanins, uclacyanins, and most other cupredoxins. The
stellacyanins exhibit altered visible, EPR, and paramagditiNMR spectra at elevated pH values and

also modified reduction potentials. This alkaline transition occurs witk,2p~10 [Dennison, C., Lawler,

A. T. (2001)Biochemistry 403158-3166]. In this study we demonstrate that the alkaline transition has

a similar influence on the visible, EPR, and paramagnetic NMR spectra of cucumber basic protein (CBP),
which is a plantacyanin. The mutation of the axial GIn95 ligand into a Met in umecyanin (UMC), the
stellacyanin from horseradish roots, and the axial Met89 into a GIn in CBP have very limited, yet similar,
influence on the K, for the alkaline transition as judged from alterations in visible spectra. The complete
removal of the axial ligand in the Met89Val variant of CBP results in a slightly larger decrease iKthe p

for this effect, but similar spectral alterations are still observed at elevated pH. Thus, the axial Gin ligand
is not the cause of the alkaline transition in Cu(ll) stellacyanins, and alterations in the active site structures
of the phytocyanins have a limited effect on this feature. The conserved Lys residue found adjacent to the
axial ligand in the sequences of all phytocyanins, and implicated as the trigger for the alkaline transition,
has been mutated to an Arg in UMC. The influence of increasing pH on the spectroscopic properties of
Lys96Arg UMC is almost identical to those of the wild type protein, and thus, this residue is not responsible
for the alkaline transition. However, a positively charged residue in this position seems to be important
for the correct folding of UMC. Other possible triggers for the effects seen in the phytocyanins at elevated
pH are discussed along with the relevance of the alkaline transition.

The influence of pH on the spectroscopic and redox cytochromec not only stems from the intriguing metallo-
properties of electron transfer (E-Tpetalloproteins is well- protein biochemistry, but also from the influence of this effect
recognized. Increased distance between the residue thabn physiological reactivityd, 6) and a potential involvement
protonates/deprotonates and the redox site leads to than protein folding and aggregatioi,(8). Certain cupredox-
attenuation of these effect$)( A well-studied pH-induced ins, which possess a mononuclear type 1 copper site, display
conformation change occurs in cytochroroeand many altered spectroscopic properties [for the Cu(ll) protein] above
studies (for example, see re#s-5) have focused on this pH ~9 (9—19), which has been described as an alkaline
alkaline transition. The effect is due to the axially coordinat- transition (L4). The reduction potential is also influenced at
ing Met being replaced by amino ligands from deprotonated high pH in the cupredoxindl@, 16—18) and thus the alkaline
Lys residues at elevated pH. However, there is still uncer- transition may play a physiological role by tuning ET
tainty about which ionizable group triggers this conforma- reactivity. The cause of the effects seen at alkaline pH in
tional transition §). Interest in the alkaline transition of cupredoxins, which is currently not known, is the focus of

this study.
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! Abbreviations: ET, electron transfer; RST, stellacyanin frBm roperties. are most important for the present study. Cupre-
verniciferay LMCT, ligand to metal charge transfer; EPR, electron brop ! b P Y. P

paramagnetic resonance; ENDOR, electron nuclear double resonanced0XINS POssess a copper ion strongly coordinated by the
NMR, nuclear magnetic resonance; UMC, umecyanin, the stellacyanin thiolate sulfur of a Cys and the imidazole nitrogens of two
from horseradish roots; MAV, mavicyanin, the stellacyanin from His residuesZ3). The copper is displaced from the plane of

zucchini; BCB, a stellacyanin frorA. thaliang CBP, cucumber basic Al i ; ; ;
orotein: WT, wild type: Hepes, 4-(2-hydroxyethypiperazine-1-ethane- these three equatorial ligands, usually in the direction of a

sulfonic acid; Caps, 3-[cyclohexylamino]-1-propanesulfonic acid-Uv ~ Weakly coprdinated axial Met. The type 1 copper Sit?S of
vis, ultraviolet-visible; LF, ligand field. stellacyanins are unusual in that they possess an axial GIn
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uMC EDYDVGGDMEWKRPS -DPKFYI-TWATGKTFRVGDELEFDFAAGMHDVAVVT-KDAFDNCKKENPISHMTTP-PVKIMLNTTGPQYYICTVGDHCRVGQKLSINVV
BCB EDYDVGDDTEWTRPM-DPEFYT-SWATGKTFRVGDELEFDFAAGRHDVAVVS-EAAFENCEKEKPISHMTVP-PVKIMLNTTGPQYFICTVGDHCRFGQKLSITVV
CsT TVHIVGDNTGWSVPSS-PNFYS-QWAAGKTFRVGDSLQFNFPANAHNVHEMETKQSFDACNFVNSDNDVERTSPVIERLDELGMHYFVCTVGTHCSNGQKLSINVV
STC TVYTVGDSAGWKVPFFGDVDYDWKWASNKTFHIGDVLVFKYDRRFHNVDKVT-QKNYQSCNDTTPIASYNTG-NNRINLKTVGQKYYICGVPKHCDLGQKVHINVT
MAV TVHKVGDSTGWTTLVP--YDYA-KWASSNKFHVGDSLLFNYNNKFHNVLQVD-QEQFKSCNSSSPAASYTSG-ADSIPLKRPGTFYFLCGIPGHCQLGQKVEIKVD

CBP AVYVVGGSGGWTFNTES------- WPKGKRFRAGDILLFNYNPXMHNVVVVN-QGGFSTCNTPAGAKVYTSG-RDQIKLPK-GQSYFICNFPGHCQSGMKIAVNAL
PNC AVYNIG----WSFNVN-------- GARGKSFRAGDVLVFKYIKGQHNVVAVN-GRGYASCSAPRGARTYSSG-QDRIKLTR-GONYFICSFPGHCGGGMKIAINAK
* * * kK ok ok * x * * * ok * *k ok k
4

Ficure 1: Multiple sequence alignment of the cupredoxin domains of selected phytocyanins generated using GQ8stalMiG; Amoracia
laphatifolia (horseradish) stellacyanin (umecyanig®), BCB; A. thalianastellacyanin 80), CST;C. sativus (cucumber) stellacyanirg),
STC;R.vernicifera(Japanese lacquer tree) stellacyaB®g),(MAV; Cucurbita pepo medulloggucchini) stellacyanin (also called mavicyanin)

(33), CBP; C. satwus plantacyanin §4); PNC, Spinacia oleracedspinach) plantacyanir8p). Copper ligands are shown in bold and the
residues mutated in this study are indicated by an arrow. Cys residues involved in the disulfide bond are linked by an arrow, while absolutely
conserved residues are indicated with an asterisk.

ligand @4, 25), whereas the plantacyaning6( 27) and sphere of the copped4, 21). Herein we have investigated

uclacyanins have the more customary Met in this position the cause of the alkaline transition using site-directed

(see Figure 1). mutagenesis studies of the stellacyanin UMC and the
The first demonstration of the alkaline transition in a plantacyanin CBP.

phytocyanin was published almost 40 years &@)ddr the

stellacyanin (RST) from the Japanese lacquer tRieu$ MATERIALS AND METHODS

vernicifera). The effect was identified as it involves the Cu-

(1) protein changing from its characteristic blue color [due _. i .

to a S(Cys)~Cu(ll) ligand to metal charge transfer (LMCT) Biotech AG. pE_Tlla vectoikscherichia coliBL21(DE3)

transition at~600 nm @6)] at neutral pH to violet at higher cells, andE. coll ORIQA.MI B(DES3) cells were purchased

pH (the LMCT band shifts te-580 nm). The transition also from Novagen. _Restrlcuon enzymes were purchased from

influences the electron paramagnetic resonance (EPR),New England B|o_Iabs|,3fu DNA polymerase and pGEM-T

electron nuclear double resonance (ENDORY)( and vector were obtained from Pro'mega, anely DNA poly-

paramagnetidH nuclear magnetic resonance (NMRY( merase was purchased from Sigma. The sequences of both

18) spectral properties of the protein and thus must alter the Strands of all PCR products were determined.

active site structure. A similar transition has been demon-  Production of MutantsMutagenic primers (Table S1) were
strated in a number of other stellacyanins, including ume- used with pMHCD1.4 as the template DNAY) to convert
cyanin (UMC, the stellacyanin from horseradish roofd), (  Lys96 into Arg in UMC (using P1 and P2, thereby creating
17), mavicyanin (MAV, the stellacyanin from zucchini)§, PMHCDL1.6) via QuikChange (Stratagene) site-directed mu-
16), BCB (a stellacyanin fromArabidopsis thalianj (19), tagenesis, according to the manufacturers proto€olsoli
and certain plantacyaningX, 12), including the protein from  BL21 (DE3) cells were transformed with pMHCD1.6 and
Cucumis satius (the plantacyanin from cucumber is com- the Lys96Arg variant of UMC, which is localized to the
monly referred to as cucumber basic protein, CBP). A insoluble fraction (presumably as inclusion bodies), was
detailed investigation of the influence of the alkaline transi- obtained using a similar procedure as for wild type (WT)
tion on the spectroscopic properties of CBP, or any other UMC (19). The GIn95Met UMC variant was produced as
plantacyanin, has not been reported, and the effect has noflescribed elsewherdg). Pure proteins withzsd/Asos ratios
been demonstrated in any member of the uclacyanin family. of 3.6 and yields o~~7 mg L™* of culture were obtained.

A number of suggestions have been made for the cause An artificial coding region for the 96 amino acid residues
of the alkaline transition in the phytocyanins. A particularly of CBP (see Figure 1) has been synthesized using a method
attractive proposal involves a change in the coordination described previouslylQ) (the details of this will be reported
mode of the axial GIn ligand in the stellacyanins fromt O  elsewhere) and was cloned into pET11a, to create pETCBP.
at neutral pH to KH~ at more alkaline pH 37, 38). ORIGAMI B cells were transformed with pETCBP and
However, given that theKy, for the N?H, moiety is very protein overexpression and purification (which will be
high (~15) and that paramagnetic NMR studies have reported elsewhere) resulted in approximately 6 mé af
demonstrated that the coordination mode of the axial GIn culture of pure CBP with af.7dAsgs ratio of 6.0. Mutagenic
ligand is unaltered at elevated pH in the Ni(ll) derivative of primers were used to convert Met89 into Gin (P3 and P4;
UMC (25), this seems unlikely. Almost all available phy- see Table S1 of the Supporting Information) and Val (P5
tocyanin sequences possess a Lys adjacent to the axial liganénd P6; see Table S1) via QuikChange site-directed mu-
(see Figure 1). Deprotonation of this residue has beentagenesis. The resulting constructs pETm89qCBP and
suggested as the cause of the effégf {8, 39—41), although PETmM89vCBP were used to transfoin coli ORIGAMI B
it is not thought that the Lys residue coordinates to the metal cells, and protein expression and purification were performed
in the high pH form (as is cytochron®. The involvement using the same procedure as for WT CBP. Met89GIn CBP
of this residue is supported by similar pH dependence of with an Ay;g/Ases ratio of 5.0 gave a single band on a 15%
the spectroscopic properties of an azurin variant in which a SDS-PAGE gel and was produced with a yield % mg
Lys residue is introduced close to the active sit8) (It has L~ of culture. The Met89Val variant was produced in much
also been proposed that the phytocyanins are flexible lower amounts {1 mg L™! of culture) and protein with a
molecules that undergo a change in secondary structure upom\7g/As14 ratio of 4.0 gave a single band on a 15% SDS
deprotonation of a surface residue that alters the coordinationPAGE gel.

Materials. Oligonucleotides were obtained from MWG
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Protein Samples for UVVis and ParamagnetitH NMR
StudiesFor ultraviolet-visible (UV—vis) and paramagnetic
NMR experiments, proteins were fully oxidized using a
solution of Kg[Fe(CN)]. Excess oxidant was removed using
an ultrafiltration cell (Amicon, 5 kDa cutoff membrane), and
the proteins were usually exchanged into 10 mM potassium
phosphate buffer. For the paramagnetic NMR experiments,
samples were prepared in 99.9%@and 90% HO/10%
D,0O and typically contained-34 mM protein. The pH of
protein solutions were measured using a narrow pH probe
(Russell KCMAW11) with an Orion 420A pH meter. The
pH of the sample was adjusted using NaOD or DCI in
deuterated solutions and NaOH and HCI igCHsolutions.

UV—Vis SpectrophotometryJV—vis spectra were ac-
quired at 25°C on a Perkin-EImei35 spectrophotometer.
The molar extinction coefficients of the proteins were
determined as described elsewhet8)(

EPR Spectroscop¥-band EPR spectra were recorded on
a Bruker EMX spectrometer at196 °C, and 2,2-diphenyl-
1-picrylhydrazyl was used as the reference. Samples typically
contained 2 mM protein in 40% glycerol and 25 mM 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (Hepes) at pH
7.6 or 8.0 and also in 40 mM 3-[cyclohexylamino]-1-
propanesulfonic acid (Caps) plus 10% glycerol at pHl.

The spectra were simulated using the program SimFonia
(Bruker).

NMR SpectroscopyaramagnetiéH NMR spectra were
acquired on a JEOL Lambda 500 spectrometer usually at
25 °C as described previousI25).

RESULTS

UV-Vis, EPR, and Paramagnetic NMR Spectra of Cu-
(II) UMC Variants The UV—vis spectra of GIn95Met and
Lys96Arg UMC at pH 7.6 are presented in Figure 2, parts
A and B, respectively, and the positions and intensities of
bands are listed in Table 1, along with those for the WT
protein. The UV~vis spectrum of the Lys96Arg variant
closely resembles that of WT UMC, with only slight
differences in the intensities of the two LMCT bands [the
band at~450 nm in the spectra is also due to a S(Cy&u-

(I LMCT transition (36)], whereas replacement of the axial
GlIn ligand with a Met has a more significant effect (Table
1). The X-band EPR spectra of GIn95Met, Lys96Arg, and
WT UMC are shown in Figure S1 of the Supporting
Information, along with the parameters obtained from
simulations. The spectra of Lys96Arg and WT UMC are very
similar, whereas in the spectrum of the GIn95Met variant a
significant decrease ig,, an increase iM\,, and a slightly
larger separation betweepandg, are observed. All of the
spectroscopic features of GIn95Met UMC are consistent with
the replacement of the GIn ligand with a weak axially
coordinating Met43). The paramagnetitd NMR spectrum

of Lys96Arg UMC is very similar to that of the WT protein
(see Figure S2 and Table S2) consistent with this mutation
having very little influence on the active site structure. We
have assigned the paramagnettd NMR spectrum of
GIn95Met UMC previously 43) and the additional broad
resonance at25 ppm arises from one of the’g protons

of the introduced axial Met95 ligand (see Figure S2 and
Table S2).

Spectroscopic Properties of Cu(ll) WT CBP and the
Met89GIn and Met89Val Variant3he UV—vis spectra of

Harrison et al.
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FIGURE 2: UV—uvis spectra (23C) of oxidized proteins in 10 mM
potassium phosphate buffer: (A) GIn95Met UMC at pH 7.6 (thin
line) and at pH 10.5 (thicker line), (B) Lys96Arg UMC at pH 7.6
(thin line) and at pH 10.8 (thicker line).

WT, Met89GIn, and Met89Val CBP at around neutral pH
are presented in Figure 3, parts A, B, and C, respectively,
with the positions and intensities of bands listed in Table 1.
The altered intensities of the LMCT bands in the b¥s
spectrum and the influence of the Met89GIn mutation on
the EPR spectrum of CBP (data not shown) are the reverse
of what is observed upon making the GIn95Met mutation in
UMC and are consistent with the replacement of the weakly
coordinated thioether sulfur of Met89 with the'®@f GIn89

as the axial ligand. The Met89Val CBP variant possesses a
decreased\, value in its EPR spectrum (data not shown)
and an increase in the energy of the ligand field (LF)
transitions in its UV-vis spectrum consistent with the
absence of an axial ligand4). The Asn40 CH resonance

is readily assigned in the paramagnetic NMR spectra of WT
and Met89GIn CBP as is one of the axial Met89HC
resonances in the spectrum of the WT protein (data not
shown). Resonances from the axial GIn ligand are not
observed in the spectrum of Met89GIn CBP, which is
consistent with paramagnetic NMR studies of UMC (see
Figure S2) and other stellacyaninsd( 17—19, 25, 45).

The Alkaline Transitionlncreasing pH (above-9) has a
dramatic effect on the spectroscopic properties of the
phytocyanins $—19). The sizable influence of the alkaline
transition on the EPR spectrum of Cu(ll) CBP is shown in
Figure 4 and on the paramagnetic NMR spectrum of Ni(ll)
UMC is shown in Figure 5 [more resonances are directly
observed in the paramagnetic NMR spectrum of the Ni(ll)
derivative than Cu(ll) UMC 17, 25), allowing a more
detailed analysis of the influence of the alkaline transition].
The alkaline transition also has a significant effect on the
UV —vis spectra of phytocyanins (see Figures 2 and 3). In
this study, the influence of selected mutations on the alkaline
transition in UMC and CBP has been assessed by analyzing
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Table 1: Properties of the Cu(ll) Forms of WT, Lys96Arg, and GIn95Met UMC and WT and Met89GIi# CBP

umcC CBP

parameter WT GIn95Met Lys96Arg WT Met89GIn
1€ (nm) [ex (M~ cm™1)] pH ~8¢ 606 [4300] 601 [4100] 606 [4000] 595 [3200] 595 [4100]
A1(nm) [ez M~ em™Y)] pH ~11° 584 [4310] 585 [4820] 585 [4530] 584 [3770] 576 [4480]
pKa A1 9.7 9.3 9.8 9.7 9.5
22¢ (nm) [e2 (M~tcm™)] pH ~8¢ 464 [500] 453 [870] 464 [400] 442 [1800] 447 [1170]
Az (nm) [e2 M~ cm™)] pH ~11° 443 [470] 439 [750] 443 [420] 432 [1630] 432 [1090]
pKa Az 9.7 9.5 10.0 9.9 9.6
eler (pH ~ 8)° 0.12 0.21 0.10 0.56 0.29
€ler (pH~ 11F 0.11 0.16 0.09 0.43 0.24
o (ppm) Asp45/Asn40C*H (pH ~8)9 13.7 16.0 14.0 16.7 16.5
0 (ppm) Asp45/Asn40CeH (pH ~11) 12.8 141 13.0 15.1 14.9
EPR spectral properties axial axial axial rhombic rhombic

a1n the case of Met89Val CBH,; occurs at 614 nmef = 5000 Mt cm™1) at pH 7.8 and shifts to 595 nna;(= 5050 Mt cm™?) at pH 9.6,
giving a K, 41 of 8.9.° As reported in refl9. ¢ The bands at-600 and~450 nm in the U\*vis spectra of cupredoxins are due to S(Cy€u(ll)
LMCT transitions.? pH 7.6 for WT, Lys96Arg, and GIn95Met UMC, pH 8.0 for WT CBP, and pH 7.8 for Met89GIn CB# 10.8 for WT and
Lys96Arg UMC, pH 10.5 for GIn95Met UMC, pH 10.6 for WT CBP, and pH 11.0 for Met89GIn CB®p45 in WT and UMC variants and
Asn40 in WT and Met89GIn CBP.pH 7.6 for WT, Lys96Arg, and GIn95Met UMC (all at £C) and pH 8.0 for WT and Met89GIn CBP (both
at 25°C). "pH 10.5 for WT and Lys96Arg UMC, pH 10.4 for GIn95Met UMC (all at 4Q), pH 10.6 for WT CBP, and pH 10.5 for Met89GIn
CBP (both at 25°C).

mainly their UV—vis spectra. In particular, the roles of the

axial ligand and the adjacent conserved Lys residue, which 4
have both been associated with the alkaline transition, have
been studied by site-directed mutagenesis. Approximately 3l

20 nm shifts to lower wavelength are observed for both <
LMCT bands upon increasing pH in the proteins studied. In <,
all cases this process is completely reversible, and isosbestic §
points are observed, indicating the presence of two-state pH- ®
dependent equilibria.

In the UV—vis spectrum of GIn95Met UMC, the band at
601 nm at neutral pH shifts to 585 nm and increases in
intensity, when the pH is raised to 10.5 (see Figure 2A and
Table 1). The dependence of the position of this visible
absorption band upon pH (see Figure 6A) can be fit (three B
parameters, nonlinear least squares) to eq 1 corresponding 57
to a two-state pH-dependent equilibrium

= (K + H2)IK, + H'D) (1)

wherely and, are the wavelengths of the visible absorption
band at high and low pH, respectively, yielding Eapof
9.3. The pH-dependence of the position of the second LMCT 1
band (see Figure 2A and Table 1) giveska, pf 9.5. The
intensities of these two bands are affected by the alkaline
transition, and the,sdesgs ratio at pH 10.5 (0.16) is lower
than the essdesor ratio at pH 7.6 (0.21). The LF bands A (am)
between 700 and 900 nm shift to lower wavelength and
decrease in intensity when the pH is increased as is also the
case in WT UMC 19). ST
The main LMCT band in the U¥vis spectrum of 4t
Lys96Arg UMC shifts from 606 nm at neutral pH to 585
nm and increases in intensity, when the pH is increased to
10.8 (see Figure 2B). Figure 6A shows the pH-dependence
of the position of this visible absorption band, and a fit of
these data to eq 1 yields &pof 9.8. The position of the
second LMCT band is also pH-dependent (see Figure 2B 0
and Table 1), giving alg, of 10.0. The intensities of these 300 500 700 9200
two bands are affected by the alkaline transition, buktlhg A (nm)
€eos ratio at pH 7.6 (0.10) is very similar to thgsdesgs ratio

at pH 10.8 (0.09). The LF bands between 700 and 900 nm FIGURE 3: UV—vis spectra (25C) of oxidized proteins in 10 mM

. - potassium phosphate buffer: (A) WT CBP at pH 8.0 (thin line)
in the spectrum of Lys96Arg UMC also shift to lower 5,45t pH 10.6 (thicker line), (B) Met89GIn CBP at pH 7.8 (thin

wavelength and decrease in intensity when the pH is |ine) and at pH 11.0 (thicker line), and (C) Met89Val CBP at pH
increased. 7.8 (thin line) and at pH 9.6 (thicker line).

300 500 700 900
A (nm)

€ (mM‘ cm")

300 500 700 900

€ (licm")
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Ficure 4: X-band EPR spectra of Cu(ll) CBP at196 °C.
Spectrum A was obtained in 25 mM Hepes, pH 7.6 (40% glycerol),
while spectrum B was obtained in 40 mM Caps (10% glycerol),
pH 11.1. Parameters obtained from simulations (SimFoniap.are
= 2.018,A, = 6.7 mT,g, = 2.086,A, = 0.5 mT,g, = 2.205, A

= 5.6 mT for spectrum A angy = 2.018,A, = 9.6 mT, g, =
2.068,A, = 2.5 mT,g, = 2.228,A, = 3.4 mT for spectrum B.

The UV—vis spectrum of WT CBP has a much more
intense LMCT band at+450 nm than UMC (see Figure 3A).

Harrison et al.

(1) proteins. In all cases the alkaline transition results in a
significant decrease>(1 ppm) in the chemical shift of the
C®H proton of the residue adjacent to the N-terminal His
ligand (Asp45 in UMC and Asn40 in CBP). In WT CBP
and the GIn95Met UMC variant, this is accompanied by 2
and 4 ppm decreases in the chemical shift of the Met89 and
Met95 C'H proton resonances, respectively. Signals arising
from the axial ligand are not observed in the spectra of the
proteins studied herein with a GIn in this position, and thus,
no information about the influence of the alkaline transition
on the interaction of this ligand with Cu(ll) is obtained [in
the spectra of Ni(ll) UMC (see Figure 5) there is a decrease
in the chemical shift values of the’B protons of the axial
GIn95 ligand 25)]. The observed shifts of the imidazole ring
resonances from the two His ligands are influenced by the
alkaline transition in all of the proteins studied, but the very
broad nature of these signals makes quantitative analysis
difficult.

DISCUSSION

WT UMC and CBP have different active site structures
and exhibit distinct spectroscopic properties. Both proteins

Nevertheless, the spectrum of CBP exhibits a similar Possess the typical HiSys equatorial ligand set seen in all

dependence on pH with the LMCT bands shifting to lower
wavelength upon increasing pH (Figure 3A and Table 1),
giving pK, values of 9.7 and 9.9 (see Figure 6B). It is

cupredoxins 23). However, in UMC the almost tetrahedral
active site geometry is completed by a GIn ligand, which
coordinates via its side chain amide oxygen atom [Cu(Il)

apparent from Figure 6B that a second effect influences the O°(GIn95) bond length of 2.26 A]46), whereas in CBP

UV —vis spectrum of WT CBP at pH11 and higher, which

the trigonal pyramidal cupric site structure involves a weak

is accompanied by irreversible color loss and precipitation axial Met ligand [Cu(Il}-S’(Met89) bond length of 2.61 A]
of the protein [similar behavior has been reported for STC (26). The axial EPR spectrum of UMC along with the low

(9) and UMC (L0)], and thus, data up to pH 10.6 only were

intensity of the LMCT band at-450 nm in its U\V-vis

used for analysis. The increase in the strength of the mainSPectrum results in this protein having a classic type 1 copper

LMCT band along with the decrease in the intensity of the
peak at~440 nm results in theysesgs ratio of 0.56 at pH
8.0, falling to aes3dessqratio of 0.43 at pH 10.6. Interestingly,
the LF bands in the 766900 nm region of the UVvis

site (36). The EPR spectrum of CBP is rhombic and there is
enhanced absorbance-a450 nm in its UV-vis spectrum,

and thus this cupredoxin possesses a distorted (or perturbed)
type 1 copper cente36). Regardless of these differences,

spectrum also shift to h|gher energy upon increasing pH in the alkaline transition has a very similar influence on the

CBP, as is the case in UMC.

In the spectrum of Met89GIn CBP, the relative intensity
of the two LMCT bands (at approximately neutral pH) is
altered compared to the WT protein resulting iBsa/esgs

UV —vis spectra of UMC and CBP (see Table 1) and occurs
with identical i<, values (9.7). The alkaline transition has a
similar effect in other stellacyanins and occurs witkap
values of 10.1, 9.7, and 9.0 in oxidized STIB), BCB (19),

ratio of 0.29 (see Figure 3B and Table 1). The positions and and MAV (16), respectively. The likeness of the influence
intensities of these two bands change in a similar manner asof the alkaline transition on the active site structure of UMC
observed in the WT protein upon increasing pH (see Figures(and other stellacyanins) and CBP is confirmed by analogous
3B and 6B and Table 1), givingka values of 9.5 and 9.6  alterations in the paramagnetic NMR spectra upon increasing
and aegsdeszs ratio of 0.24 at pH 11.0. The LF bands also PH (see Table 1). Thus, the different active site structures
shift to lower wavelength upon increasing pH in this CBP and spectroscopic properties (these two features are not
variant. In the UV-vis spectrum of Met89Val CBP, the main  inextricably linked, as many stellacyanins have distorted type
LMCT band is found at 614 nm at pH 7.8 with the band at 1 sites, whereas UMC has a classic center) observed in these
around 450 nm possessing very little intensity (see Figure two proteins do not influence the alkaline transition or its
3C). The 614 nm band shifts to lower wavelength upon effect on the active site structure. Paramagnetic NMR studies
increasing pH and is found at 595 nm at pH 9.6 (see Figuresdemonstrate that the alkaline transition influences all of the

3C and 6B), giving a i§, of 8.9 (using data only up to pH

coordinating residues with the M(H)S(Cys) interaction most

9.9). The pH-dependence of the positions of the secondaffected (for example, see Figure 5 and reds17, 19, and

LMCT band and the LF transitions are difficult to follow in
Met89Val CBP. The effect seen under very alkaline condi-
tions (pH>10.5) in WT CBP also influences the UWis
spectrum of the Met89GIn and in particular the Met89Val
variant where onset occurs at pH 10.

25). This is consistent with the significant shifts of the
S(Cys)y~Cu(ll) LMCT bands seen in the UVvis spectra.
The M(II)—S(Cys) interaction decreases at elevated pH (
17-19, 25), and there is a change in the conformation of
this ligand (see Figure 5). The CuMpB(Cys) bond is

The influence of the mutations made on the active site influenced in all of the proteins studied herein as the isotropic
alterations caused by the alkaline transition has been assesseshift of the CH proton resonance of the residue adjacent to

by analyzing the paramagnefiel NMR spectra of the Cu-

the N-terminal His ligand, which exhibits a sizable Fermi-
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Ficure 5: H NMR spectra (300 MHz) of Ni(ll) UMC at 30C in 90% H0/10% D,O. The spectrum shown in part A was obtained at
pH 8.0, while that in part B was collected at pH 10.7. Some of the assignments that have bee@%pade ificluded in part A.
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Ficure 6: Dependence on pH (ZX&) of the position of the main
visible absorption band of oxidized (A) GIn95Me) and

Lys96Arg @) UMC and (B) WT @), Met89GIn @), and Met89Val
(@) CBP in 10 mM phosphate buffer.

contact contribution45) due to its amide group hydrogen-

Met89GIn CBP variants have altered spectroscopic properties
compared to their respective WT proteins, which are
consistent with the changes in axial ligand. The influence
of increasing pH on the spectroscopic properties of these
two variants is very similar to that observed in the WT
proteins. Studies on Ni(ll) UMC (see Figure 5) show that in
this substituted stellacyanin the axial GIn ligand coordinates
via its O atom at alkaline pHZ5). However, Cu(ll) is more
effective at promoting amide deprotonation (required for
N<?H~ coordination) than Ni(ll) 47, 48). Therefore, the
observation of an alkaline transition in GIn95Met UMC (and
also CBP) demonstrates that this effect does not involve an
alteration in the coordination mode of the axial GIn in the
Cu(ll) stellacyanins. The fact that the introduction of an axial
GIn in CBP also hardly alters the alkaline transition in this
protein indicates that this effect is not influenced by
variations in the active site structures in the phytocyanins.
This is confirmed by the presence of the alkaline transition
in the Met89Val CBP variant that does not possess an axial
ligand. In GIn95Met UMC and the Met89GIn and Met89Val
CBP variants, the Ig, for the alkaline transition decreases
compared to the WT proteins with the largest influence
caused by the Met89Val mutation to CBP. It is a little
difficult to rationalize these decreases, but they are likely
due to changes in the protein/active site structure as a result
of the mutations made.

To investigate the possible role of the conserved Lys

residue found adjacent to the axial ligand in all phytocyanins
as a trigger for the alkaline transition (see Figures 1 and 7),

bonding to the thiolate sulfur of the Cys ligand, decreases We have characterized the Lys96Arg UMC variant. We also

at elevated pH. The interaction with the axial ligand is also
lowered by the alkaline transition (see Figure 5 and fefs
and25), which is in agreement with the increased equatorial
LF strength 44) and the decreasedée; ratios 36) observed
in all of the proteins studied upon increasing pH, and the
decreased isotropic shifts of thek proton resonances of
the axial Met ligands in WT CBP and GIn95Met UMC. Thus
the alkaline transition has a similar influence on the active
site structure of all of the proteins studied.

Given the proposed role of the axial GIn ligand in the
alkaline transition of stellacyanins, the influence of mutating

prepared the Lys96Met and Lys96Glu UMC variants, but
these did not yield folded proteins with type 1 copper sites.
However, the Lys96Arg variant did fold correctly and has a
copper site with spectroscopic properties almost identical to
those of the WT protein (the Lys96Arg mutation also has
only a limited effect on the reduction potential of UMC; data
not shown). The Lys96Arg mutation hardy influences the
alterations of the spectral properties of UMC at elevated pH,
and the K, value for the alkaline transition is unaffected.
Lys96 is exposed on the surface of UM@g], as is the
corresponding Lys in all other structurally characterized

this residue has been investigated. The GIn95Met UMC and phytocyanins 24, 26, 27), and this is anticipated to be the
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His90 the active site. Furthermore, in WT UMC the N-terminus
possesses an additional residue (Met0) introduced during
cloning that does not alter thé&pfor the alkaline transition
(17, 19). The N?H moieties of the two His ligands are
another possible cause of the alkaline transition in the
phytocyanins (in all cupredoxins the His ligands coordinate
via their N atoms). The K, for the formation of an
imidazolate is usually highb@), but coordination of the His
to a metal ion can lower this. In rusticyanin (a cupredoxin),
active site alterations that occur at alkaline pHK{p~ 9)
and result in the main LMCT band in the UWis spectrum
shifting from 597 to 578 nm (and increasing in intensity) as
the pH is increasedbd) have been associatedly) with the
deprotonation of the RH of the exposed His143 ligand
[originally a Lys or Tyr was thought to be responsiki)].
The His ligands of the Rieske irersulfur center are also
known to deprotonate at elevated pB8). The deprotonation
Ficure 7: Structure of UMC 46) drawn with MOLSCRIPT 49) of a coordinated His at a redox center has a dramatic
e caarnatne amimo 300 e The omuon et e on he reducion potentids, 5. which s o
most relevant tg the present study are indiéated, as is the disulfidethe cg;e ',n UMC17) and STC {8) [however, the alkallng
bridge close to the active site. transition in MAV has a much larger effect on the reduction
potential (6)], but this may be a consequence of the exposed
case for Arg96 in the UMC variant. The typicaKpvalue nature @4, 26, 27, 46) of the copper sites in the phytocyanins.
for a surface Lys residue is10.5 ©0), while that for a It is interesting to note that the deprotonation of a coordinated
surface Arg is above 12.®0Q). It is difficult to imagine that His would strengthen its bond with Cu(ll), which is
the microenvironment of residue 96 in UMC is such that consistent with the observed weakening of the Ct{#JCys)
amino and guanido groups in this position have identigal p  interaction at alkaline pH in the phytocyanins. In conclusion,
values. Therefore, the lack of influence of the Lys96Arg it appears that the cause of the alkaline transition is not one
mutation on the K, for the alkaline transition indicates that  of the more obvious candidate residues and may be due to
the conserved Lys adjacent to the axial ligand is not a group or residue that displays uncharacteristic ionization
responsible for this effect in the phytocyanins. However, the properties.
presence of a basic residue next to the axial ligand appears The physiological relevance of the alkaline transition in
to be essential for the refolding of WT UMC in vitro and cytochromec has been describe8,(5, 6). The association
may play an important role for the in vivo folding of all  of this redox metalloprotein with cytochrorneexidase leads
phytocyanins. to changes similar to those observed at elevated pH that
The question then remains as to the cause of the alkalineinfluence the reduction potential. Thus, the effects that are
transition in the phytocyanins. It has been suggested that thisseen in vitro on isolated cytochrome could play an
subfamily of the cupredoxins are flexible molecules that important role in controlling the ET reactivity with physi-
change secondary structure at elevated pHZ1). We have ological partners in vivo. The pH-induced changes observed
recently shown the structures of Cu(ll) and Cu(l) UMC to in rusticyanin are reproduced by complexation with an ET
be almost identical, indicating that this phytocyanin is partner, and thus, these alterations could also have a
reasonably rigid46), and thus, overall flexibility is probably  physiological role 5, 56). A similar significance could apply
not a contributing factor to the alkaline transition. A number to the alkaline transition in the phytocyanins, which also
of ionizable residues are conserved in the amino acid influences the reduction potentidlg—18), although for these
sequences presented in Figure 1, and their positions in theproteins the exact physiological function, and their redox
structure of Cu(ll) UMC 46) are indicated in Figure 7. The  protein partners, are currently unknown. Nevertheless, the
residue Trpll, which is involved in a-amide interaction association with a partner could induce similar changes to
with the axial GIn95 ligand, could be responsible for the those observed at alkaline pH, altering the reduction potential
alkaline transition, but theky, of the Trp side chain is-17 and facilitating ET. It is important to note that ET between
(51) which makes this unlikely. The conserved Asp33 23 rusticyanin and its partner would be thermodynamically
A from the copper ion, and thekp value must be too low  unfavorable without the shift in reduction potential observed
for it to be implicated in the alkaline transition. Tyr82 is upon complexationg5). This role of the exposed His ligand
another potential trigger of the effects seen at elevated pHin regulating physiological reactivity is analogous to that
in the phytocyanins, but this residue is some 20 A from the suggested for the same ligand in the cupredoxins where
active site. Furthermore, all tyrosines have previously been protonation and dissociation from the Cu(l) site is observed
shown to have i, values above 11 in both UMCLQ) and at usually acidic pH&g7). The alkaline form of CBP (see
CBP (2), thus making this residue type unlikely as the cause Figure 4B) and other phytocyaning, (L0, 17) is unstable at
of the alkaline transition in the phytocyanins. Another higher pH. Furthermore, the introduction of a nonpositively
ionizable species that possesses<a ip the correct range  charged residue at position 96 in UMC results in proteins
for the alkaline transition is the N-terminus. However, this that cannot refold from inclusion bodies (WT and GIn95Met
group is always a long way from the copper site in the UMC both readily refold). Although this residue does not
phytocyanins 24, 26, 27, 46) and thus should not influence trigger the observed active site alterations at alkaline pH,

N-terminus
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the deprotonation of Lys96 destabilizes the protein. Thus, 18
the effects seen at alkaline pH in the phytocyanins could be
relevant to the formation of aggregates and also for protein ;4
folding intermediates, as suggested in cytochrangé, 8).

SUPPORTING INFORMATION AVAILABLE 20

Tables showing the sequences of primers used for mu-
tagenesis studies and listing the assignment of resonances
in the paramagnetitH NMR spectra of WT, GIn95Met, and 21
Lys96Arg UMC and figures showing the EPR and para-
magnetic'tH NMR spectra of WT, GIn95Met, and Lys96Arg
UMC. This material is available free of charge via the
Internet at http://pubs.acs.org. 22
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