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Abstract: Bacterial copper-containing nitrite reductase catalyzes the reduction of nitrite to nitric oxide as
part of the denitrification process. Pseudoazurin interacts with nitrite reductase in a transient fashion to
supply the necessary electrons. The redox-state dependence of complex formation between pseudoazurin
and nitrite reductase was studied by nuclear magnetic resonance spectroscopy and isothermal titration
calorimetry. Binding of pseudoazurin in the reduced state is characterized by the presence of two binding
modes, a slow and a fast exchange mode, with a K@ of 100 «M. In the oxidized state of pseudoazurin,
binding occurs in a single fast exchange mode with a similar affinity. Metal-substituted proteins have been
used to show that the mode of binding of pseudoazurin is independent of the metal charge of nitrite
reductase. Contrary to what was found for other cupredoxins, protonation of the exposed His ligand to the
copper of pseudoazurin, His81, does not appear to be involved directly in the dual binding mode of the
reduced form. A model assuming the presence of a minor form of pseudoazurin is proposed to explain the
behavior of the complex in the reduced state.

Introduction thylamine dehydrogenase, leading to the conversion of methy-
lamine into formaldehyde. The oxidized form of amicyanin
binds more strongly, resulting in a reduction of its midpoint
potential upon complex formaticHt: It has been argued that
this enables electron transfer to another electron-transfer protein,

Many enzymes involved in the catalysis of redox reactions
interact with small electron-transfer proteins to receive or donate
electrons. Turnover rates of such enzymes are commonly on
the order of several 100’s’§ which puts a lower limit on the e
dissociation rate constant for the protejmotein complex. Thus, ~ cytochromec-551i, in a ternary complekalthough the role of
complexes of redox enzymes and their electron-transfer partnerdlis cytochrome in the electron-transfer chain in vivo has been
are inherently transient and generally exhibit weak binding. In duestioned. Similarly, in the complex of rusticyanin and
some well-studied cases, it has been shown that the enzymecytOChromEC‘h the former exhibits a drop in the midpoint
binds the oxidized and the reduced states of the electron-transfePotential by about 100 mV, compared to that of the free
protein with different affinities, thus distinguishing the substrate protein®’
and product states of the partner protein. This is remarkable, Thus, it appears that redox enzymes are able to tune
because the structures of electron-transfer proteins change littlenteractions with electron-transfer proteins according to the
upon oxidation/reduction, thereby limiting the reorganization specific requirements of the reaction.
energy of the electron-transfer reaction.

Plastocyanin, the small copper-containing protein involved
in many photosynthetic organisms in electron transfer between
cytochromebg f and photosystem |, has been reported to bind
photosystem | with an affinity that is 6-fold higher in the reduced - -
form, thus enhancing the dissociation of the oxidized, product &) $1ay. K. A Davidson, V. L.; Knaff, D. BJ. Biol. Chem.1988 263
state of plastocyanin at the cost of a decrease in the driving (4) Zhu, Z; Cunane, L. M.; Chen, Z,; Durley, R. C. E.; Mathews, F. S.;

. . . Davidson, V. L.Biochemistry1998 37, 17128-17136.
force!? Amicyanin receives electrons from the enzyme me- (s) van spanning, R. J. M.;Wa)n,lsellg,ic. W.; Reijnders, W. N. M.; Harms, N.;

Ras, J.; Oltmann, L. F.; Stouthamer, A. H.Bacteriol.1991, 173 6962-

Nitrite reductase (NiR) fromAlcaligenes faecalisS-6
catalyzes the conversion of nitrite into nitric oxide as part of
the denitrification pathwa§1° The enzyme is trimeric and

P N 6970.
5 Lelden University. (6) Giudici-Orticoni, M. T.; Guerlesquin, F.; Bruschi, M.; Nitschke, WBiol.
University College London. Chem.1999 274 30365-30369.
T Present address: Department of Human Genetics, Leiden University (7) Abergel, C.; Nitschke, W.; Malarte, G.; Bruschi, M.; Claverie, J. M.;
Medical Center, Einthovenweg 20, 2333 ZC Leiden, The Netherlands. Giudici-Orticoni, M. T. Structure2003 11, 547—555.
(1) Drepper, F.; Hippler, M.; Nitschke, W.; Haehnel, Biochemistry1996 (8) Kakutani, T.; Watanabe, H.; Arima, K.; Beppu, J..Biochem1981 89,
35, 1282-1295. 453-461.
(2) Finazzi, G.; Sommer, F.; Hippler, NRroc. Natl. Acad. Sci. U.S.2005 (9) Zumft, W. G.Microbiol. Mol. Biol. Res. 1997, 61, 533-616.
102, 7031-7036. (10) Einsle, O.; Kroneck, P. M. HBiol. Chem.2004 385, 875-883.

226 = J. AM. CHEM. SOC. 2007, 129, 226—233 10.1021/ja0659830 CCC: $37.00 © 2007 American Chemical Society



Complex Formation between Pseudoazurin and NiR

ARTICLES

contains two coppers per subunit. The catalytic sitésrboring

a type 112 copper, are located at the interfaces of two subunits,
buried in the protein interio¥®14 The single electron required
for the reaction is donated by the electron-transfer protein
pseudoazurin (PAZ%>18 The electron enters NiR at the second
copper site, which is in a type | configuration. From there, the

pEPsaZz? A 10-mL 2xYT/kanamycin (100 mg/L) preculture, incubated
at 30°C and 250 rpm for 6 h, was used to inoceldt L of 2xYT.
Cultures were incubated under the same conditions te3D1.0, at
which point expression was induced by addition of 0.5 mM isopropyl
p-p-galactopyranoside and the temperature was reduced©.25ter

10 h, cultures were harvested by centrifugatih-labeled PAZ was

electron is transferred to the active site via a short covalent Produced as describ4PAZ was purified according to the published

electron-transfer pathwa§19-22 While the catalytic process has
been studied in detail (refs 227 and references therein), less

is known about the structural and dynamic aspects of the

interaction with PAZ. Kinetic studies have demonstrated that

procedure® The final 277/595 absorbance ratio of PAZ was 1.9,
indicating a purity>95%2%34with a yield of ~1000 and 30 mg/L of
culture for unlabeled antPN-labeled PAZ, respectively.

The mutation H81A was introduced by following a procedure based

electrostatic interactions between the positive patch on PAZ andon Stratagene’s ExSite PCR-based site-directed mutagenesis kit using

negative residues on NiR contribute to the affinity of bind-
ing.282°Recently, we characterized the binding interface for NiR

pEPsaz as the template. Medium-level expression yielding soluble
protein was observed in both rich and minimal medium using the same

on PAZ using nuclear magnetic resonance (NMR) spectroscopy,Procedure described for the wild type (wt). The protein was produced

for both the reduced and the Zn-substituted forms of PR32,

like wt PAZ. After the bacterial cells were opened using a French press

The latter was used as a substitute for the cupric state, whichcell, followed by ultracentrifugation, the protein was found in the pellet.

exhibits large line broadening in the NMR spectra. It was found

The pellet was dissolved in a solutiof®M guanidiumHCI, 1 mM

that, in both cases, the interaction surface is well-defined and dithiothreitol, and 20 mM sodium phosphate, pH 7, and after ultra-

located around the exposed copper ligand His-81, involving botl
polar and hydrophobic residues. On the basis of docking
simulations, a model of the complex of NiR and PAZ was
proposed.

Here, we report on the dynamic aspects of the complex. It is

found that the binding of PAZ to NiR depends in a surprising

h centrifugation, the supernatant was dialyzed under anaerobic conditions

against firs 1 M urea in the same buffer and then only buffer. The
refolded apoprotein was purified like wt PAZ. Upon addition of Cu-
(1) ions, the [°N,*H] HSQC spectrum of*N-labeled apo-PAZ H81A
showed clear changes, indicating the uptake of Cu. No color change
was observed, suggesting that the copper is reduced upon incorporation,
similar to what has been found for other blue copper proteins in which

way on the redox state of the former. The reduced form binds he exposed His ligand has been mutated (Prof. Gerard Canters, personal

NiR in two modes, one exhibiting slow and the other fast

exchange behavior. For the oxidized form, only fast-exchange

complex formation is observed.

Experimental Section

PAZ Production and Purification. Unlabeled PAZ was produced
in Escherichia colistrain BL21 (DE3), transformed with the plasmid

(11) Libby, E.; Averill, B. A. Biochem. Biophys. Res. Commui992 187,
1529-1535.

(12) Adman, E. TAdv. Protein Chem1991, 42, 145-197.

(13) Godden, J. W.; Turley, S.; Teller, D. C.; Adman, E. T.; Liu, M. Y.; Payne,
W. J.; LeGall, J.Sciencel991, 253 438-442.

(14) Kukimoto, M.; Nishiyama, M.; Murphy, M. E. P.; Turley, S.; Adman, E.
T.; Horinouchi, S.; Beppu, TBiochemistry1994 33, 5246-5252.

(15) Ambler, R. P.; Tobari, Biochem. J1985 232 451-457.

(16) Petratos, K.; Banner, D. W.; Beppu, T.; Wilson, K. S.; Tsernoglou, D.
FEBS Lett.1987 218 209-214.

(17) Thompson, G. S.; Leung, Y. C.; Ferguson, S. J.; Radford, S. E.; Redfield,
C. Protein Sci.200Q 9, 846-858.

(18) Murphy, L. M.; Dodd, F. E.; Yousafzai, F. K.; Eady, R. R.; Hasnain, S. S.
J. Mol. Biol. 2002 315, 859-871.

(19) Suzuki, S.; Deligeer; Yamaguchi, K.; Kataoka, K.; Kobayashi, K.; Tagawa,
S.; Kohzuma, T.; Shidara, S.; Iwasaki, #.Biol. Inorg. Chem1997, 2,
265-274.

(20) Suzuki, S.; Kohzuma, T.; Deligeer; Yamaguchi, K.; Nakamura, N.; Shidara,
S.; Kobayashi, K.; Tagawa, 3. Am. Chem. So4994 116, 11145-11146.

(21) Suzuki, S.; Furusawa, H.; Kataoka, K.; Yamaguchi, K.; Kobayashi, K.;
Tagawa, SInorg. React. Mech. (Amsterdar2d0Q 2, 129-135.

(22) Wherland, S.; Farver, O.; Pechthemphyscherf005 6, 805-812.

(23) Wijma, H. J.; Canters, G. W.; de Vries, S.; Verbeet, MBRichemistry
2004 43, 10467-10474.

(24) Wijma, H. J.; Jeuken, L. J. C.; Verbeet, M. P.; Armstrong, F. A.; Canters,
G. W. J. Biol. Chem2006 281, 16340-16346.

(25) Tocheva, E. |.; Rosell, F. I.; Mauk, A. G.; Murphy, M. E.$tience2004
304, 867-870.

(26) Pinho, D.; Besson, S.; Brondino, C. D.; de Castro, B.; Mour&ut. J.
Biochem.2004 271, 2361-2369.

(27) Antonyuk, S. V.; Strange, R. W.; Sawers, G.; Eady, R. R.; Hasnain, S. S.
Proc. Natl. Acad. Sci. U.S./£2005 102 1204112046.

(28) Kukimoto, M.; Nishiyama, M.; Tanokura, M.; Adman, E. T.; Horinouchi,
S.J. Biol. Chem.1996 271, 13680-13683.

(29) Kukimoto, M.; Nishiyama, M.; Ohnuki, T.; Turley, S.; Adman, E. T.;
Horinouchi, S.; Beppu, TProtein Eng.1995 8, 153-158.

(30) Impagliazzo, A.; Ubbink, MJ. Am. Chem. So@004 126, 5658-5659.

(31) Impagliazzo, A.; Krippahl, L.; Ubbink, MChemBioCher2005 6, 1648~
1653.

communication).

NiR Production and Purification. The expression vector for the
A. faecalisNiR gené® was kindly provided by Dr. M. J. Boulanger
and Prof. M. E. P. Murphy. It contains a kanamycin resistance gene
and allows for expression of recombinant genes under the control of
the T7 promoter. The construct codes for a C-terminal His tag,
introduced to facilitate purification. For the protein interaction studies,
this His tag was considered as a possible source of interference.
Therefore, the His tag was removed by introducing a stop codon before
the His tag sequence by site-directed mutagenesis, yielding pET28b-
NiRwt. NiR Cu—Cu was produced irE. coli strain BL21 (DE3),
transformed with the plasmid pET28b-NiRwt following the procedure
for unlabeled PAZ described above. The purification protocol has been
described elsewhefé The 280/468 absorbance ratio of purified NiR
was 16, in line with the literature valeand the yield was 150 mg/L
of culture.

Depletion of the Type 2 Copper and Metal Substitution.NiR
Cu—T2D was obtained following the published procedtfr€opper
depletion was checked by EPR. Substitution of copper by cobalt for
both the type 1 and the type 2 sites in NiR was achieved as deséfibed.
The preparation of PAZ Zn Il has been reported elsewfiere.

NMR Samples.NMR samples contained 20 mM potassium phos-
phate buffer, pH 6.5, unless stated otherwise. Samples for direct
titrations (NiR titrated into PAZ) contained 0.2 m¥N-PAZ to which
aliquots of a 1.3 mM NiR (trimer concentration) solution were added.

(32) Prudecio, M.; Rohovec, J.; Peters, J. A.; Tocheva, E.; Boulanger, M. J.;
Murphy, M. E. P.; Hupkes, H. J.; Kosters, W.; Impagliazzo, A.; Ubbink,
M. Chem. Eur. J2004 10, 3252-3260.

(33) Impagliazzo, A.; Ubbink, MJ. Biomol. NMR2004 29, 541-542.

(34) Kakutani, T.; Watanabe, H.; Arima, K.; Beppu, J..Biochem1981, 89,
463—-472.

(35) Boulanger, M. J.; Kukimoto, M.; Nishiyama, M.; Horinouchi, S.; Murphy,
M. E. P.J. Biol. Chem200Q 275, 23957-23964.

(36) Suzuki, S.; Deligeer; Yamaguchi, K.; Kataoka, K.; Shidara, S.; Iwasaki,

H.; Sakurai, T.Inorg. Chim. Actal998 276, 289-294.
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For the inverse titration (PAZ titrated into NiR), samples contained
0.13 mM NiR, to which aliquots of a 3.9 mMN-PAZ solution were
added. Protein concentrations were determined optically usiag-

2.9 mMt cmt for PAZ Cu 11,3 €277 = 5.7 mMt cm™ for PAZ Zn

Il, esgo = 2.9 mM~ cm™* per subunit for NiR Cu H-Cu 1,2 andezgo

= 44.5 mM* cm! per subunit for NiR Co H-Co II, assuming that,

at that wavelength, NiR Cu+HCu Il and NiR Co I-Co Il have the
same extinction coefficient. NMR samples in the reduced form

_1 NOPO _ _ app
=5l R R DK

No Po aon)? POZRi No2

The experimental data were fitted with eq 6, udirgndR as dependent

contained 1.0 mM sodium ascorbate and were prepared in an anaerobi@nd independent variables, respectively, anh, and KPP as fitted

vial. Al NMR samples contained 610% D,O for lock, and the

parameters.

solutions were degassed by blowing argon over the surface. For each pH Titration Curves. Titration curves of the chemical shifd) as
titration, samples of PAZ and NiR were set at the same pH, and the a function of the pH were fitted to eq 7,

pH was checked again at the end of the titration.
For the pH titration of free PAZ Cu,la 1 mM solution of 15N-

labeled protein was used. The pH was adjusted by adding microliter
aliquots of 1 M NaOH and 1 M HCI, and spectra were recorded over

the range of pH 4.68.1. Inverse titrations of PAZ and NiR at pH 5.5

and 8.0 were performed as described above. The chemical shift

perturbations arising from complex formation between PAZ and NiR
were determined with respect to free PAZ at the same pH.
NMR Experiments. All NMR experiments were performed at 14.1

T on a Bruker DMX600 spectrometer operating at 293 K and equipped

with a TXI-Z-GRAD (*H, *3C, and **N) probe. All spectra were
processed in AZARA (available from http://www.bio.cam.ac.uk/azara/)
and analyzed with Ansig-for-Windows Assignments of thé’N-PAZ
Cu ¥ and >N-PAZ Zn Il HSQC spectr& were taken from the
literature.

Binding Curves. Binding curves were obtained by plotting the signal

5= (Ko +H18)

(7
Ko+ [H']
where oy and o, are the chemical shifts at high and low pH,
respectively.
For resonances that were sensitive to more than one titrating group,
the titration curves were fitted to a twd<p model,

6=mﬂ%wmﬁmmM+&%@m -
(KaKaz + [H Koy + [HTT9)

whereody is the chemical shift at intermediate pH aligh andKa. are
the protonation constants at low and high pH, respectively. Fits were
obtained by nonlinear curve-fitting with [Hland 6 as the independent

intensities of PAZ resonances in a reverse titration against the molar and dependent variables, respectively, &adom, O, Ka Ka, andKaz

ratio of PAZ and NiR (subunit concentration). Data were fitted to a
1:1 binding model using Origin 6.0 (OriginLab Corp., Northampton,
MA), assuming that only free PAZ contributes to the intensity. The
equation used for the nonlinear fitting was
I=aP+b 1)

wherel is the intensity of the PAZ signaa, (in units of M™?) represents
the intensity coefficient of the observed nuclebiss a dimensionless
correction term for baseline offset, aRdis the free PAZ concentration,
with

Pi=(Pg —X) ()
wherePy, the total PAZ concentration at titration stggs related to
the concentration of the stock solution of PAPg), the initial

concentration of NiRNo), and the molar rati®& of the total PAZ and
NiR (No') concentrations at stap(R = Pg/No):

. N, P,
e ©
Ny R + Py
Similarly, N¢' is given by
. N, P,
i NoFo
No =R+ P, “)

In eq 2,x is the concentration of the complex of pseudoazurin and
NiR, which can be obtained by

1 %
K& (Pg = %)(Ng — X)

®)

Substitution yields

(37) Helgstrand, M.; Kraulis, P.; Allard, P.; Hard, J..Biomol. NMR200Q 18,
329-336.
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as the fitted parameters.

Isothermal Titration Calorimetry. All calorimetric experiments
were performed with an VP titration calorimeter (MicroCal Inc., Milton
Keynes, U.K.) at 25C. Solutions of PAZ Cu Il and NiR Cu#Cu Il
were dialyzed against 20 mM potassium phosphate buffer at pH 6.5
overnight in the same vessel to minimize differences in buffer
composition. All solutions were degassed by stirring under vacuum
before use. The reaction cell contained 0.17 mM NiR CuQu Il
(trimer concentration). The injection syringe was filled with 3.2 mM
PAZ Cu Il and was rotated at 300 rpm during equilibration and
experiment. Injections were started after equilibration to baseline
stability. The experiment consisted of 17 injections ofid5volumes,
and the time between injections was 460 s. Titration data were corrected
for the heat changes observed in control experiments of buffer into
buffer and PAZ into buffer under the same experimental conditions.
Baseline correction and integration of the peaks was performed
manually, and the data were fitted using Origin 6.0 with a user-defined
equation for a one-binding-site model.

Results

The Complex of Reduced PAZ and NiR.To characterize
the binding between PAZ and NiR in the reduced form, two
types experiments were performed: direct and inverse titrations.
The direct titration has been performed by recorditityl ['H]
HSQC spectra of*N-PAZ Cu | after addition of microliter
aliquots of reduced NiR from which the type Il copper had been
removed (NiR Cu+T2D). Removal of the type Il copper makes
the protein much less prone to reoxidation. Changes in signal
intensities, line widths, and chemical shifts were followed in
order to determine the binding properties between PAZ Cu |
and NiR Cu FT2D. Upon addition of NiR Cu+T2D up to
0.9 mol equiv of subunit, theé®>N-PAZ Cu | resonances
decreased in intensity (Figure 1) and exhibited a small increase
in line width in the proton dimension-5 Hz). It can be assumed
that the resonances of PAZ bound to the 111 kDa NiR trimer
are broadened beyond detection due to transverse relaxation.
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Thr 32 ("N-PAZ Cu ) Ser 95 (“N-PAZ) {}
0% NiR it

8.70 8.60 8.50 840  8.30 ppm
Figure 3. Cross section through tH&iN resonance of Ser95 8fN-PAZ
90% NiR Cu |, in the absence of NiR (solid line, 22 Hz), and at PAZ/NiR (subunit)
ratios of 0.4 (dotted line, 41 Hz) and 1.75 (dashed line, 37 Hz). Peak heights
r : , . . . . have been normalized.
9.30 9.20 9.10 9.00 8.90 8.80 ppm

Figure 1. Cross sections through tREIN resonance of Thr32 of PAZ Cu
| upon titration with NiR Cu +T2D. Each spectrum is shifted by0.035
ppm for clarity.
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Figure 2. Binding curves for the interaction dfN-PAZ Cu | with NiR
Cu |-T2D in an inverse titration. The intensities of several PAZ amide
resonances (arbitrary units, A.U.) are plotted against the PAZ/NiR (subunit)
ratio. Solid lines represent a global fit to a model describing one PAZ
binding site per NiR Cu+T2D subunit (eq 6), yieldinds?"" = (1.0 +
0.1) x 1074 M. The dashed line represents a simulation of the intensity for
Ser95 in the absence of binding, using the saraadb values as obtained
by fitting.

(dashed line) represents intensity loss due to binding to NiR.
Global fitting to eq 6 yields &P of (1.0 £+ 0.1) x 1074 M.
In the inverse titration, the decrease in line width between the
signals at PAZ/NIR ratios of 0.4 and 1.75+% Hz, like in the
direct titration, but when the same signal is compared with the
signal of the free form of PAZ, the increase is more significant,
~20 Hz (Figure 3). Moreover, the peaks that were shifting
during direct titration showed the same chemical shift perturba-
tions in the inverse titration. The direct titration was repeated
under rigorously anaerobic conditions with NiR containing both
type | and type Il coppers (NiR Cu-ICu I). The spectra showed
the same behavior as with NiR CtT2D, indicating that the
depletion of Cu in the type Il site does not affect the binding
between the two proteins. To establish the effect of the NiR
metal charge state on the binding, a direct titratioA®NEPAZ
Cu | into a solution of NiR with its coppers replaced by Co Il
(mimicking NiR Cu II-Cu Il) was performed. The effects on
the [5N,H] HSQC spectra of PAZ Cu | upon addition of NiR
Co 1I-Co Il were the same as described for the complex
between PAZ Cu | and NiR Cu-T2D, indicating that the
charge state on the NiR metals does not influence the binding
modes of PAZ.

It can be concluded that reduced PAZ in the complex with
NiR experiences two binding modes: a slow-exchange mode,
characterized by intensity loss without large line broadening,

Thus, the observations suggest that binding occurs with modestand a fast-exchange mode, characterized by chemical shift
affinity and that binding and dissociation are slow on the NMR perturbations. The fact that the shifts are small and accompanied
time scale. On the other hand, small chemical shift perturbationsby a limited line-width increase suggests that the dissociation
were observed, suggesting a fast-exchange regime for binding.constant of this process is larger than the protein concentration
In several independent experiments, the same shifts wereused in the NMR experimenKf > 0.3 mM). The presence of

observed, and these could be shown not to be caused by pHonly one mode cannot explain the complexity of the phenomena
effects or temperature changes. Furthermore, they all map inobserved. A slow-exchange mode cannot account for the

an area around the proposed electron-transfer port, RisBie
largest shift was observed for Lys109 in fivedimension, 0.078
ppm, and for Met84 in thé®N dimension, 0.27 ppm at 0.9 mol
equiv of NiR subunits. For a further confirmation of these
observations, an inverse titration was performed: 0.13 mM NiR
Cu |I-T2D (trimer concentration) was titrated wiffiN-PAZ

presence of the chemical shift perturbations. On the other hand,
a fast-exchange mode witty > 0.3 mM cannot be the cause

of the combination of weak signals (significant binding) and
only limited line-width increase. The fact that the chemical shift
perturbations are confined to a specific region on the PAZ
surface surrounding the exposed copper ligand His81 supports

Cu I. Resonances of many PAZ residues became just observabl¢he view that these perturbations represent the binding process.

at 0.4 mol equiv of5N-PAZ Cu | to NiR subunits, correspond-
ing to a concentration of 0.16 mM PAZ. Free PAZ is easily

The Complex of Oxidized PAZ and NiR.15N-PAZ Cu Il
was titrated with NiR Cu H-Cu Il and NiR Cu I-T2D.

observable at a concentration of 0.1 mM under the same Although the presence of the paramagnetic Cu I154-PAZ

conditions. It is concluded that PAZ binds to NiR, but with
modest affinity. In the case of tight binding, free PAZ would
be observable only at molar ratiosl.

The curves of signal intensity versus molar ratio of PAZ/

precludes the observation of resonances from residues close to
the metal site off®N-PAZ, it was possible to detect general
changes in the spectral features of the other resonances:
increases of~20 Hz in the line width in the proton dimension

NiR have been plotted for several residues in Figure 2. The of the amide signals of®™N-PAZ Cu Il were observed upon

deviation from the line predicted for the absence of binding

interaction with 0.23 mol equiv of NiR CuCu subunits. Upon

J. AM. CHEM. SOC. = VOL. 129, NO. 1, 2007 229
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Ser 95 ("N-PAZ Zn1l) %

865 860 855 850 845 “ppm
Figure 4. Cross sections through tAeN resonance of Ser95 &iN-PAZ
Zn 1l of free protein (solid) and with 0.23 mol equiv of NiR Cu-T2D
subunits (dotted). The line width at half-height is 22 and 41 Hz, respectively.
Peak heights have been normalized.

Asn 26 ("N-PAZ)  0%NR

;i;/: é ; C23%N[R

920 915 9.10 9.05 9.00 895 890

Figure 5. Cross sections through tAEN resonance of Asn26 dfN-PAZ
Zn 1l upon titration with NiR Cu +T2D. Each spectrum is shifted by
—0.030 ppm for clarity.

8.85 ppm

addition of 0.3 mol equiv of NiR CuCu subunits, PAZ
resonances were no longer detectable due to line broadening
The same was observed in a titration&f-PAZ Cu Il with
cobalt-substituted NiR (NiR Co HCo Il). When the copper
atom of 15N-PAZ was replaced by Zn Il to create a redox-
inactive and diamagnetic protein with the same charge as the
copper in the oxidized form, the behavior of the residues around
the metal center could be followe¥N-PAZ Zn Il was titrated

with NiR Cu—Cu and NiR Cu-T2D in either the reduced or
the oxidized state. Similar increases in the line width were
observed upon interaction with NiR €02D (Figure 4). At a
ratio of 0.3, PAZ resonances were not longer detectable due to
line broadening (Figure 5), with both reduced and oxidized NiR
Cu—T2D.

During direct titration oft®N-PAZ Zn Il with NiR Cu—Cu
and NiR Cu-T2D, a number of peaks showed chemical shift
perturbations. At 0.23 mol equiv of NiR subunits, the largest
shift was observed in th#H dimension for Lys109, 0.11 ppm,
and in the!>N dimension for Met 84, 0.24 ppm, similar to the
titration with PAZ Cu | at much higher NiR/PAZ ratios.

Both the rapid line-width increase and the chemical shift
perturbations observed for PAZ Cu Il and PAZ Zn Il are
characteristics of a fast-exchange regime on the NMR time scale
(kott > 300 s9).

Isothermal Titration Calorimetry. Binding affinities be-
tween PAZ and NiR, both in the oxidized state, were determined
using isothermal titration calorimetry. The results were typical
for weak complex formation and could be fitted using a single-
site binding model (Figure 6). Titration of PAZ Cu Il into NiR
Cu lI=Cu Il yielded Kq = (1.6 & 0.2) x 104 M with a
stoichiometry of PAZ and NiR (subunit) of 048 0.1, while
the titration of PAZ Cu Il into NiR Cu H-T2D produceKy =

230 J. AM. CHEM. SOC. = VOL. 129, NO. 1, 2007

Time (min)

10 20 30 40 50 60 70 80 90 100 110
L B e o e e e e e B LA B e e

0

pcal/sec

o

2.5+

2.0+

kcal/mole of injectant

0.5+

0.0 LI DL DL B B B |
0 15 20 25 30 35 40

Molar Ratio
Figure 6. Isothermal titration calorimetric profile of the association of PAZ
Cu Il with NiR Cu lI-Cu Il at pH 6.5 and 25C in 20 mM sodium
phosphate buffer. The top panel shows the uncorrected incremental heat
liberation upon titration of 3.2 mM PAZ into 0.17 mM NIR (trimer
concentration). The bottom panel shows the integrated areas plotted against
the molar ratio of PAZ/NIR subunits. The solid line represents a fit to a
single-site binding model, yieldingq = (1.6 + 0.2) x 104 M and a
stoichiometry of 0.8+ 0.1.
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00 05 1

(1.1 £ 0.1) x 10* M with a stoichiometry of 1.1+ 0.1.
Titration of the reduced proteins (PAZ Cu | and NiR Ctili2D)
required the presence of ascorbate in all solutions. Reactions
of ascorbate with small quantities of dioxygen upon mixing
resulted in irreproducible results, and reliable binding data could
not be obtained.

pH Dependence of PAZ Binding to NiR.In various protein
complexes involving cupredoxin proteins, it has been shown
that protonation of His residues can affect the reactivity. To
study a possible role of His protonation in the redox-state-
dependent binding of PAZ to NiR binding, the pH behavior of
free PAZ Cu | and the PAZ-NIiR complex was analyzed.
Titrations of reduced PAZ were monitored usifgN,*H] HSQC
spectra. By fitting the chemical shift perturbations of several
residues (Figure 7A), thelq of the surface-exposed His6 was
determined to be 7.2 0.1, similar to that reported for another
pseudoazurif® Figure 7B shows that a large number of residues
surrounding His6 are sensitive to its protonation state. e p
of His81, the exposed Cu ligand, was established to bet4.8
0.1 (Figure 7C), similar to that of pseudoazurin fréxhro-
mobacter cycloclaste¥ Again, many residues around His81

(38) Sato, K.; Dennison, Biochemistry2002 41, 120-130.
(39) Dennison, C.; Kohzuma, T.; McFarlane, W.; Suzuki, S.; Sykes, A@sg.
Chem.1994 33, 3299-3305.
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Figure 7. pH ftitration of free PAZ Cu |. Chemical shift changesd) relative to thed at pH 8.1 are plotted as a function of the proton concentration for
representative residues titration with thi€;mf His6 (A) and His81 (C). Solid lines represent global fits to eq 7 or 8. Surface representation of PAZ facing
His6 (B) and His81 (D). In panel B, residues affected by His6 protonation are depicted in gray while His6 is in black. In panel D, residues affected by low
pH are depicted in gray while His81 and acidic residues are in black.

experience resonance perturbations due to the protonationDiscussion
(Figure 7D). Table S1 (Supporting Information) list€4s for

all perturbed residues. Different Binding Modes for PAZ Cu | and PAZ Cu I/

Zn ll. The binding of PAZ to NiR with both partners in different
Inverse titrations of*N-PAZ Cu I with NiR Cu =T2D were oxidation states has been studied by NMR spectroscopy. Direct
performed at pH 5.5 and 8.0. At the lower pH, NiR was unstable, and inverse titration experiments of PAZ Cu | with NiR Cu
leading to precipitation, which excluded a quantitative analysis. |—Cu | or NiR Cu -T2D reveal two exchange modes occurring
Still, it was evident that both chemical shift perturbations and simultaneously: a slow-exchange mode evidenced by the
intensity decrease without large line broadening occurred. This decrease of signal intensities without extensive line broadening,
indicates that there is no qualitative change in the binding and a fast-exchange mode represented by chemical shift
behavior of reduced PAZ. At pH 8, the intensity effects due to perturbations of amide resonances located in a specific area on
complex formation were very small, while chemical shift the PAZ surface. The pH titration of free PAZ eliminates the
perturbations of residues Lys109, His81, His40, Met84, Val17, possibility that the perturbations can be attributed to small
Arg114, and Lys10 were observed (results not shown). Those changes in pH, because the shift patterns with pH are entirely
residues also exhibited perturbations in the experiment per- different. Furthermore, the perturbations are consistently found
formed at pH 6.5. It was estimated that the binding affinity of for the same residues, mapping all in the hydrophobic patch of
PAZ Cu | for NiR at pH 8 was at least 6-fold weaker than that PAZ>* The perturbations were largest at the higher ratios of
at pH 6.5. At pH 8, it is not possible to distinguish the two NiR/PAZ but decreased only little with decreasing ratios.

binding modes observed at pH 6.5 from a single, weak, fast- tShimiIarIy, line brf'o’zjlqlsnin%.ﬁaz observe((jj forl PAZ Cg Iltljue tt%
exchange mode. e presence of NiR, which decreased only marginally wi

increasing PAZ concentrations in the inverse titration. These
Finally, site-directed mutagenesis was performed to produce gpservations suggest that PAZ interacts with NiR in a fast-

the PAZ variant H81A. A direct titration of the reduced form  exchange mode, with very weak affinity. FoKathat is similar

of this variant with NiR Cu +Cu | indicated a 3-fold decrease to or larger than the highest PAZ and NiR concentrations, only

in the affinity, but no qualitative change in the dual binding small changes in chemical shift perturbations and line broaden-

mode behavior of reduced PAZ was observed (results noting are expected in the inverse and direct titrations. Similar

shown). behavior is observed when PAZ Cu | is titrated with NiR Co
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II—Co Il, indicating that the metal charge on NiR does not affect Scheme 1. Model for the Interaction between PAZ Cu | and NiR

the mode of binding to PAZ. Involving Two Binding Modes

A different binding behavior is observed when the direct PAZ Cul + NiR :'i»i PAZ* Cu | + NiR
titration is performed witd°N-PAZ Cu Il /Zn Il and NiR Cu- a
Cu or NiR Cu-T2D, in either the oxidized or the reduced form. ot ﬂ b g u st
Already at an NiR/PAZ ratio of 0.3'"N-PAZ Zn Il amide c
signals are no longer detectable due to line broadening. The PAZCul-NR =% PAZ*Cul-NR

slow

difference in line widths of the signal between free PAZ and

its bound form at a ratio of 0.23 was20 Hz, which is similar  pqervations, the model in Scheme 1 is proposed. PAZ and
to that of_ the reduced form at a ratio of 1.7. Chgmlcal shift baz+ arein equilibrium (a), PAZ is assumed to be the dominant
perturbations are observed for resonances of residues locate%onformation and the conversion is slow on the NMR time scale
on the same surface area around the metal center as in th?kexs 100 s°2). Furthermore, PAZ* binds NiR with high affinity
redupepl form. These results sugggst that PAZ Zn 1l/Cu Il binds (d), while PAZ does so with low affinity (b). Equilibrium (c) is
toNiR ina fa'st-.exchapge mode withkq on the qrder O.f 1o also slow and shifted to the right relative to (a), to match the
m:éeisss'nzh;ﬁ:r?::rg re(; %ﬁ;?é;ileiﬁzsgggaénﬁdtxf (I:;ge of equilibrium ratio of (d) and (b). In this scheme, slow-exchange
binding of PAZ (the observed form of PAZ) occurs via (a) and

PAZ Cu ll/ Zn 11, . .
Redox-state-dependent binding, as described here for PAZ(d) or (b) arld (c), because conversion ff°m PAZ 10 F.)AZ (free
or bound) is slow. Fast-exchange binding occurs via (b). The

and NiR, has been observed before for other transient complexesK 2n determined from the inverse titration is (19 0.1)
. . N i . d .
involving blue copper proteins through different techniques. In 10-4 M. This value is based on the decrease of the intensity

the work of Zhu et al., the molecular basis for the effect of due to the binding, assuming that bound PAZ does not contribute

comple fomation of amicyanin it 5 pariner MEMYIAMING 1 vty of the HSQC signal. Modelng with PAZIPAZ"
. > 10, PAZ-NIR/PAZ*-NiR ~ 0.25,K@ ~ 10 uM, and K

copper ligand in reduced amicyaffirhas been shown to be > 0.4 mM yields fractions of PAZ and PAZ-NIR (equilibrium

ible for the pH d d f its midpoint potential.
responsibie Jor the pri dependence of s mipoin porentia (b)) that match those expected from the chemical shift perturba-

However, when amicyanin is in complex with MADH, its . .
¥ P tions of the fast-exchange mode observed at several different

potential is not pH dependent. By comparing the crystal : ) s apD—
structures of free and bound amicyanin, it was observed that ,PAZ/ NIR rat|os. These values also y',d{d = 100uM. Thus, .
it is possible to reproduce all experimental observations with

the conformational change of His95, responsible for the ! g ) o
described phenomena, would be sterically hindered in the e model in Scheme 1 assuming a high PAZ/PAZ* ratio.

complex. Consequently, His95 is prevented from dissociating ~ The binding of the oxidized PAZ can be described with a
from the copper upon reduction, maintaining the potential single binding mode in fast exchange, similar to (b), witKsa
suitable for the electron transfer to occur. of about 100uM. Interestingly, thisKy and theKq2PP for the

The binding of plastocyanin to photosystem | has been reduced state are similar, suggesting that both redox states bind
analyzed by the technique of perturbed angular correlation of with similar effective affinities.
y rays to establish the importance of the charge on the metal in  Nature of the Conversion between PAZ and PAZ*.The
the copper sité! In line with previous work, the dissociation  data suggest that reduced pseudoazurin exists in two slowly
constant was shown to be dependent on the charge of the metaéxchanging forms, while the oxidized form does not. This
ion of plastocyanin. By comparing the structures of Cd and Ag implies that the difference between the two forms in PAZ Cu
plastocyanin and their complex with photosystem |, it was | is related to differences between reduced and oxidized
suggested that the metal site structure, involving the His87 metalpseudoazurin. Several of such differences have been reported.
ligand, is involved in regulating the dissociation constant of the |n pseudoazurin fromc. cycloclastesHis6 exhibits [, values
complex and, more specifically, that binding of Ag plastocyanin of 7.2 and 6.4 for the reduced and oxidized forms, respec-
to photosystem | stabilizes the Ag metal center structure. Itis tjyely 3839 This difference is too small to explain the presence
also important to note that the structural change of the metal of gifferent binding modes for the oxidized and reduced

center was not attributed to a protonation of the bf His87.  pseudoazurin at the experimental pH (6.5). Also, from our pH
From these studies, the conclusion arises that conformationaliiration, it is clear that His6 protonation is fast on the NMR

changes in the metal center due to the metal oxidation stateme scale, ruling it out as the explanation for the PAZ/PAZ*
can change the binding characteristics and, inversely, that.qnyversion.

complex formation can affect the metal center structure. Protonation of the exposed copper ligand is specific for the

Modeling of PAZ Cu | Binding Mode. The redox-state reduced form of blue copper proteins. His81 Af faecalis
dependence of the binding modes suggests that the reduced form pper p ) .

of PAZ exists in two forms, PAZ Cu | and PAZ* Cu I, while pseudoazurin exhibits aKp of 4.8, which means that, at pH

: : 0
the oxidized form, PAZ Cu I, exists only in one. In the HSQC 6.5, the deprotonated form is do-m|nant (98 /0.)' The prgtonated
. form could represent PAZ*. This would be in line with the
spectrum of PAZ, single resonances are observed for eaChobservation that binding is much weaker at pH 8, because at
amide, indicating that, in the case of two forms, either they exist . o : . . .
g y higher pH, equilibrium (a) in Scheme 1 shifts to the left, leading

in fast exchange or one is dominant. To explain all the . - .
to a decrease in the apparent binding constant. However, like

(40) Lommen, A.; Canters, G. W.; Van BeeumenEdr. J. Biochem1988 for His6, protonation of His81 is fast on the NMR time scale.
176, 213-223. ; ;

(41) Danielsen, E.; Scheller, H. V.; Bauer, R.; Hemmingsen, L.; Bjerrum, M. Furthermore, th_e replacem_ent_ of His81 with Ala leads t(_) a
J.; Hansson, OBiochemistry1999 38, 1153111540. general weakening of the binding but, contrary to expectation,
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does not abolish the two binding modes. Therefore, not all oxidized form can be described by a single, fast binding process.
observations support His81 protonation as the cause of the PAZ/The physiological relevance of this phenomenon remains to be
PAZ* equilibrium. established, but the strong pH dependence of the binding of
Other potential causes for the occurrence of two species of the reduced PAZ can result in differdtg values of the oxidized

PAZ are the possibility to form dimers, as found Raracoccus and reduced PAZ for NiR, shifting the midpoint potential of
pantotrophusPAZ }"#243and a transition at alkaline pt4.4> PAZ upon binding to NiR. The turnover number of 700 for
However, in those cases, it has been shown that the oxidizedyir at pH 6.34 puts a stringent lower limit on the association
form is involved in these equilibria. Dimer formation did not  anq dissociation rates of PAZ, which seems difficult to reconcile
occur in the reduced state, while it is not known whether the \,:ith 4 slow binding mode o100 s*. However, as discussed
PAZ Cu | exhibits an alkaline transition. Thus, these phenomena above, this could be related to a slow conversion the PAZ rather

fﬁ“ld n(t)t|e>t<plat|n ourfobs_g_rvagonz. Fl(;]allyc,j g:;mr;])anson gﬁc than to the binding process itself. Further structural and kinetic
te c;ys ? ds_frfuc ures o ,\slmt?lze dag r§5 uce | N O\t/VS'_S'.u 4oestudies on PAZ variants may help to establish the molecular
structural differences. Met7 and Pro35 move closer to His40 | ... <. ihe double binding modes.

upon reductior It could be possible that residues in this region
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