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Abstract: The shortest known type 1 copper binding loop (that of amicyanin, Ami) has been introduced
into three different cupredoxin S-barrel scaffolds. All of the loop-contraction variants possess copper centers
with authentic type 1 properties and are redox active. The Cu(ll) and Co(ll) sites experience only small
structural alterations upon loop contraction with the largest changes in the azurin variant (AzAmi), which
can be ascribed to the removal of a hydrogen bond to the coordinating thiolate sulfur of the Cys ligand. In
all cases, loop contraction leads to an increase in the pK; of the His ligand found on the loop in the reduced
proteins, and in the pseudoazurin (Paz) and plastocyanin (Pc) variants the values are almost identical to
that of Ami (~6.7). Thus, in Paz, Pc, and Ami, the length of this loop tunes the pK; of the His ligand. In the
AzAmi variant, the pKj is 5.5, which is considerably higher than the estimated value for Az (<2), and other
controlling factors, along with loop length, are involved. The reduction potentials of the loop-contraction
variants are all lower than those of the wild-type proteins by ~30—60 mV, and thus this property of a type
1 copper site is fine-tuned by the C-terminal loop. The electron self-exchange rate constant of Paz is
significantly diminished by the introduction of a shorter loop. However, in PcAmi only a 2-fold decrease is
observed and in AzAmi there is no effect, and thus in these two cupredoxins loop contraction does not
significantly influence electron-transfer reactivity. Loop contraction provides an active site environment in
all of the cupredoxins which is preferable for Cu(ll), whereas previous loop elongation experiments always
favored the cuprous site. Thus, the ligand-containing loop plays an important role in tuning the entatic
nature of a type 1 copper center.

Introduction used to modify the mononuclear type 1 copper %ité® and to
introduce a dinuclear Guecenter (naturally found in cytochrome
c oxidase and nitrous oxide reductase’® We recently dem-
onstrated that loop-contraction mutagenesis can also be carried
out in a cupredoxif?®

The cupredoxins used in this present study are azurin (Az),
pseudoazurin (Paz), plastocyanin (Pc), and amicyanin (Ami).
The overall folds of these proteins are made up gt€trands
which form into a Greek keys-barrel topology?®—27 The
structures of Paz, Pc, and Ami are all similar, but Paz has a 30

Engineering studies have been extensively used to determlne
the important features of proteins. In the case of metalloprotelns
a variety of approaches have identified the key attributes of their
active center$:13 Many metal sites in proteins are fabricated
from loop regions, and in some cases it is possible to model
these using the loop alore® but this is generally not possiblé.

The loop usually needs to be attached to a stable structure, and
with “loop-directed mutagenesis” it is possible to graft active
sites onto protein scaffoldsThe cupredoxins, a family of
electron transfer (ET) metalloproteins, possess a figidirrel
structure which is an ideal scaffold for protein engineering (i5)
studies, and loop-elongation mutagenesis has previously beel}16
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to 1.0 V) which are higher than that of the Cu(ll)/Cu(l) aqua
couple?9:30

The architecture of type 1 copper sites involves three of the
four canonical ligands being situated on a single loop which
links -strands 7 and 8. The shortest loop is found in Ami, and
previous loop-elongation mutagenesis experiments introduced
larger cupredoxin loops into this protéifr.1® Herein, we replace
the loops of Paz (we have previously reported an initial
characterization of this variafi}, Pc, and Az with the short
sequence from Ami (see Figure 1). Thus, the same sequence
has been introduced into three different cupredoxins and the
properties of these loop-contraction variants, along with those
of Ami, Paz, Pc, and Az, provide an intriguing insight into the
role of the ligand loop and thg-barrel scaffold in controlling

84 87 9 H .
C*SPH"QGAGM ™ the properties of type 1 copper sites.
Pe PazAmi, PcAmi, AzZAmi Materials and Methods

Loop-Contraction Mutagenesis.Loop-contraction mutagenesis was
carried out using the QuickChange (Stratagene) site-directed mutagen-
esis kit. The genes encoding Paz, Pc, and Az were sub-cloned from
pTrcsPAz [a pTrc99A (Pharmacia) derivative harboring the gene for
Achromobacter cycloclasté®az including the transit peptid&]pTrcPc
(a pTrc99A derivative harboring the gene for spinach Pc behind the

C'"TFPGH'""SALM"™ Pseudomonas aeruginoga transit peptide), and pTrcAz (a pTrc99A
Az derivative harboring the gene fd?seudomonas aeruginossz in-

Figure 1. The active site structures f cycloclastegpseudoazurin (Paz3, cluding the transit peptide), respectively, into pPGEM-T (Promega) and

spinach plastocyanin (P&)P. aeruginosazurin (Az)2324andP. versutus were used as templates for mutagenesis. The following primers were

amicyanirf® drawn with MOLSCRIPT8 The sequences of the C-terminal  used to bring about the mutations: gcgtaaagtgcacgccgcacccgttcatg-
active site loops are shown and indicate the loop-contraction mutations thatgtcggcgtcgttcagg (forward primer) and cctgaacgacgccgaccatgaacgggt-
have been made to Paz, Pc, and Az to produce PazAmi, PcAmi, and AZAMI, o cqqcqtgcactttacgce (reverse primer) for PazAmi [Paz loop-contraction
respectively. mutant in which the C-terminal loop is replaced with that of Ami],

. . . - ) cttacaagttctactgcacgccgcacccgttcatggtgggaaaagtaac  (forward)  and
residue C-terminal extension consisting of teehelices thaF gttactttt?:ccacce?tgaagcggggtgcgg%gtgc%%g%%acttg?aag Ereverseg for
pack onto the surface of thé-barrel. The structure of Az is  pcami (Pc loop-contraction mutant in which the C-terminal loop is
different with more residues within thebarrel structure mainly  replaced with that of Ami), and catgttcttctgcacccegeaceegticatgaaggg-
accommodated in the loops joining strands 3 and 4 and strandscaccctg (forward) and cagggtgcccttcatgaacgggtgcggggtgcagaagaacatg
4 and 5. The additional residues in the former loop contribute (reverse) for AzAmi (Az loop-contraction mutant in which the

to a more buried active site in Az, and the extension of the C-terminal loop is replaced with that of Ami). DNA sequencing was
loop linking strands 4 and 5 results incahelical flap which used to ver?fy the mutations in gll cases. pTrc99A de_rivatives harporing
sits on the surface of the barrel in a location analogous to the the PazAmi, PcAmi, and AzAmi genes (pTrcPazAmi, pTrcPcAmi, and
a-helical regions of Paz. Al of these proteins have type 1 copper P1/¢AZAMI, respectively) were used as expression vectors.

. . A e . : : Cell Growth and Initial Protein Isolation. Escherichia colBL21,
§|tes S_ltuated n Slm”a.r pqsmons within their cuprgdoxm folds TG1, and JIM101 were transformed with pTrcPazAmi, pTrcPcAmi, and
involving strong coordination of the metal by the thiolate sulfur

. . o pTrcAzAmi, respectively. Cells were grown (cultures were grown for
OT a Cys and the imidazole nltrogen§ of two h'St'c!'ne_S (see typically 3—5 h after induction) and harvested as described previdusly.
Figure 1). In PG>?' Paz?* and Ami? the coordination The periplasmic proteins were obtained as described previously, and
environment is completed by a weak axial Met ligand. In Az, isolation and purification of the loop-contraction mutants was carried
the metal ion has two weak axial interactions provided by the out using the procedures described below.

thioether sulfur of a Met and the backbone carbonyl oxygen of  Isolation and Purification of PazAmi. The PazAmi-containing

a Gly residueé24Thus, the active site geometry of Az is trigonal ~ solution was adjusted to pH 6.5 and incubated with carboxymethyl (CM)
bipyramidal, while in the other three proteins a distorted Sepharose (Pharmacia) for 60 min at@ with stirring. The bound
tetrahedral arrangement is found. The active site structures ofProteins were eluted with 10 mM phosphate pH 7.0 containing 250
type 1 copper sites give rise to distinct spectroscopic properties™ NaCl. The protein was exchanged into 10 mM phosphate pH 6.0
including a S(Cys)— Cu(ll) ligand to metal charge-transfer by ultrafiltration (Amicon stirred cell, 5 kDa membrane) and loaded

o 30 o onto a CM-sepharose column. The bound PazAmi was eluted with a
(LMCT) transition at around 600 n:** Additionally, type 1 gradient of 6-250 mM NacCl in the same buffer. The PazAmi-

copper s.ites Possess an unusually. small hyperfine COUpIing(:ontaining fractions were exchanged into 20 mM phosphate pH 6.0 by
constant in their electron paramagnetic resonance (EPR) spectrgirafiltration and loaded onto a CM-sephadex (SIGMA) column. Pure
due to the highly covalent CtS(Cys) bond®*°Type 1 copper  pazAmi was eluted with a gradient 0f-050 mM NaCl in the same

sites exhibit a large range of reduction potentials (fref.2 buffer. Fully oxidized PazAmi with am\7¢/Ases ratio of <1.3 gave a
: single band on a 14% sodium dodecyl sulfate-polyacrylamide gel
(28) Kraulis, P. J.J. Appl. Crystallogr 1991, 24, 946-950. electrophoresis (SDS-PAGE) gel. The final yield of PazAmi was

(29) Solomon, E. I.; Penfield, K. W.; Gewirth, A. A.; Lowery, M. D.; Shadle,
S. E.; Guckert, J. A.; LaCroix, L. Bnorg. Chim. Actal996 243 67—78.

(30) Solomon, E. |.; Szilagyi, R. K.; DeBeer George, S.; Basumallick;ihem. (31) Yanagisawa, S.; Sato, K.; Kikuchi, M.; Kohzuma, T.; Dennison, C.
Rev. 2004 104, 419-458. Biochemistry2003 42, 6853-6862.

15712 J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004



Loop-Contraction Mutagenesis ARTICLES

mg/L of cell culture. Wild-type (WT) Paz was isolated and purified determined with a Unicam 701 ICP-AE spectrometer. The molar
using the same procedure. absorption coefficients of the Co(ll) loop variants were determined in
Isolation and Purification of PcAmi. The PcAmi-containing the same way but without oxidizing the samples.
solution was incubated with (diethylamino)ethyl (DEAE) sepharose EPR Spectroscopy.X-band EPR spectra were recorded-&t96
(Pharmacia), for 60 min at4C with stirring. The bound proteins were  °C on a Bruker EMX spectrometer. The proteins were fully oxidized
eluted with 10 mM tris(hydroxymethyl)aminomethane (Tris) pH 8.0 using Kj[Fe(CN)}] and washed with 0.5 mM EDTA as above. The
containing 300 mM NacCl. The protein mixture was exchanged into 10 protein samples (2 mM) were in 25 mM Hepes pH 7.6 plus 40%
mM Tris pH 8.0 and loaded onto a DEAE-sepharose column and eluted glycerol. DPPH (diphenylpicrylhydrazyl) was used as an external
with a gradient of 8250 mM NacCl in the same buffer. The PcAmi  reference, and the program SIMFONIA (Bruker) was used for spectral
fractions were oxidized using a sufficient volume of a 20 mM solution  simulations.

of Kj[Fe(CN)] and exchanged into 10 mM 2N¢{Morpholino)- Reduced Protein Samples fotH NMR Spectroscopy.The proteins
ethanesulfonic acid (Mes) pH 5.6 and loaded onto a DEAE-sepharosewere fully reduced by the addition of sodium ascorbate. The excess
column. The protein was eluted with a gradient efZ60 mM NacCl reductant was removed, and the protein was exchanged into 10 or 100

in 10 mM Mes pH 5.6. The PcAmi-containing fractions were exchanged mM phosphate, typically at pH* 8.0 (99.9%0), using ultrafiltration

into 20 mM Tris pH 7.0 containing 200 mM NaCl and concentrated (pH values quoted for deuterated solutions are uncorrected for the
by ultrafiltration. The solution was applied onto a Superdex 75 deuterium isotope effect and thus are indicated by pH*). A small amount
(Pharmacia) gel-filtration column in the same buffer. Pure oxidized of sodium ascorbate (16200 M) was added to the sample to
PcAmi has am7¢/Asgs ratio of <1.3 corresponding to a single band  maintain the protein in the reduced form. The sample (usuafg 1

on a 14% SDS-PAGE gel. The final yield of PcAmi wag mg/L of mM) was transferred to an NMR tube, flushed with argon, and sealed.
cell culture. WT Pc was isolated and purified using the same procedure.  Sample Preparation for Electron Self-Exchange Rate Constant
Isolation and Purification of AzAmi. The AzAmi-containing Measurements.For electron self-exchange (ESE) rate constant mea-

solution was diluted to give a Tris concentration of 1 mM, and the pH surements, the proteins were exchanged into 99.9% deuterated phos-
was adjusted to 9.0. The protein mixture was incubated with DEAE- phate buffer (usually at = 0.10 M) and prepared as described
sepharose, fa2 h at 4°C with stirring. The bound proteins were eluted  previously3! Measurements on AzAmi were carried out in 20 mM
with 1 mM Tris pH 9.0 containing 200 mM NaCl, exchanged into 1 phosphate at pH* 8.2 (< 0.06 M). To maintain the ionic strength, as
mM Tris pH 9.0, and loaded onto a DEAE-sepharose column. The the pH* values were altered for the other two loop-contraction variants,
bound proteins were eluted with a gradient 6f 0 mM NaCl. The  the phosphate concentration was modified in the following manner.
AzAmi fractions were exchanged into 1 mM Tris pH 9.0 containing  For PazAmi, experiments were carried out in 37 mM phosphate at pH*
100uM sodium ascorbate, to maintain AzAmi in the Cu(l) state, and 7.6 ( = 0.10 M) and 60 mM phosphate at pH* 6.5 0.10 M). For

were loaded onto a DEAE-sepharose column. The bound protein waspcAmi, measurements were made in 37 mM phosphate at pH*% 7.5 (

eluted with a gradient of 850 mM NaCl. Pure oxidized AzAmi with = 0.10 M) and 73 mM phosphate at pH* 6.2 € 0.10 M). The

an Ag7g/Asos ratio of <2.0 gave a single band on a 14% SDS-PAGE  concentration of Cu(ll) protein in the sample was determined by

gel. The final yield of AzZAmi was~26 mg/L of cell culture. WT Az measuring the absorbance at 595 @n+4000 M1 cm™1) for PazAmi,

was isolated and purified using the same procedure. 596 nm ¢ = 5100 Mt cm™) for PcAmi, and 609 nme= 5600 M™!
Preparation of the Co(ll)-Substituted Loop Variants. Apo- cm™Y) for AzZAmi.

proteins were prepared by an unfolding/refolding procedure described  Samples for ParamagnetictH NMR Studies. ParamagnetiéH
previously?” Refolded PazAmi was exchanged into 10 mM phosphate NMR spectra of Cu(ll) and Co(ll) proteins were obtained in 10 mM
pH 6.0 containing 2 mM ethylenediaminetetraacetic acid (EDTA), phosphate in 99.9% O typically at pH* 8.0. Spectra were also
purified on a CM sepharose column at pH 6.0, and exchanged into 10 obtained of Cu(ll) PcAmi in 37 mM phosphate buffer pH 7.5 in 90%
mM 4-(2-hydroxyethyl)piperadine-1-ethanesulfonic acid (Hepes) pH H,0/10% D,O. Saturation-transfer experiments were carried out on a
8.0. A 20-fold excess of Co(ll) (CogbH,O) was added, and after  1:1 mixture of Cu(l) and Cu(ll) PcAmi (1.6 mM of each) in 37 mM
incubation at room temperature (RT) overnight the excess metal was phosphate pH* 7.5/(= 0.10 M, 99.9% DO). Spectral were acquired
removed by ultrafiltration. Refolded PcAmi was exchanged into 10 of the Co(ll) proteins in 10 mM phosphate in 90%®10% DO at
mM Hepes pH 8.0, and a 20-fold excess of Co(ll) was added, and the pH 8.1.
mixture was left overnight at RT. The Co(ll) protein was purified on NMR Spectroscopy.'H NMR spectra were acquired on either a
a DEAE sepharose column at pH 8.0. Refolded AzAmi was exchanged JEQL Lambda 500 or a Bruker Avance 300 spectrometer as described
into 10 mM Hepes pH 8.0 and was left for 3 days in the presence of previously3334All of the ESE rate constant determinations were at 25
a 20-fold excess of Co(ll) at RT. The Co(ll) protein was purified ona oc, ParamagnetiéH NMR spectra were acquired using the super-
DEAE sepharose column at pH 9.0. In all cases, soaf€4) Cu protein WEFT® pulse sequence {dl80°—p—90°—acq). Saturation-transfer
remained in the Co(ll) samples. For the characterization studies, this experiments on 1:1 mixtures of oxidized and reduced PcAmi were
was maintained in the spectroscopically silent Cu(l) form by the addition acquired as described previoudlyas were 1D NOE difference
of a small amount of sodium ascorbate. experiments on the Co(ll) loop variarfsWhen measuring ESE rate
UVIVis Spectrophotometry. UV/Vis spectra were measured at 25  constants, spectra of AzAmi were obtained using the super-WEFT
°C on either a Perkin-Elmed 35 or a Shimadzu UV-2101PC  sequence. This approach was used to observe resonances from reduced
spectrophotometer in 10 mM phosphate buffer pH 8.0. AzAmi in the presence of small amounts of the oxidized protein
Determination of Molar Absorption Coefficients. The molar (2—20%) which experience paramagnetic relaxation enhancement as
absorption coefficients of the Cu(ll) loop-contraction mutants were a consequence of the ESE reaction (and due to them being situated
determined using inductively coupled plasma-atomic emission close to the copper sité).The spectra were acquired as described
(ICP-AE) spectroscopy. The proteins were fully oxidized using a previously3® and spir-spin () relaxation times were derived from
sufficient volume of a 20 mM solution of fFe(CN)] and washed peak widths at half-height using the relatiep, = (7T2) %
with 0.5 mM EDTA to remove adventitiously bound metal. After Electrochemistry of Proteins. The direct measurement of the

the excess oxidant and EDTA were removed using ultrafiltration, a reduction potential of proteins was carried out at ambient temperature
UV/vis spectrum was acquired and the copper concentration was

(33) Sato, K.; Kohzuma, T.; Dennison, £.Am. Chem. So2003 125 2101~

(32) Salgado, J.; Kalverda, A. P.; Diederix, R. E. M.; Canters, G. W.; Moratal, 2112.
J. M.; Lawler, A. T.; Dennison, CJ. Biol. Inorg. Chem1999 4, 457— (34) Dennison, C.; Sato, Knorg. Chem 2004 43, 1502-1510.
467. (35) Inubushi, T.; Becker, E. Q. Magn. Reson1983 51, 128-133.
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Table 1. Properties of the Loop-Contraction Mutants (PazAmi, PcAmi, AzAmi) and Those of the Corresponding Wild-Type Cupredoxins

parameter Ami Paz PazAmi Pc PcAmi Az AzAmi
UVlvis?
Amaxa[nm] 460 454 463 460 473 460(sh) 470(shy
Amaxdnm] 596 594 595 597 596 628 609
€600 [MM~1cm™] 3.9 3.7 4.0 4.7 5.1 5.7 5.6
A-160A~600 0.11 0.45 0.54 0.13 0.12 0.07 0.07
EPRd ax rh rh ax ax ax ax
Ox 2.032 2.015 2.020 2.035 2.035 2.035 2.033
Oy 2.047 2.053 2.058 2.044 2.043 2.054 2.048
0 2.235 2.213 2.205 2.233 2.227 2.261 2.225
A [mT] 0.6 7.3 6.0 0.5 0.5 1.4 1.1
Ay [mT] 0.8 1.8 1.0 0.8 0.5 1.4 1.0
Az [MT] 5.4 3.5 45 6.0 5.6 5.3 6.9
pKaede (CV) 6.6_ 4.9 6.6 6.8 <oh 5.5
pKaede (NMR) 6.7 6.7 49 6.7
En [MmV] (CV) 238 266 215 378 315 295 261K
kese[M s 1.3x 10PM 3.7 x 103" 4.6 x 10%° 2.5x 10%P 1.3x 1034 7.0x 10°" 6.9 x 10°s

aMeasured in 10 mM phosphate at pH 8.0 (Z5). ® Shoulder.® Recorded at-196 °C in 25 mM Hepes at pH 7.6 plus 40% glycerol. All of the EPR
parameters were derived from simulations using the program SIMFONIA (Brukax)= axial, rh= rhombic.® For the C-terminal His ligand in the Cu(l)
proteins.f Taken from ref 149 From kinetic studies, see ref 31Calculated value for Cu(l) Az, see ref 38Taken from ref 391 Measured at pH 8.0.
kMeasured at pH 7.8.ESE rate constanf! Measured at pH* 8.22 " Measured at pH* 7.6? ° Measured at pH* 7.6? Measured at pH* 8.83 9 Measured
at pH* 7.5." Measured at pH 9.¢% sMeasured at pH* 8.2.

(22 £ 1 °C) using an electrochemical setup described previotisly. EPR Spectra. The EPR spectra of the loop-contraction
Measurements were carried out at scan rates of typically 20 mV/s. All variants are shown in Figures S3& along with those of the
reduction potentials were referenced to the NHE, and voltammograms \y/T proteins. In all cases, loop contraction has very little
were calibrated using the [Co(phelf)"* couple (370 mV vs NHEJ’ influence, which is highlighted by thg and A values which
The gold working electrode was modified using eithel M solution h . . . .

) . ) ave been determined from simulations (see Figures—S2)A
of 2-diethylaminoethanethiol (DEAE-SH) for the measurements of Pc and are listed in Table 1. The most significant effect is in AzAmi

and PcAmi, or a saturated solution of 4,4-dithiodipyridine (Aldrithiol- h . . . . .
4) for all other proteins, as described previou$ pH jump method w eregz IS cormderably smaller than in Az and is accompanied
by a sizable increase iA,.

was used by diluting a stock protein solutiorl—2 mM in 1 mM
buffer atl = 0.10 M, NaCl) 16-20-fold with 20 mM buffer { = 0.10 Paramagnetic 'H NMR Spectra of the Cu(ll) Proteins.

M, NaCl). The studies in the pH range 3:B.3 were carried out in The paramagnetitH NMR spectra of the Cu(ll) loop-contrac-
acetate, Mes was used in the pH range-®%, and Tris was used in ~ tion variants are compared with those of Az, Pc, and Paz in
the pH range 7.68.1. Figure 2 (the spectrum of Ami is not included but is very similar
to that of Pa%?). The spectra of P4Zand PazAnii® have been
assigned previously, as have those of spinacf? Baod P.

The UV/Vis Spectra. The UV/vis spectra of Cu(ll) PazAmi, aeruginosaAz.** The paramagnetidH NMR spectrum of
PcAmi, and AzAmi are shown in Figures ST&, respectively,  PcAmi was assigned utilizing saturation-transfer difference
along with those of the WT proteins, and peak positions and experiments on 1:1 mixtures of oxidized and reduced protein.
intensities are listed in Table 1. In the case of PazAmi, the The experiments in which Signa|s a, b’ f’ and g were irradiated
spectrum is more similar to that of Paz (same scaffold) than are shown in Figure S5, and the assignments made are listed in
Ami (whose loop has been introduced). PcCAmi possesses aTable S2 and Table 2. We have not been able to observe
UV/vis spectrum similar to those of both Pc and Ami (which  saturation transfer from the isotropically shifted resonances of
are alike). In AzAmi, there is a considerable shift of the main Cu(ll) AzAmi to their diamagnetic counterparts (unsuccessful
LMCT band to 609 nm as compared to 628 nm in Az, which is attempts were made at a variety of conditions at 500 MHz).
more similar to the position in the Ami spectrum where the This is probably due to the ESE reaction being too fast in this
band is at 596 nm. The intensity of the band is not altered protein (vide i|"|f|’a)‘}2 However, a comparison to the assigned
significantly by the AzAmi loop contraction, and thus this spectra of Az and the other Cu(ll) cupredoxins included in
feature is more like Az than Ami. Figure 2 allows tentative assignments to be made for AzAmi

The UV/vis spectra of the Co(ll) loop variants are shown in  (see Table 2).

Figure S2, and the peak positions are listed in Table S1. The ParamagneticH NMR Spectra of the Co(ll) Proteins.
spectra of the Co(ll) loop variants are alike, with those for The paramagnetitH NMR spectra of the Co(ll) loop-contrac-
PazAmi and PcAmi being most homologous. The spectra of tion variants are shown in Figure S6. Detailed information about
the loop variants are also similar to those of the WT proteins )

. . . . (38) Jeuken, L. J. C.; van Vliet, P.; Verbeet, M. P.; Camba, R.; McEvoy, J. P;
except in the case of AzAmi (See Table Sl) In this variant, the Armstrong, F. A.; Canters, G. W. Am. Chem. So200Q 122, 12186~
LMCT bands are shifted by ca. 10 nm to hlgher vygvelength as (39) i%}r?#mén, A.; Canters, G. W. Biol. Chem.199Q 265, 2768-2774.
compared to Co(ll) Az, and thus are in similar positions to those (40) sato, K.: Dennison, @iochemistry2002 41, 120-130.
of WT Call) Ami. The -d ransitons in the specirum of (8] oereiet ¢ 1 centery, o, ey e 2 o7 17
Co(ll) AzAmi are more similar to those for Co(ll) Az rather )

)

Results

1996 35, 3085-3092.

i (43) Bertini, I.; Ciurli, S.; Dikiy, A.; Gasanov, R.; Luchinat, C.; Martini, G.;
than CO(II) Ami. Safarov, N.J. Am. Chem. S0d 999 121, 2037-2046.
(44) Bertini, I.; Fernadez, C. O.; Karlsson, B. G.; Leckner, J.; Luchinat, C.;
(36) Dennison, C.; Lawler, A. TBiochemistry2001, 40, 3158-3166. Malmstram, B. G.; Nersissian, A. M.; Pierattelli, R.; Shipp, E.; Valentine,
(37) Paglia, B.; Sirani, CGazz. Chim. Ital1957, 81, 1125-1132. J. S.; Vila, A. J.J. Am. Chem. So@00Q 122 3701-3707.
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(see Figure S9) and indicate a structural alteration at the Cu(l)
site which has a larger influence on this His ligand. In Cu(l)
PcAmi, the His ligand resonances are found at positions similar
to those in Pc (see Figure S10), and thus loop contraction has
a more limited influence on the structure of the Cu(l) site of
this protein. This is also supported by the fact that thelC
resonance of Met90 is found at 0.64 ppm in PcAmi as compared
to 0.56 ppm (Met92) in the spectrum of Cu(l) Pc (data not
shown). In Cu(l) AzAmi, His ligand resonances are not resolved
in the IH NMR spectrum. Active site resonances are observed
in WEFT spectra of partially oxidized samples of AzAmi, but
we have not been able to unambiguously assign these signals
to the imidazole ring protons from particular His ligands. The
resonances observed in the WEFT spectra of AzAmi are found

1
K
Nl
\\/j\ in positions similar to those in the WT protein [for example,
S
\_/J\
J

the axial Met CH3 resonance occurs at 0.10 ppm in Cu(l)
AzAmi as compared te-0.05 ppm in the reduced WT protein].
The influence of pH* on the chemical shift of the His ligand
resonances in théH NMR spectrum of PazAmi has been
reported previously and yieldsKg values of 6.76.8 (see
Figure S11). The behavior of these resonances is consistent with
the protonation of His81 (the chemical shift of the His81HC
resonance is most affected by changing pH*) which dissociates
from the Cu(l) ion leading to a three-coordinate $tand with
fast exchange on the NMR time scale between the deprotonated
and protonated forms. In PcAmi, the dependence on pH* of
the position of the €H and @2H resonances of both His37
and His87 can be followed (see Figure S12). The fits of the
data, to the equation given in ref 40, for all four resonances

Paz
h yield pKz* values of 6.7. The chemical shifts of a number of
a b c/d other active site resonances of PcCAmi are also influenced by
altering the pH, including the Met90¢<B; signal, and a fit of
0 50 0 20 20 10 A 7o the data yields alg:* of 6.6 (data not shown). This is consistent

with the protonation of the C-terminal His87 ligand and
dissociation leading to a trigonal Cu(l) sf&The influence of
Figure 2. 'H NMR spectra (500 MHz) of the Cu(ll) loop-contraction ~ pH* on the position of the His ligand resonances in the spectrum
variants and the WT proteins _(26) in 99.9% deuterated 10 mM _phosphate of Cu(l) Pc has also been investigated, and the data for the His87
buffer. The spectra of AzAmi, Az, PcAmi, and Pc were acquired at pH* CH si lin P d PcAmi d in Fi 3. Th
8.0, while those of PazAmi and Paz were measured at pH* 7.6. S'Q”a, In Fc an CAmI are Compare 'n. igure S. €
dramatic difference between the behavior of this resonance as

peak positions and assignments can be found in Tables& function of pH* in th_e two proteins is immediately apparent,
S3-S5, and the data for all three loop variants are compared @nd the data for Pc yieldka* values of 4.9 (from fits of the

to those for the Co(ll) WT proteins in Table $6344548 The data for the His87 €H and His37 €2H resonances). In AzZAmi,
assignment of théH NMR spectra of Co(ll) PazAmi and PcAmi ~ altering pH* has very little influence on the WEFT spectrum

i straightforward from a comparison to the WT data (see Table Of @ partially oxidized sample down to pH 6.0. Below this pH
S6) along with the observation of selective dipolar connectivities Value, resonances are no longer observed and thus the ESE rate
(see Tables S3 and S4, respectively). The analysis of theconstant of A;Aml must be smaller preyentmg selection of
spectrum of Co(ll) AzAmi is more complicated, and thus €sonances arising from the Cu(l) form in the WEFT spectra
detailed studies have been performed (see Tables S5 and Se)vide infra) _ . .

IH NMR Spectra of the Reduced Loop-Contraction The Reduction Potentials of the Loop-Contraction Vari-
Variants. In all cases, théH NMR spectra of the Cu(l) loop- ~ @nts and Their Dependence on pH.The loop-contraction
contraction variants show only localized changes as compared-arants yield good quasi-reversible responses on modified gold
to those of the WT proteins. In PazAmi, the resonances arising €1€ctrodes in the pH range8—4. In all cases, the anodic and
from the two His ligands are found at different chemical shifts Ccathodic peaks are of equal intensity and their separation is

than in Paz. These variations are greater for the His81 signalstyPically ~60 mV at a scan rate o#20 mV/s (at neutral pH).
As the pH is decreased, the peak separation increases slightly,

(45) Piccioli, M.; Luchinat, C.; Mizoguchi, T. J.; Ramirez, B. E.; Gray, H. B.; exceptin the case of PcCAmi. The peak currents are proportional

Richards, J. Hinorg. Chem 1995 34, 737-742. i _ i
(46) Donaire, A.; Salgado, J.; Moratal, J. Biochemistry1998 37, 8659— to the (scan raté/jz in the rangev5 200 mV/s. The reduction
8673.

8 (ppm)

(47) Fernadez, C. O.; Niizeki, T.; Kohzuma, T.; Vila, A. J. Biol. Inorg. (49) Vakoufari, E.; Wilson, K. S.; Petratos, KEBS Lett 1994 347, 203—
Chem 2003 8, 75-82. 206.

(48) Salgado, J.; Jinmez, H. R.; Donaire, A.; Moratal, J. MEur. J. Biochem. (50) Guss, J. M.; Harrowell, P. R.; Murata, M.; Norris, V. A.; Freeman, H. C.
1995 231, 358-369. J. Mol. Biol. 1986 192 361—-387.
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Table 2. Assigned Hyperfine Shifted Resonances in the 'H NMR Spectra of the Cu(ll) Loop-Contraction Mutants (PazAmi, PcAmi, and
AzAmi) and Those of the Corresponding Wild-Type Cu(ll) Cupredoxins

6nbs (Ppm)a
peak assignment? Ami¢ Paz? PazAmi Pce PcAmi Azf AzAmi
a HisB C@2H 50 54 56 53 50 ~52 ~46
b HisA C2H 43 46 44 50 45
c/d HisA/B C'H ~35 33 31 37 34/30 ~30" ~30
e HisA Ne2H 27.5 22.8 21.0 31.4 29.X 26.9
f Met C2H 12/11.1 23.7 18.9
g Asn CH 14.1 17.3 17.5 17.0 15.4 19.0 175
h Met C''H 12/11.1 13.0 13.6 131 10.8 ~15
i HisA CAH —-2.5 m -2 -3
j Cys C*H —-95 —-9.7 —10.5 —-8.0 7.7 —-7.8 ~ =10

aData recorded at 25C in 10 mM phosphate (99.9%-D) pH* 7.6 (Paz, PazAmi), pH* 8.0 (Pc, PcAmi), pH* 8.0 (Az, AzZAmi). The observed shifts
(doby arise from the three contributing factodgia, Opc, @andorc [Odia is the shift in an analogous diamagnetic systém,is the pseudo-contact (through-
space) contribution, andl. is the Fermi contact (through-bond) contribution]. Téjg values are small, due to the small anisotropy of the g tensor, and
thereforedqns Minusdgia for a particular proton provides a good estimat@gf which is a measure of the spin densitydisA is the N-terminal His ligand,
and HisB is the C-terminal His ligand. The Asn residue is adjacent to the N-terminal His liggodP. versutusAmi in 50 mM phosphate at pH 7.0 and
32°CA2 dAssignment as in ref 4G.Assignment as in ref 43 Assignment as in ref 44.Peaks ¢ and d were assigned a&Hxesonances of His87 and
His37, respectively, from saturation-transfer experimeht$ie second His €H resonance is found at 46.7 ppm at 800 MHZ@ in 10 mM phosphate
pH 8.0 but was not observed in this studljpata recorded at 25C in 10 mM phosphate (90% J8/10% D,O) at pH 8.1J Recorded at 800 MHz (25C)
in 50 mM phosphate (90% 4@/10% DO) pH 7.5.X Data recorded at 42C in 37 mM phosphate (90%49/10% D,0) pH 7.5.! Recorded at 800 MHz (5
°C) in 10 mM phosphate (90%43/10% D0) at pH 8.0." Found?® at —1.5 ppm at 800 MHz (25C) in 50 mM phosphate at pH 7.5 but was not observed
in the present study.

86 A
300 £ o .
84 1 20 & fa
—_ L] an
sl Z 260 - o
£ = .
5 w240 | s
© 80 A
220 Aa
78 200 . . g
55 6.5 7.5 8.5
76 ' L L L pH
40 5.0 6.0 7.0 8.0 B 40
pH*
| ]
Figure 3. Dependence on pH* of the chemical shift of the His8Z+C B0 -4 e 4 " . =
resonance in théH NMR spectrum of Pcl) and PcAmi @) in 100 mM S 360 L N
phosphate (25C). The solid lines are fits of the data to an equation given E s
in ref 40 and result in alf, of 4.9 for Pc and 6.7 for PCAmi. & 340 | .
4 A
potentials En) obtained are 215 mV for PazAmi at pH 8.0, 320 | A
315 mV for PcAmi at pH 8.0, and 261 mV for AzAmi at pH 300 ) ) |
7.5. TheEn, of Paz is 266 mV (at pH 8.0), that of Pc is 378 mV 55 6.5 75 8.5
(at pH 8.0), while Az has aiE, of 295 mV (at pH 7.5) and oH
Ami 238 mV (at pH 8.0)%* From these values, it can be seen C
that loop-contraction mutagenesis leads to an increase in the 400 T a
Em by ~30—60 mV with the influence largest in PcAmi and %0 L = .
smallest for AzAmi (see Table 1). _ "tedy ..,

The influence of pH on th&,, of PazAmi (Figure 4A), PCAmi E 30 | “ "u,
(Figure 4B), and AzAmi (Figure 4C) has been studied along o Y " .,
with those of the corresponding WT proteins. In all cases, loop 280 b e, R "
contraction has a marked effect on the pH dependence of the ‘.
Em, and dramatic increases are observed upon lowering the pH 240 ) L L L
in the range #4, which have slopes of-60 mV/pH. This 35 45 5.5 6.5 7.5
confirms that the reduction of the loop variants is accompanied pH

by the uptake of a proton at the active site (protonation of the ) ]
Figure 4. Dependence on pH € 0.10 M, NaCl) of the reduction potential

C-termmal His I|ga}nd |n5621II cases) in this pH range. A similar (E) of (A) Paz @) and PazAmi &), (B) Pc @) and PcAmi &), and (C)
behavior has previoust{>?been observed for Pc at pH values (m) and AzAmi (a). All of the values are referenced to the NHE at

below 5.5, which we have not reproduced here (a similar 22°C.

(51) Armstrong, F. A.; Hill, H. A. O.; Oliver, B. N.; Whitford, DJ. Am. Chem. behavior is expected for Paz but cannot be observed as the

S0c.1985 107, 1473-1476. . . ! . )
(52) Battistuzzi, G : Borsari, M.; Canters, G. W.. de Waal, E.; Leonardi, A.; electrochemical respons_e of this pro_teln deteriorates dramatically
Renieri, A.; Sola, M.Biochemistry2002 41, 14293-14298. at pH < 5.5%). In PazAmi and AzAmi, there are smaller changes
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in the Er, values at higher pH that are also observed in the WT Thus, as the His115 ligand protonates, ESE slows and prevents
proteins and which can be assigned to noncoordinated Histhe determination of the rate const&ht.

residues (His6 in P42 and PazAmi and His35 and His83 in
Az%% and AzAmi). The influence of the protonation of these
residues oty is almost identical in the loop-contraction variants The introduction of the five-residue active site loop of Ami
and the WT proteins. From the pH dependencgpfat lower into cupredoxins, which possess a corresponding sequence
pH), pKa's of 6.6 for PazAmi (obtained by fitting the difference  ranging from seven to eight residues, has a limited effect on
in Em for PazAmi and Paz in the pH range #5.8 using an  their active site structures. In all cases, stable type 1 copper
equation given in ref 33), 6.8 for PcAmi, and 5.5 for AzZAmi  centers are produced which are redox active and are able to

Discussion

(obtained by fitting the difference i&m for AzAmi and Az in undergo intermolecular ET. Thus, tebarrel scaffolds of Paz,

the pH range 7.64.0) are obtained. Pc, and Az can all accommodate shorter C-terminal loops giving
ESE Reactivity. The ESE rate constants of the loop- authentic cupredoxin active sites. The spectroscopic properties

contraction variants have been determined usiHgNMR of the loop-contraction variants indicate that the presence of a

spectroscopy. For PazAmi and PcAmi, the influence of oxi- classic or distorted type 1 centéseems to be controlled more
dized protein concentration on thg* values of His ligand by the scaffold than the loop (see Table 1). However, loop
imidazole ring resonances of the Cu(l) proteins was measured.elongation of Ami usually resulted in a slight distortion of its
Using eq 1, classic sité#16 The UV/vis and EPR spectra of PazAmi are
remarkably similar to those of Paz, indicating that the Cu(ll)

Tiil =T red*1 + k [Cu(I)] 1) site is almost unaffected by loop contraction, which is confirmed
’ by paramagnetiéH NMR studies. The comparison of the data
for the Co(ll)-substituted proteins indicates a slightly enhanced
M(Il) —S(Cys) interaction in PazAmi as compared to Paz. In
d Pc the introduction of the Ami loop has almost no effect on
the UV/vis and EPR spectra of the protein, and thus the active
site structures of the WT protein and PcAmi are very similar.
The paramagnetiH NMR spectra indicate a small increase
in the spin density on the Cys ligand and a decreased
M(Il) —S(Met) interaction in PcAmi as compared to Pc.

where T~ is the observed relaxation rate of a resonance
[either longitudinal Ty) or transverse Tp)], Tired * is the
observed relaxation rate in the fully reduced protein, an
[Cu(IN] is the concentration of oxidized protein, which is valid
for protons belonging to the slow exchange regime, the rate
constantk) is determined®->*For both proteins, onlif;~* val-

ues were used as the ESE rate constdats)(are small making

the measurement @1 (peak widths) imprecise. Plots &f ! _ > MY )
against [Cu(ll)] are shown in Figures S13 and S14 for His ligand !N the case of AzAmi, there are significant changes in the
resonances in PcAmi and PazAmi, respectively. The slopes of YV/Vis and EPR spectra of the Cu(ll) protein as compared to
these plots yielkese values (25°C) of 1.3 x 10° M1 s~ for Az, which make this variant more like Ami. This is also apparent

PcAmi at pH* 7.5 ( = 0.10 M) and 4.6x 102 M~! 51 for frgm the paramagnetitH NMR studies of the Cu(l!) protgin
PazAmi at pH* 7.6 (= 0.10 M). These data and the ESE rate with the appearance of an extra hy_perﬂne shl_fte(_j s_lgnal,
constants for the WT proteins under identical conditions are Presumably from the G4 proton of the axial Met118, indicating
listed in Table 1. Determinations (2&) were also carried out ~ Increased spin density on this ligand. The UV/vis spectrum of
at pH* 6.2 ( = 0.10 M) for PcAmi where an ESE rate constant C0(I) AzAmi shows that the interaction with the Cys

of 5.1 x 12 M~1 s~ was obtained and at pH* 6.5 & 0.10 ligand is al.tere.d as compared to Co(ll) Az, but that the overgll
M) for PazAmi wherekese is 1.6 x 102 M~1 571, geometry is similar. The NMR spectrum of Co(ll) AzAmi
demonstrates a significant increase in the M{B(Cys) bond
strength and a decreased M{H$(Met) interaction as compared

to Co(ll) Az, with the M(I1)—O(Gly45) interaction similar in
)both. The discrepancy between the influence of loop contraction
on the M(Il)-S(Met) interaction in the Cu(ll) and Co(ll)
proteins is due to the preference of Co(ll) for the harder axial
oxygen ligand (from Gly45), which is also the case in%in

Az, the thiolate sulfur of the Cys112 ligand accepts two
enydrogen bonds from the backbone NH’s of Asn47 and Phel14.
In Ami (and Paz and Pc), the second hydrogen bond is absent
due to a Pro residue being found in the position corresponding
to Phell4. In AzAmi, the Phell4 residue has been replaced
by Pro114, and thus the second hydrogen bond donor is missing.
The presence of only a single hydrogen bond to the Cys ligand
enhances the electron density on the thiolate sulfur, which leads
to the increasedqps values for the @H resonances of this
residue in the NMR spectrum of the Co(ll) protein. Furthermore,
the removal of this hydrogen bond to the Cys ligand results in
increased spin density on the axial Met ligand. The alterations
in the UV/vis and EPR spectra of Cu(ll) AzAmi as compared

In AzAmi, the His ligand imidazole ring resonances are not
sufficiently well resolved to be useful for ESE rate constant
determinations. We have therefore utilized the super-WEFT
pulse sequence to select fast relaxing resonances in the Cu(l
protein in the presence of small amounts of the Cu(ll) form.
This approach is only useful if the ESE rate constant is
approximately>=10° M~! s71.33 The resonances which are
selected are those which are close to the active site and ar
likely to belong to the slow-exchange regime. PlotsTef!
against [Cu(ll)] for a number of active site resonances are shown
in Figure S15, yielding slopes ranging from 6<210° to 7.8 x
1° M~1 s Thus, an ESE rate constant (25) of 6.9 x 1P
M~1 s (average) is obtained for AzZAmi at pH* 8.2 (20 mM
phosphate). The value for the WT protein also determined in
20 mM phosphate (25C) but at pH* 9.0 is 7.0x 1®® M~ 1s1
(see Table 13! At lower pH* values «6.0), application of the
WEFT sequence to partially oxidized samples of AzAmi does
not result in the selection of resonances from the Cu(l) protein.

(53) Jeuken, L. J. C.; Wisson, L. J.; Armstrong, F.lAorg. Chim. Acta2002
331, 216-223.

(54) Dennison, C.; Kyritsis, P.; McFarlane, W.; Sykes, A.J3Chem. Soc., (55) Bonander, N.; Viangard, T.; Tsai, L. C.; Langer, V.; Nar, H.; Sjg L.
Dalton Trans 1993 1959-1963. Proteins1997 27, 385-394.
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to Az can also be assigned to the different hydrogen-bonding was introduced indicate that the second hydrogen bond is not

pattern which is consistent with previous suggest®rEhe

present in this proteffi and could explain why theky, of the

loss of an aromatic residue at position 114 could also contribute His ligand is only lowered to 5.6. The second hydrogen bond
to the altered spectral properties of AzAmi as the Phel14Ala to the Cys ligand is present in the phytocyanins, and some of

mutation in Az results in the main LMCT band shifting to
617 nm>36

The C-terminal His ligand of Ami/ Paz?#® and P€&° proto-
nates and dissociates from the Cu(l) sites wikh palues of
6.73° 4.931 and 4.98 respectively. In all cases, the three-

these have a C-terminal His ligand which proton&fe® Thus,
there appears to be a number of factors in the cupredoxins which
are important for controlling the Ky, of the C-terminal His
ligand. Our studies demonstrate that the length and structure of
the ligand-containing loop is one of these with a shorter loop

coordinate centers formed favor Cu(l) and lead to an increasedestabilizing the Cu(l) center.

in Em.145L52Furthermore, protonation of this ligand increases

All of the loop-contraction variants haug, values that are

the reorganization energy for the site, which results in decreasedwell within the range normally observed for cupredoxins. Loop

ET reactivity3359 and thus this property of cupredoxins may
play an important physiological roR8:50 Az is unusual in that

contraction always results in a decreas&in(at ~neutral pH),
and the magnitude of this effect ranges fre180 mV in AzAmi

the C-terminal His ligand does not protonate in the accessible to ~60 mV in PcAmi. Ami has the lowed$, of all of the WT

pH range and thely, has been calculated to be less thai¥ 2.

cupredoxins used in this study. Thus, the introduction of its

The factors which control this feature of cupredoxins are not C-terminal active site loop into Paz, Pc, and Az results ina

well understood?61and an interesting outcome of the present
study is the influence loop contraction has on tl& for this
residue. In PazAmi and PcAmi, shortening the His to Met loop
by two residues increases th&of the C-terminal His from
4.9 to 6.7. This elevatediq is identical to that observed for

His96 in Cu(l) Ami, the protein whose loop has been introduced.

which is closer to that of Ami. Similarly, the loop elongation
experiments on Ami, in which the active site loops of Paz, Pc,
and Az were introduced, all result in an increaseEjpto a
value closer to that of the protein whose loop was introddt&d.
The decrease irEy, in all of the loop-contraction variants
indicates that the shortening of this region provides an active

This demonstrates that in these three cupredoxins (Ami, Paz,site environment preferable for the cupric ion, whereas loop
and Pc) the length of the loop between the His and Met ligands elongation always leads to an active site which favors Cu(l).

(the loop length between the Cys and the His ligands is iden-

tical) regulates the kg, perhaps by altering the strength of the
Cu—N(His) bond>? The introduction of the Ami loop into Az

results in the C-terminal His ligand protonating, albeit with a
pKa of 5.5. The AzAmi variant not only has a shorter loop than

Whether these variations are due to subtle geometrical modifica-
tions, altered solvent exposure, or a combination of these and
other factors must await detailed structural studies on the loop-
contraction variants. However, it is apparent that the C-terminal
loop does tune thEy, of a type 1 copper site. When considering

Az, but it is also missing the second hydrogen bond to the the effect of the loop contractions dg, it is surprising that

thiolate sulfur of the Cys ligand (vide supra). It has been

the mutation in Az has the smallest influence. This is especially

suggested that this hydrogen bond, absent in Ami, Paz, and Pcso considering that the replacement of the Pro at the position

provides additional stabilization at the active site of Az which
may prevent His ligand protonation and dissociafidihis is

corresponding to Phel14 of Az in Paz and Ami, with residues
which form the second hydrogen bond to the thiolate sulfur of

supported by the observation that mutation of the correspondingthe Cys ligand, resulted in up to 18@&nd 150 m\#® increases
Pro residue to a Phe in Ami results in a large decrease in thein En, respectively. Thus, the removal of this hydrogen bond

pK, of the C-terminal His ligand to below %.However, the

in AzAmi would be expected to cause a much larger decrease

introduction of a Ala at the same position does not have such in En. The Phell4Ala mutation in Az resifitsn a 50 mV

a dramatic effect on theK of the His ligand®® It could be

increase inEy,, and thus there are probably a number of

that the presence of an aromatic amino acid in this position is contributing factors to the observed influence of loop contraction

important and in Az ther—sx interaction of Phel14 with the
His ligand stabilizes the Cu@N(His) bond31-56:61Thus, within
the Az scaffold the loop length also influences this effect
although other structural factors contribute to the, palue.
Loop elongation in Anii*~16 always resulted in a decrease in

on theEn, of this protein.

The ET reactivity of the loop-contraction variants has been
assessed by determining their ESE rate constants, which are
not influenced by alterations i, as this reaction has no
driving force. The largest effect is seen in Paz where an 8-fold

the K, of His96 and in the case of the variant possessing the decrease itkgsgis observed upon loop contraction. PcAmi has

rusticyanin loop, the value is4.5 and is not observéd.The
spectroscopic properties of the variant in which the Az loop

(56) Tsai, L. C.; Sjn, L.; Langer, V.; Pascher, T.; Nar, Hcta Crystallogr
1995 D51, 168-176.

(57) Zhu, Z.; Cunane, L. M.; Chen, Z. W.; Durley, R. C. E.; Mathews, F. S.;
Davidson, V. L.Biochemistryl998 37, 17128-17136.

(58) Markley, J. L.; Ulrich, E. L.; Berg, S. P.; Krogmann, D. Biochemistry
1975 14, 4428-4433.

(59) Di Bilio, A. J.; Dennison, C.; Gray, H. B.; Ramirez, B. E.; Sykes, A. G.;
Winkler, J. R.J. Am. Chem. Sod 998 120, 7551-7556.

(60) Freeman, H. C. I€oordination Chemistry-21.aurent, J. L., Ed.; Pergamon
Press: Oxford, 1981; pp 2%1.

(61) Dennison, C.; Lawler, A. T. P.; Kohzuma, Biochemistry2002 41, 552—
560

(62) Guss, J. M.; Merritt, E. A.; Phizackerely, R. P.; Freeman, HJ.QViol.
Biol. 1996 262 686-705.

(63) Machczynski, M. C.; Gray, H. B.; Richards, J. HInorg. Biochem2002
88, 375-380.
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a kese which is only half that of Pc, whereas in Az loop
contraction has almost no influence on ET reactivity. Loop
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