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ABSTRACT. We have designed a gene that encodes a polypeptide corresponding to amino adiéi8 44

of the Thermus thermophilusytochromebas subunit 1l [Keightley et al. (1995)). Biol. Chem. 270
20345-20358]. The resultindas-Cuano protein separated into two fractions (A and B) during cation
exchange chromatography which were demonstrated to differ only by N-terminal acetylation in fraction
A. When the gene was expressed inEscherichia colistrain that is auxotrophic for methionine and
grown in the presence of selenomethionine (Se(Met)), the single methionine of the @otein was
quantitatively replaced with Se(Met). Native (S(Met)) and Se(Met)-substituted proteins were characterized
by electrospray mass, optical absorption, and EPR spectroscopies and by electrochemical analysis; they
were found to have substantially identical properties. The Se(Met)-containing protein was further
characterized by Se and Cu K-EXAFS which revealed-6a bond lengths of 2.55 A in the mixed-
valence form and 2.52 A in the fully reduced form of CFurther analysis of the Se- and Cu-EXAFS
spectra yielded the SeS(thiolate) distances and thereby information on the Ge-Cu and Se-Cu—
S(thiolate) angles. An expanded EXAFS structural model is presented.

Cytochromec oxidase serves as the terminal enzyme of inequivalent. While the bis thiolate core is symmetrical, with
the respiratory chain of all eukaryotic cells and of many each copper coordinated by one terminal histidine residue,
prokaryotes. It catalyzes the oxidation of cytochrooigy the fourth ligand on each copper is different, supplied by
dioxygen and simultaneously generates a proton gradientmethionine-S and a main-chain carbonyl-O, respectively (see
across the membrane by coupling electron transport betweerScheme 1).
internal redox carriers to proton translocation. The primary  Because of the relatively low resolution of the present
acceptor of electrons from cytochrongeis the Cu site diffraction data, the position of these ligands and their
located in subunit II, which is the subject of this article. This distances to the copper atoms are quite variable in the current
novel, thiolate-bridged, dinuclear copper center has beencrystal structures; hence, their roles in determining the
extensively characterized by crystallographic, spectroscopic,properties of the site are unclear.

and electronic structural technique&—17). The chro- Cu K-edge X-ray absorption spectroscopy (XAfpvides
mophore exists in two oxidation states: mixed-valenc&>Cu  high-resolution metrical information on the local environment
--CU'®, designated the oxidized site, and'€tCut, desig- of metal centers in proteins and has been successfully used

nated the fully reduced site. Despite the strong electron to describe coordination of the oxidized and reduced forms
delocalization and class lll character (see above referencespf the Cu, center ofThermus thermophilusytochromebas
of the mixed-valence state, the copper centers are structurally(1). This work provided convincing evidence that the;Su
rhombus exhibits a high degree of structural similarity
t This research was supported by Grants GM54803 (to N.J.B.) and between oxidized and reduced forms, appearing to require
GM35342 (to JHA-F-) from the NatiOf;]al |nStitl{|t|G>S of Health, by grants minimal reorganizational energy for electron transfer, thus
e e e one it nasonay providing  rationale for the fast electron transfer rates of
Science Foundation (to M.G.H). this site. The remarkably short E€u distance of 2.43 A
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N-terminal amino acid sequence AYTLATHTAGVIP- - -.
This protein is now referred to ds-Cuay (cf. ref 18). Here

we have designed a protein in which Gly-43 is replaced by
Met, and this protein is designat®as-Cuao (indicating a
truncation of 10 amino acids). The £gene in the pET17b
plasmid was used to amplify the desired gene product.
Oligonucleotides used in the PCR reaction were purchased
from Integrated DNA Technologies, Inc. (Coralville, IA).
The sense oligonucleotide primer,-d{CACCCACAC-
CCATATGGTCATTC)-3, was specific foThermusDNA,;

it contained arNdd site (underlined), the start codon (bold
type), and the N-terminal portion of the & fragment. The
antisense oligonucleotide primerddTCAAGACCCGTT-
TAGAGGCCC)-3, was complementary to the sequence
downstream of the gene for Gy and the multiple cloning
site in pET17b. DNA amplified from this plasmid using these

A region of R-space obscured the weaker interactions from Primers was restricted witNdd andBanHI and ligated into
methionine-S and peptide-O coordination. Thus, Cu K-edge @ similarly restricted pET17b plasmid. The protein encoded

XAS failed to identify these weaker ligands.

In this work, we describe a new version of thes-Cua
protein from T. thermophilus designatedbas-Cuano, and
procedures for labeling it with selenomethionine (Se(Met)).

had the N-terminal sequence MVIPAGK continuing to the
C-terminus (cf. Figure 8 of reR0). The details of PCR
amplification, cloning of the fragment, and verification of
its sequence were carried out as described by Slutter et al.

Since the protein contains a single methionine, which is also (8.

the Cuw ligand, this derivative is expected to have a Se-

(Met) residue coordinated to Cu via the Se atom. Optical,

Growth of Cells on Se(MetDespite the toxicity of Se-
(Met), it is possible to grow strain B834(DE3) bearing

EPR, and redox properties of the Se(Met) derivative were PETCUALL0 on Se(Met). The procedure we used follows
compared to those of the S(Met) form and found to be closely that described by Budisa et &2). The cells were

substantially identical. This permitted us to utilize Se K-edge Nitially grown as a small culture (5 mL) in LB media with

XAS to provide a view of the Gucenter from the vantage

ampicillin overnight at 37C. One milliliter of this was used

point of the Se atom. This has allowed us to precisely 0 inoculate 100 mL of M9 medium supplemented with 2

determine the SeCu bond length and, by inference, to
consider the S(Met)Cu interaction in the native enzyme.

mM MgSQ,, 0.1 mM CaC}, 0.2% glucose, 0.05% thiamine,
and 2 mL of a 5& stock ofL-amino acids, minus methionine

In addition, the weak outer shell interactions present in the (‘€nhanced” M9 medium; cf. re23), and containing 5@g/

Se K-EXAFS have determined the distance of Se to the other™L ampicillin and normal methionine at 20g/mL. This
atoms of the Ci8, core, viz the bridging S atoms and the culture was incubated overnight at 3Z. After the cells had
more distant Cu. Merging of the Se K-edge data with begun to recover and grow in this media, 10 mL of this
complementary metrical information from the Cu K-edge has culture was then transferred 1 L of M9 enhanced minimal

allowed geometrical positioning of the methionine residue Media containing 2Qug/mL of Se(Met) plus ampicillin.
relative to the CtCu axis. When the Oy was between 0.4 and 0.8, the culture was

brought to 1 mM isopropylthig-p-galactoside. The cells
were harvested early the following day, but not sooner than
8 h after induction.

Cus Protein Synthesis of the Guho protein and its
purification were carried out as previously described. The
purity ratioR = Azgd Azgo Was generally>0.1, being similar
to previous preparations of (4. The protein was concen-
trated to several millimolar and stored frozen-at0 °C to
minimize Se oxidation. Protein analyses were done in the
Protein Chemistry Laboratory at the University of New

EXPERIMENTAL PROCEDURES

General molecular biology procedures, including several
bacterial strains, were as described by Slutter et1d), (
except as specified here.

Bacterial Strains. Escherichia cadtrain BL21(DE3) from
Novagen (Madison, WI) [genotype: "FompT hsd&rs~
mg~) gal dcm(DE3)] (19) was grown on LB media and was
initially used for the expression of the i fragment. The
methionine auxotroph B834(DE3) [genotype” FompT Mexico as described by Keightley et al20j. Trypsin
hsd$(rs~ ms~) gal dcm me{DE3)], obtained from Novagen,  digestions were done as follows: In separate tubeg;g5
was transformed with pETGuo and used as the expression of fraction B Cuo and 93ug of fraction A Ciauo were
host in those experiments involving labeled methionine.  dissolved into 10@:L of 0.1 M NH4HCOs. Five micrograms

Construction of pETCao The originally clonedas-Cua of trypsin (Sigma) was added to each tube, incubated at 37
protein was designed to replace lle-33 (cf. Figure 8 of ref °C for 4 h, and kept frozen until separated on HPL23g)(

20) with a starting Met residue. [The G@ene was originally ~ After adjustment of the pH to-23, 80 uL aliquots were
cloned into the pET9a (Novagen) vector, but it was subse- injected onto a Vydac C18 column (201HS54) equilibrated
quently transferred into a compatible multiple cloning site with 1% solvent B: solvent A, 0.1% trifluoroacetic acid in
in the Novagen vector pET17b (D. Sanders and J. A. Fee,water; solvent B, 0.1% TFA in 95% acetonitrile, 5% water.
unpublished data)]. During synthesis of that protein, the Elution of peptides was achieved by a linear gradient of 1%
N-terminal Met was completely removed by tBecoli Met solvent B to 60% solvent B over 60 min. Flow rate was 1
specific aminopeptidase?l), leaving a protein with the  mL/min. Effluent was monitored at 214 nm. Fractions were
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collected, frozen, and analyzed by electrospray mass specsquares curve fitting utilizing full curved-wave calculations
troscopy (ESMS) at The Scripps Research Institute Massas formulated by the SRS library program EXCURV28
Spectrometry facility using a Perkin-Elmer SCIEX API Il 32) and methodology described in detail in previous papers
mass analyzer (Irvine, CA) with the orifice potential set at (33—35). The parameters refined in the fit were as follows:
100 V (25). Holoprotein samples used for ESMS were E,, the photoelectron energy threshdRi;the distance from
exchanged into 10 mM ammonium acetate using a small gelCu to atom i; and @3, the Debye-Waller (DW) term for
filtration column. Reconstructions of mass spectra from ion atom i. Coordination numbers were fixed at the values
spectra were made using the SCIEX program BioMulti-View. determined from the crystal structures. The quality of the
The GCG 26) program PEPTIDESORT was used to fits was determined using a least-squares fitting parameter,
calculate expected properties of the isolated gene productsF, defined as

General Spectral Method®ptical spectra were recorded
on a SLM/AMINCO model DB3500 spectrophotometer in F2 = (1/N) zkﬁ(xithem_ XieXP)Z
1 cm cells. The low-temperature EPR spectrum of the native .
protein was recorded on a Bruker ER-200D spectrometer
by Dr. Roland Aasa at Geborg University while that of  referred to as the fit index.
the Se(Met)-containing protein was recorded by Mr. Roger
Isaacson at the Department of Physics at the University of RESULTS
California—San Diego using a home-built instrument.

Electrochemistry All electrochemical experiments were
performed with a Princeton Applied Research (PAR) model
173 potentiostat driven by a PAR model 175 Universal
Programmer. Cyclic voltametry (CV) was performed using
a three-electrode configuration consisting of a gold disk
working electrode, a platinum auxiliary electrode, and an
SCE reference electrode. All three compartments of the
electrochemical cell were filled with 0.1 M Tris buffer at
pH 8. Gold electrodes were polished with 0% alumina
(Buehler), sonicated for 30 min, and then immersed in a
saturated solution of pyridine-4-aldehyde thiosemicarbazone
prior to use 27).

XAS Data Collection and AnalysisXAS data were
collected at the Stanford Synchrotron Radiation Laboratory
(SSRL) on beam line 7.3, with a beam energy of 3 GeV and
maximum stored beam currents between 100 and 50 mA.
The Si(220) monochromator was detuned 50% to reject
harmonics. Samples of G at 2—3 mM in the Cy center
in 0.05 M Tris-HCI, pH 8, and~50% in ethyleneglycol were
used for EXAFS studies. The fully reduced protein was
formed by the addition of a small volumé & M sodium
ascorbate, and complete reduction was recorded visually
before freezing in liquid nitrogen. Samples were shipped on
dry ice. Spectra were recorded from frozen aqueous glasses

-rr t: ig—2|OmK,n|tnG1“Iuc()jretsc?n;:e_rmo%eigs(;ngt] at hrlgh—tcorugt—n acid sequence showing that theformyl-Met is removed
ate ls-eleme € detector. 10 avold detector saturalion,, s giherwise that expected from the gene fragment

the count rate of each detector channel was kept below 100V : . ;
o IPAGKL- -. Interestingly, wherE. colistrain B834(DE3),
kHz. The count rate was controlled by adjusting the hutch bearing this gene fraggnz/ent in our multi-copy plglsmié, is

entrance slits, or by moving the detector in or out from the . Q .
cryostat windows yUnder %hese conditions, no dead-time grown in the.presence of Se(Met), and thesQenter 1S

. ' ’ synthesized in the usual mannel8), all of the protein
correction was necessary. The summed data for each dete.Ctoéhromatographs on CM-Sepharose as if it were in fraction
was .then inspected, and only thc_)se channels that gave h|ghA (not shown). As expected, the N-terminus of the Se(Met)-
quality backgrounds free from glitches, drop outs, or scatter

. ) i substituted protein is fully blocked.
peaks were included in the final average. The number of : - :
. . Figure 1 shows ESMS of S(Met) containing fractions A
scans included in the averaged spectra were as folldws.

thermophilusSe(Met) Cu:Se K-edge: oxidized, 10 scans; and B and the Se(Met) containintfs-Cuxo protein. The

R ; redicted mass of the apo-protein from which Myvéormyl-
reduced, 9 scans. Cu K'?‘dge- 'o?<|d|zed, 4 scans; reduced, A{r)nethionine residue has been removed is 13 818 Da. The mass
scans. Se(Met), free amino acid: Se K-edge, 2 scans.

The raw data were averaged. backaround subtracted anc?f the dominant peak in the ESMS of fraction B is 13 942
raw W veraged, background su '+ 2 Da which is rationalized as follows: 13 848 127(2
normalized to the smoothly varying background atomic
absorption using the EXAFS data reduction package EX- R s obaC (fraction B) that diffract @ high
H Ingle crystals 010ag-CUa raction a Imract 1o nig
AFSPAK (28). The experimental energy threshold= 0) resolution have been obtaine%lo(E. Stura, unpublished data). We have
was chosen as 12 675 eV for the Se K-edge and 8985 €Vysq ysed this system to prep&enethyl-PHs]methionine-substituted

for the Cu K-edge. Data analysis was carried out by least- protein for magnetic resonance studies (cf.58).

The protein used in these experiments differed from that
previously described by Slutter et &8 by having 10 amino
acids removed from the N-terminus. The original purposes
in preparing this version of the protein were to facilitate
efforts to obtain single crystals that diffracted X-rays to high
resolution and to label the protein with Se(Met) in order to
utilize the anomalous scattering of the Se atom to obtain
phase information. Therefore, the Se(Met) labeling was done
with Cuauo rather than Cpl. With the discovery of condi-
tions that allowed crystallization of the original gaprotein
and determination of its structure using MAD scattering from
the Cu atoms (Williams et al., unpublished data), some initial
reasons for working with the truncated version were pre-
emptec? This new proteinpas-Cuaio, €xhibits some very
interesting properties that merit description in the context
of this communication.

The properties of the Gucenter in the Cplip protein are
apparently (see below) identical to those of the-Cuapo
protein first described by Slutter et al.g). However, Cuo
separates into two fractions during the initial cation chro-
matography with fraction A preceding fraction B during
the development of the CM-Sepharose column (not shown).
Both have amino acid compositions expected from the
gene sequence (data not shown). Fraction A is N-term-
inally blocked, whereas fraction B has an N-terminal amino
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subjected to ESMS. The two peaks obtained from trypsin
proteolysis of fraction B (free N-terminus) had massefs
584 and 787 Da, whereas the two peaks obtained from trypsin
proteolysis of fraction A (N-terminally blocked) had masses
of 627 and 787 Da. Thus, both fractions A and B vyield
VDPTTVR (787 Da), but only fraction B yields the N-
terminal hexapeptide (VIPAGK) predicted by PEPTIDES-
ORT. The fragment having a mass of 584 Da in fraction A
is accounted for by adding the mass of the acetyl radical to
that of the N-terminal hexapeptide: 5841(H) + 43(acetyl)

= 627 Da. These observations indicate that the distinguishing
molecular feature of the Guo in fraction A is limited to
N-terminal acetylation.

The N-terminus of the Se(Met) protein is fully blocked,
and we interpret the following ESMS data assuming that the
blocking group isN-acetyl. The encoded protein contains
only one methionine, leading to a predicted mass of the Se-
(Met)-containing (Se- S= 47 Da), N-terminally acetylated
(43 Da) apoprotein of 13 818 47 + 43 — 1(H) = 13 907
Da. A small amount of the apoprotein is visible~at3904
Da (Figure 1). However, the mass of the dominant peak in
the ESMS of the Se(Met)-substituted protein is 14 632
Da which is rationalized as follows: 13 967127(2 Cu)—

bas-Cuaio proteins. The upper spectrum shows the mass spectrum o .
of the fraction B holoprotein that is separated from the fraction A 2(2 H) = 14 032 Da, a value within s.e. of the predicted
holoprotein (middle spectrum) during CM-Sepharose chromatog- mass. The ESMS results are fully consistent with the known

raphy (see re8). While Na" ions were largely removed prior to  biochemistry of the Cuio protein and the complete incor-
the experiment (see Experimental Section), the ladder of smaller

peaks after each primary peak is due to the binding of residual
Na" (effective mass is 231). The lower spectrum is that of the
bas-Cuao protein labeled with Se(Met) as described in the
Experimental Section. The concentration of proteins wasmg/

poration of one Se atom in place of one S atom when the
cells are grown in the presence of Se(Met). We do not
understand the origin of the N-terminal acetylation patterns
observed for the different Guproteins. However, the

mL in 10 mM ammonium acetate. The major peaks correspond to presence of théN-acetyl group clearly changes the chro-

the protein having 2 Cu ions bound (see text).

Cu) — 2(2 H from the Cu coordinating thiolsy 13 943 Da,

a value within error of the observed molecular mass. The

mass of the dominant peak in the ESMS of fraction A is

13 984+ 2 Da. The difference between the dominant mass

of fraction A and that in fraction B is 13 984 2 — 13 942

+ 2 = 42 Da. This corresponds to the mass of :CB,

indicating that the N-terminal blocking agent is probably an

N-acetyl groupN-Acetylation of proteins is quite rare i&.

coli, and little is known about the mechanisBg), leading

us to seek additional evidence for its occurrence here.
The N-terminus of the Gino protein has the following

sequence: VIPAGKLERVDPTTVRQEQPW- - 2Q), and

other work has shown that the N-terminus of theagu

matographic properties of the molecule, and because the
N-terminus is quite close to the guenter, the properties

of the latter might also be affected, although we have no
evidence of that.

The visible absorption spectrum of the Se-containing
protein is indistinguishable from that of the S(Met)-contain-
ing protein (Figure 2). The low-temperature EPR spectra of
the Se- and S(Met)-containing proteins are also nominally
identical (Figure 3). The values areg, = 2.18 andg,y =
2.0% for the S protein and), = 2.17, and g,y = 2.02; for
the Se protein. The absence of a significant amount of
nonspecifically associated Cu(ll) is indicated by the EPR
spectrum of the sample used in the EXAFS studies (see
below). The electrochemical traces shown in Figure 4

protein was less structured than the remainder of the proteinjngicate that the redox potentials of the Se(Met)- and the

(ref 18, Williams, unpublished data). According to PEP-
TIDESORT, complete digestion of thes-Cuato apoprotein
should lead to two peptides from the N-terminal region
having sequences: VIPAGK (583.7 Da, corresponding to
the N-terminus of the polypeptide) and VDPTTVR (786.9
Da, corresponding to residues -106). If these could be
isolated from the two protein fractions and their masses

S(Met)-containing proteins are identical at 24® mV. The
above observations suggest that the, €Canter in the Se-
(Met)-containing derivative is essentially identical to that of
the native structufeand, taken by themselves, might suggest

3 These peaks are identified by observing a peak in the negative ion
region (m— H) that has a corresponding peak at-{nt) in the positive

determ|ned, the Sma”el‘ pept'de ShOU|d be found |n bOth free|0n region a|0ng with an additional peak Corresponding to—|—(|Na)

and N-terminally blocked forms, whereas the larger peptide
should have the same mass in both fractions A and B.
Therefore, we digested holo-& (i.e., nondenatured pro-
tein) from fractions A and B with trypsin and subjected the
resulting digests to HPLC (see Experimental Section). Two
low-affinity peaks were observed from both digests, one of
which eluted at the same time while the other eluted at

4 A similarly complete biochemical and spectroscopic characteriza-
tion was also carried out on a mutant form of thea@uprotein in
which the Ala residue present at position 84k subunit Il had
mutated, presumably during PCR amplification, to encode a Thr residue
at this position. The methyl carbon of the Ala-84 is buried in the core
of the protein and is-6.3 A (Williams et al., unpublished data) from
the nearest Cu atom. An A84T mutation could thus affect thg Cu
center; however, we found no difference between any of the properties
of AB4AT and native protein. Hence, except where noted, data taken

different times (data not shown). Each of these fractions wasfrom the two proteins are used interchangeably.
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FiIGURE 4: Cyclic voltammograms recorded at 26 of (A) the
Se(Met)-labeledr. thermophilus baCuao protein, and (B) iso-
| | 1 | | topically normalbas-Cuaio protein. Protein concentrations were

300 400 500 600 700 800 900 ~1 mM, and CVs were recorded at a scan rate of 50 mV/s.
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Ficure 2: Visible optical absorption spectra of the oxidized forms
of S(Met) (upper) and Se(Met) (lower) forms ®f thermophilus U
bas-Cuaiyo protein. The spectra were recorded withl00 uM e} /\ A
protein and are offset along tlyeaxis. & ;“ T
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Ficure 5: Se K-EXAFS of Se(Met)-free amino acid. Experimental
(solid line) versus simulated (dashed line) Fourier transform and
EXAFS (inset) of a~1 mM aqueous solution of Se(Met).

and fully reducedr. thermophilusCua (1).

Selenium Edgeg&igure 5 shows Se K-edge XAS [Fourier
transform and EXAFS (inset)] for an aqueous solution of
uncomplexed Se(Met). The data show a single transform

1 | 1 1 |

23 22 2 20 " peak corresponding to the two C atomg/[@ethylene) and
g-value Co(methyl)] bonded to Se. Simulation of the data gives a

FiGURE 3: Low-temperature X-band EPR spectra of native (S-Met) single shell 2 C at1.97 A. Of particular note, the more
and selenium-substituted (Se-Meltpg-Cuaio protein from T. distant3-C atom of the methionine side chain appears to

thermophilus The spectrum of native protein was recorded at 21 . N -
K. The microwave frequency was 9.446 GHz, the microwave power Make a minimal contribution to the EXAFS, as evidenced

was 0.2 milliwatts, the modulation amplitude was 10 G at 100 kHz, by the absence of outer-shell peaks in the transform. Thus it
the time constant was 100 ms, and the sweep time was 100 s. Thes unlikely that contributions from theg&C atoms need be

spectrum of the Se(Met)-containing protein was recorded at 2.15 consjdered in simulations of the EXAFS of Se(Met) coor-
K. The microwave frequency was 8.815 GHz, the microwave power dinated to Cu

was 40 nW, the modulation amplitude was 20 G at 270 Hz, the i ) o

time constant was 20 ms, and the sweep time was 60 s/1000 G. Figure 6 shows Se K-EXAFS for oxidized &uCompar-

ing the Fourier transform with that of the uncomplexed Se-

that there is at most a very weak interaction between the (Met) shows an important difference, namely, a prominent
S(Met) and the Cu rhombus. However, the following second shell peak due to the interaction of Se with the Cu.
EXAFS results indicate a significant interaction between the Simulation of the data yiekl2 C at1.97 A [Se(Met) G-
selenium atom of Se(Met) and one of the Cu atoms. (methylene) and &(methyl)] and 1 Cu at 2.55 A. The DW

We have measured the Se K-EXAFS of unligated Se(Met) term for the C shell is identical to that found in the
as a~1 mM aqueous solution and the Se K-EXAFS of the uncomplexed ligand as expected for the—8e covalent
mixed-valence and fully reduced forms of Se(Met)-substi- bonds. However, the DW for the S€u shell is large (0.021
tuted Cu. The resulting data uniquely define the-Seu A?), indicating a weak CtiSe bond.
distance and DW factor in both oxidation levels of the  Figure 7 shows the corresponding data for the fully
protein. The data have also been used in the simulations ofreduced protein. A prominent second shell feature is again
the Cu K-EXAFS, resulting in slight adjustments to the XAS present, with a significant increase in intensity over that
structural models previously determined for mixed-valence exhibited by the mixed-valence protein. Simulation of these
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and always refined toward distances of 2.5 A, which is
inconsistent with any plausible structural model. Metrical
parameters for the Se K-EXAFS simulations are listed in
Table 1.

Copper EdgesThe results from the Se EXAFS have
defined the distance and DW term for the-€3e interaction,
enabling these parameters to be fixed in simulations of the
Cu EXAFS. This increase in data content has provided a
more accurate description of the Luwoordination. In

previous work, we were unable to detect any contribution
from the S atom of the coordinated methionine residue. The
2.55 A Cu-Se distance determined from the present study
and the relatively high DW factor (0.0£9.020 &) provide

- - the explanation, namely, the Cu methionine first shell
Ficure 6: Se K-EXAFS of the Se(Met) derivative of oxidized A : :
(mixed-valence)T. thermophilusCuAF Exz)erimental (solid line) c_ontrlbunon is overwhelmed by_ the 'n,tense{mu Interac-
versus simulated (dashed line) Fourier transform and EXAFS (inset). tion between 2.4 and 2.5 A. Simulation of the Cu EXAFS
with the Cu-Se(Met) first shell fixed results in small
adjustments to the structural parameters of th&Sgithombus
previously reported. With the CtSe(Met) shell defined, we
felt justified in also including the scattering contributions
0 from the glutamate main-chain carbonyl, also excluded from
previous fits on the basis of the apparent weak contribution
of this shell. For the Se(Met) Gudata presented here, the
O(Glu) shell (0.5 O/Cu) refines to 2.28 A in mixed-valence
and 2.27 A in fully reduced with DW terms of 0.003 and
0.004 A, respectively. As with the CuSe(Met) interaction,
the Cu-O(Glu) contribution overlaps strongly with the €u
== S(cys) shell. However, omitting the O(Glu) from the simula-
tion produced no difference iR, and thus the CuO(Glu)
distance is not well-defined. The alternative conclusion is
that the Cu-O(Glu) distance is long and does not contribute
to x(k). The results of these simulations are shown in Figure
8 (oxidized data) and Figure 9 (reduced data) with metrical
parameters listed in Table 2.

The structural literature of CtuSe interactions, while not
extensive, indicates a marked preference for selenides and
Se-containing ligands to form complexes with the Cu(l)
oxidation state37—42). For example, Cu(ll) complexes of
selenoethers are known to undergo spontaneous reduction

nd demetalation to yield species containing-Se bonds
43). The coordination chemistry of copper selenolates and

1 2 3 4
R (A)

Intensity

R (A)

FIGURE 7: Se K-EXAFS of the Se(Met) derivative of fully reduced
T. thermophilusCus. Experimental (solid line) versus simulated
(dashed line) Fourier transform and EXAFS (inset).

data indicates a small increase in the—8ebond length,
1.99 A (AR = 0.02 A), and a small decrease in the-Szu
bond length, 2.52 AAR = 0.03 A). The most significant
difference is in the magnitude of the DW term for the-Se
Cu shell which decreases to 0.015(Ac = 0.005 &). This
suggests that, although the Cu-methionine distance does no

ggapﬂgeei Sg%r;'gCﬁ;&gﬂ%gl;esiuﬁé?gégi strength of the-Cu selenoethers is predominately polynuclear, with both terminal
( ), , ' and bridging Se atoms present in the structures. For selenides

Close inspection of the outer shell transform peaks of both 54 selenolates, GtSe distances range from 2.30 to 2.44
mixed-valence and fully reduced Se K-edge data sets A (37-42), while for selenoethers there is a tendency toward
indicates a well-resolved shoulder on the higiside atR = longer distances (2.42.52 A) 43—45). Se(Met) derivatives
~3 A (phase corrected data). This peak is absent in the g cupredoxins have been reported to have resonance Raman
uncomplexed Se(Met) data but reproducible between bothgpectra identical to those of the naturally occurring S(Met)
sets of protein data, suggesting that it arises fromastructuralprotemS ¢6), but no EXAFS data on the GtSe bond
element of the Cu center. Simulations were attempted |engths were reported. The ESe distance for Se(Met) Gu
utilizing contributions from (i) low Z atoms arising from the 1,5 appears to be just on the high side of the normal range
imidazole ring of the coordinated histidine, and (ii) S atoms ¢, Cu(l)-Se selenoether bonds. S& bonds for Cu
from the bridging thiolate residues. A significant improve- - gglencethers are close to 1.96 A for aliphatic C atoms
ment to the fit (16%) was obtained by including a single S (methyl, methylene) bonded to Se and compare well with
scatterer at 3.08 A in the oxidized fit and 3.06 A in the he Ci-C distance of 1.97 A determined by EXAFS for the
reduced fit. Low Z atoms made no improvement to the fit Se(Met) Cy site.

Considerations of outer shell interactions in the Se

5Se K-edge data (not shown) on the A84T mutant protein gave K-EXAFS from more distant scattering atoms of the;§u

reproducible SeCu distances for oxidized and reduced forms within  rhombus have been combined to further refine the EXAFS-

experimental error (R/A, &/A? = 2.54 (0.030), oxidized; 2.49 ; ; ;
(0.015), reduced). However, the difference in Deby¢aller factors derived view of theT. thermophllusCuA center. The
(Ao = 0.015 &) between oxidized and reduced forms was even more Pronounced shoulder on the higrside of the second shell

pronounced. of the Fourier transform can be fit well to a single S atom at
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Table 1: Parameters Used To Simulate the Se K-Edge of Se(Met) Derivatives of ghee@ter ofThermus thermophilu€ytochromebaz?

Se-C (2) Se-Cul (1) Se-S1(1) Se-Cu2 (1) Se-S2 (1)
F R(A) 202 (A2 R(A) 202 (A2 R(A) 202 (A2 R(A) 202 (A2 R(A) 202 (A2
oxidized 0.67 1.97 0.005 2.55 0.020 3.08 0.025 3.79 0.022 4.10 0.013
reduced 0.70 1.99 0.004 2.52 0.015 3.06 0.018 3.82 0.022 412 0.012
free amino acid 1.06 1.97 0.006

a Coordination numbers for each scatterer are given in parentheses. Distances are estimated to be-@d@Lirteor R < 3 A and+0.03 A

for R > 3 A.

Intensity

R (A)

Ficure 8: Cu K-EXAFS of the Se(Met) derivative of oxidized
(mixed-valence)T. thermophilusCus. Experimental (solid line)
versus simulated (dashed line) Fourier transform and EXAFS (inset).

[

3

[

A x K3

Intensity

R (A)

FIGURe 9: Cu K-EXAFS of the Se(Met) derivative of fully reduced
T. thermophilusCus. Experimental (solid line) versus simulated
(dashed line) Fourier transform and EXAFS (inset).

Table 2: Parameters Used To Simulate the Cu K-Edge of Se(Met)
Derivatives of the Cn Center ofThermus thermophilu€ytochrome
bag

Cu—N(His) Cu—S(Cys) Cu-Cu Cu-Se(Met)
R 202 R 207 R 202 R 202
FA A& A A A A A @

oxidized 0.33 1.94 0.002 2.25 0.009 2.43 0.004 2.55 0.020
reduced 0.45 1.96 0.002 2.28 0.013 2.50 0.006 2.52 0.015

a Coordination numbers in the simulations were fixed at 1.0 N, 2.0
S, 1.0 Cu, and 0.5 Se scatterers pery @losorber. Distances are
estimated to be accurate #0.01 A.

3.09 A. The only plausible candidate for this interaction is
one of the bridging thiolates, and the following question
arises: Where is the contribution from the second thiolate
S? Close inspection of the transform data for the mixed-

A which can be fitb a S at4.10 A (the second thiolate) and
the more distant Cu scatterer at 3.79 A. Because of the low
intensity of these peaks, their interpretation should be treated
with caution. Nevertheless, the peaks are reproducible in both
the oxidized and reduced Se K-edge data and in the data
from the A84T mutant proteifi® The metrical parameters
for these outer shell interactions are given in Table 1.

As shown in Figure 10, knowledge of S&1(thiolate),
Se-S2(thiolate), SeCul, and Se Cu2 distances from the
Se K-EXAFS can be combined with €&&(thiolate) and
Cu—Cu distances from the Cu-K-EXAFS to precisely
determine the position of the Se atom. As shown in the
figure, these distances define the sides of three triangles with
Se at a common apex. If the €& plane is fixed in space,
only two of these triangles are necessary to precisely define
the coordinates of the Se atom (actually two symmetry-
related positions above and below the plane) The third
triangle can be used to provide an independent check on the
validity of the EXAFS-derived distances. With the use of
molecular modeling, it has been possible to position the Se
atom such that all of the EXAFS-derived bond lengths in
the triangles SeCu—S1 and Se Cu—S2 are satisfied. Using
the Se-Cul—Cu2 triangle (CutCu2 = 2.42 A), a Se-

Cu?2 distance of 3.81 A can be calculated, in excellent agree-
ment with the experimentally determined value of 3.79 A.

DISCUSSION

The Se(Met)-substitutedbas-Cuaio protein is a well-
defined molecule in which a single Se atom has replaced
the S(Met) atom as a first-shell ligand to the Ceenter.
The essential identity of the optical and EPR spectra of the
mixed-valence form and the identity of the redox potentials
suggest that whatever role the S(Met) atom plays in cluster
stability and electronic properties is also carried out by the
Se(Met) atom. While the simplest interpretation might be
that there is no significant interaction of the Se/S(Met) atom
with the Cy, rhombus, the Se K-edge XAS results provide
unequivocal evidence for an S€u bond.

Accordingly, the present data provide the first structural
information on the possible role of methionine at thesCu
center. There are two important conclusions: The-Ga-
(Met) bond length is insensitive to the £tedox state and
appears to be longer than expected in comparison to low-
molecular-weight Cu(l) selenoethers. Thus, the Cluster
is essentially isostructural in the mixed-valence and fully
reduced forms, from which it is surmised that the reorganiza-
tion energy should be correspondingly smdlf)( Further,
if the Cu—Se/S(Met) bond length is in fact extended beyond
a normal value, then questions arise as to whether the protein
matrix imposes this isostructural condition, as might be
predicted from “entatic state” ideas (see below), or whether

valence protein reveals two additional weak peaks around 4the bonding within the Curhombus is sufficiently strong
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Ficure 10: Positioning of the Se atom of the Se(Met) derivative of the oxidizethermophilusCu, via merging of the metrical data
obtained from both the Se and Cu edges. For details, see the text.

to be largely insensitive to the geometry and nature of the (DAM) contrasts dramatically with that found in cupredoxins.
nonimidazole exoligands. These proteins contain two structurally distinct mononuclear
Methionine coordination occurs in two other classes of copper centers. The polypeptide provides three histidines as
copper proteins. Cupredoxins have three strongly bondedligands for the A-copper site and two histidines and a
ligands in an approximately trigonal planar arrangement, with methionine as ligands for the B-copper si&{55). X-ray
a very weakly coordinated methionine at2%0 A. In some crystallography of PHM %4), and XAS of PHM B3, 55)
cases, there is a fifth weak interaction with a peptide carbonyl and O6M (34) indicate that both copper centers are highly
oxygen in an axial position roughly trans to the methionine. solvent-accessible. Neither of these proteins possesses un-
Like Cua, redox cycling between the Cu(ll) and Cu(l) forms usual EPR or optical absorption properties indicative of an
produces only small changes in the geometry of the site, entatic contribution to the individual Cu sites. In fact, the
including the position of the methionine ligand. Also like reverse effect seems to operate, since EXAFS spectroscopy
Cua, the spectral features of the blue copper site are has identified a large catalytically significant structural
insensitive to substitution with Se(Me#). The coordina- change on reduction, involving the movement of the me-
tion of the copper center appears to be poised midway thionine-S atom at the BCu from a distance in excess of
between the preferred coordination environments for Cu(ll) 2.6 A in the oxidized protein to 2.25 A in the reduced protein.
and Cu(l) which has led to the now generally accepted idea Thus, in a protein where spectral signs suggest the absence
(the “entatic state” hypothesis) that the protein matrix of entatic state effects, the interaction of the Cu(ll) center
imposes a strained environment on the metal center in whichwith the methionine-S atom is weak, and strong—&u
the energy of protein deformation exceeds that of reorganiza-bonding is only achieved in the Cu(l) valence state. These
tion of metal site geometry48—51). In this way, the observations would seem to confirm that the true origin of
reorganizational energy for electron transfer is kept to a the entatic state in cupredoxins is the ability to prevent the
minimum. Indeed, electronic structural calculations and movement of the S(Met) atom close to the Cu(l) center in
consideration of optimal distances for Cuft)and Cu(l}- the reduced forms of the blue copper sites, thereby avoiding
S(thioether) bonds suggest the conclusion that the entatican overly strong stabilization of the Cu(l) form.
nature of the blue copper site involves restriction of the  Supporting evidence for this proposal comes from the
movement of the methionine ligand in both oxidized and H117G and H46G mutants of azurin where reduction is
reduced statesi{, 52). irreversible. It has been suggested that these mutations can
The Cu-S(Met) coordination found in peptidylglycine relax the entatic state leading to a stable 3-coordinate Cu(l)
monooxygenase (PHM) and dopamijftenonooxygenase complex with one histidine, one cysteine, and one methionine
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as ligands %6), the soft methionine ligand presumably NOTE ADDED IN PROOF

moving closer to the Cu(l). A similar effect appears to occur
when azurin is unfoldeds{) which leads to an increase of

130 mV in midpoint potential, perhaps as the result of a
stronger interaction between Cu(l) and the soft methionine
ligand. However, X-ray structural data on an M121H mutant

The crystal structure of thieas-Cua protein has recently

been determined to 1.6 A resolution [Williams, P. A.,
Blackburn, N. J., Sanders, D., Bellamy, H., Stura, E. A., Fee,
J. A., and McCree, D. E. (199%at. Struct. Biol(in press).].

of azurin has challenged the concept of the entatic state InREFERENCES

this protein, since (i) at neutral pH the H121 imidazolé N
has moved to within 2.24 A of the Cu(ll) center, and (ii) a
low pH form of this mutant exhibits a strongly perturbed
protein conformation in the vicinity of the Cu(ll) as the result
of movement of the protonated H121 out of the copper
coordination spheres@). Clearly, the repulsion introduced
by attempting to position a protonated imidazole close to
the positively charged Cu(ll) center can overcome the energy
required for local refolding of the polypeptide.

The Cu-Se distance in thBas-Cuauo protein of 2.54 A
in both mixed-valence and fully reduced protein is suggestive
of an entatic state. If we assume that-€tiand Cu-Se bond
lengths are comparabl87), we estimate that the Ct5(Met)
distance is approximately 0.3 A longer than expected for an
unrestrained CuS(thioether) bond, based on the EXAFS-
determined Cu S(thioether) interaction in PHM, CtS =
2.25 A, DW = 0.006 (see above). The DW term for the
mixed-valence CtSe interaction is in the range 0:00.03
A2, indicative of a weak CtSe bond. However, despite the
negligible change in CuSe distance, the DW term for the
Cu—Se interaction in the reduced protein is between 25%
and 50% smalletjndicative of a substantial increase in bond
strength. This argues in favor of a protein-induced interplay
between the opposing forces, tending to optimize Cu(l)-Se-
(S) bonding interactions and those tending to preserve the
protein fold and hence the metal site geometry. If, on the
other hand, Cu(b-S(ether) bonds are 0.4®.18 A shorter
than Cu(l)-Se(ether) bonds as stated by Batchelor e#i8), (
then the expected length of the €8(Met) bond in native
Cua is ~2.47 A. This would suggest substantial interaction
of the S(Met) with the CuA center and, if true, would indicate
that the bonding within the Gurhombus is quite insensitive
to the nature of the nonimidazole exoligands. In this case, it
should be possible to prepare Leenters with a variety of
exoligands,
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6 The exoligands could play an essential role in guiding Sunthesis
without having much effect on Gustabilization. Thus, simple failure
to form the Cy center in a particular mutant protein may not be very
informative.
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