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ABSTRACT. The yeastiso-1-cytochromec variant Cysl14Ser has been prepared in which one of the two
thioether bonds by which the heme prosthetic group is normally bound to the protein has been eliminated.
Comparison of the properties of this variant with those of the wild-type cytochrome provides insight into
the role of this covalent attachment of the heme group to the apo-protein toward the functional properties
of the wild-type cytochrome. Although NMR and EPR spectra indicate that the Cysl14Ser variant
ferricytochrome adopts the native conformation characteristic of the wild-type protein with His18 and
Met80 coordinated to the heme iron (Met8CH —23.6 ppmig,, gy, Ox, at 3.01, 2.29;-1.3, respectively),

the electronic spectrum of the variant does not exhibit the 695 nm CT band that is characteristic of native
ferricytochromeg with these axial ligands. Chromatographic and spectropolarimetric comparison of the
variant and wild-type ferricytochromes suggests that the structure of the variant is more disordered,
particularly in the region of the sole tryptophanyl residue (Trp59). Upon reduction, the electronic spectrum
of the variant exhibits a symmetrically broaderedand that is shifted-3 nm to the ultraviolet relative

to its position in the spectrum in the wild-type protein. In the MCD spectrum, a band appears above 390
nm that is more intense than the Sofeterm which is also shifted to lower energy.

The process by which protoheme IX is attached to apo-
cytochromec has been the subject of recent, intense interest
and has been reviewed in detdiH3). In eukaryotes, heme
attachment occurs posttranslationally, after the translocation
of the protein from the cytoplasm into the mitochondrial
intermembrane spacd,(5). Once attached, the polypeptide
chain folds around the porphyrin macrocyck),(and the
holo-protein can begin to shuttle electrons between a variety
of proteins as required, for example, for cellular respiration
(6). With the exception of a few examples in which heme
attachment to the protein backbone occurs spontaneatssly (
10), covalent attachment of the heme to apo-cytochreame

requirgs the_ enzyme Cytochrqrn:eheme I_y_ase or re_lat_ed FiIGURe 1: Schematic diagram of the covalent attachment of a heme
Catglytlc aSS|staanXFo recognize a specific heme blndl_ng group to'yeasisol-cytoc%rome: through thioether bonds formed
motif of the apo-protein (generally -Cys-Xxx-Zzz-Cys-His-) = petween ther-carbon atoms of the ethylene groups on the porphyrin
(11, 12 and to catalyze heme attachment (Figure 113).( ring and the thiol groups of Cys14 and Cys17 (vertebrate numbering
Two protozoan cytochromes, cytochromecss; from scheme). The structure of the heme is taken from the protein
Crithidia oncopelti and cytochromecsss from Euglena ~ coordinates (2YCC.PDB).
gracilis, constitute a subgroup af-type cytochromes in  ferric forms of these cytochromes are not significantly less
which the heme is bound to the polypeptide chain through a stable than the equine protein despite their lack of one
single thioether bondld). In these proteins, the vinyl group  thioether bondX4—16). With the increased area over which
of pyrrole ring | remains unsaturated, and the amino acid at electron spin density can be distributed in the porphyrin ring,
position 14 is an alanyl residue. Pettigrew, Stellwagen, and these protozoan cytochromes have a lower midpoint reduc-
their co-workers found that the native conformations of the tion potential ¢ssz. 254 mV; cssg 244 mV versus SHE)
than the equine protein (260 mV}4), and their spectro-
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Pssssm this vector CYCL) was mutated by the method of Deng and
Aok 0! darl s, Al Nickoloff (23) to revert the Thr5Ala mutation and to encode
m - Clal 656 for Ala in place of the wild-type Lys72 residu@). For
spl 4824 . . . .
Dralll sto the purposes of this work, this variant is used as the reference

- - Banlioss cytochrome and is referred to as wild-type (WTWithout
EeoRl Nael 103 replacement of Lys72 with Ala, yeast cytochrornesx-
KSSt% e . Hindll 1719 pressed in bacteria undergoes an alkaline isomerization with
iR - Botl 13 a Kappof 7.9 (20). CYCL was further mutated by the method
Bafnvﬁf \ /. BstElaou of Kunkel (24, 29 to encode for Ser in place of the cysteine
hal s D T G%}ﬁ residue at either position 14 or position 17. These mutations
Neolmot - 7 Pril 2103 were verified by the elimination of thécd or PflMI
Ecog;szﬁ g L Pmil nsy Apal 2 restriction sites, respectively, prior to automated sequencing
Kpnlas -~ - | gl 252 (Applied Biosystems 180A) of the entire gene and the
BamHI 2934 / Clal 2017 EcoRI 2610 u ib bindi ;i Il th h |
Nhel 2923 2661 pstream ribosome binding site. All three cytochromes also

Ficure 2: Functional map of the 5.6 kbp phagemid pBTR. Selected includg the mu'Fatiorj C.yleZThr to curtail protein auto-
restriction sites are shown roughly to scale as determined from theréduction and dimerizatior2).

published sequence of pEMBL18(60), pGYM (22), and the Expression and Purification of Cytochrome ¢ Variants

sequencedNcd-Hindlll fragment that contains the gen€&yYClL ; . ;
andCYQC3 (B. Pollock, unpublished results). The ge@¢ClL and gge_silzlgyr:r%nizorlpebﬁ 'Zcf IIEE’;:E iﬁfif%ﬁlﬁiﬁ%ﬁt??ﬂbaﬁ)i
CYQC3 encode yeasto-1-cytochromec and yeast cytochrome : ultip y ining

heme lyase, respectivelymp encodes #-lactamase, and oriand ~ Of Terrific Broth (27) which was supplemented with ampi-
f1 ori are orgins of replication. The open triangle denotedakz cillin (100 mg/L). The cells were collected by centrifugation

promoter. (Sorvall GS3 rotor, 12 min, 8000 rpm) and resuspended in
, . a minimal volume of sodium phosphate buffer (460 mM,
cytochromes is currently limited, however, by lack of pH 7.2). Lysozyme, DNasel, and RNasel were addetD0
expression systems for producing site-directed variants of5' and 2 mg, respectively, per 100 g of cell pellet), and the
these proteins and by unavailability of three-dimensional ivture was incubated on ice fd h with gentle shaking
structures for them. ) before two cycles of flash-freezing in liquid nitrogen and
_ Previous attempts to express yeast cytochromariants haying at 4°C. The cell lysate was cleared by centrifugation
in which Cys14 or Cys17 is replaced by another amino acid (gory 4]l SS34 rotor, 20 min, 13 000 rpm), and the resulting
residue have not resulted in a recombinant protein suitablegqion was collected. The pellet was resuspended in chilled
for functional characterization. Dumont and co-workers, for g ¢er A (46 mM sodium phosphate, pH 7.2) and centrifuged
example, found that when yeast apo-cytochramvariants  renaatedly until the supernatant fluid was no longer pink.
in which Ala or Ser replaced. the Cys residues at POSItioNs The colored fractions were pooled, and (SO, (20% wiv)
14 and/or 17 are expressed in yeast they accumulate in thgy a5 added over a period of 30 min while stirring gently on
intermembrane space of mitochondria, but heme incorpora-jce The resulting suspension was centrifuged before dialyz-
tion does not occurl(7, 1§. Based partly on this result, g the supernatant fluid overnight in distilled water@).
Cysl14 and Cys17 are regarded as essential components ofpe gialysate was centrifuged again, and the protein in the
the pentapeptide motif -Cys-Xxx-Zzz-Cys-His- and for the ¢jeared solution was batch-extracted with CM-Sepharose CL-
expression of mitochondrial cytochromesT_anaka et al., 6B (Pharmacia Biotech:~20 mL of resin equilibrated in
on the other .hand, have reported electronic spectra of theg tfer A). This resin was transferred to a chromatography
Cys14Ala variant of human cytochroreexpressed inyeast  ojumn (2.5 cmx 4 cm) and washed with 5 column volumes
(19), but more detailed characterization of this interesting ¢ puffer A. and the cytochrome was eluted with the same
protein is not available. _ _buffer containiy 1 M NaCl. The eluate was dialyzed
With our recent development of a bacterial expression overnight (4°C) in 20 mM sodium phosphate buffer, pH
system for eukaryotic cytochromes(20), it has become 7 5 ‘anq the precipitated material was removed by centrifu-
possible to express mitochondrial cytochrom@rlants that gation. DTT was added to the protein solutierl(mM final
do not function adequately to support respiration for growth c,ncentration) at least 30 min before purifying the protein
of the host organism. With thl_s system, we have_now beep by cation exchange chromatography with a Pharmacia
able to express and pharacten_ze the spectroscopic propertieg;ono-s (HR 10/10) column equilibrated with MES buffer
of the Cys14Ser variant of yeasd-1-cytochromec for the (50 mm, pH 6.0). The protein was eluted with a linear NaCl
purpose of evaluating the contribution of the thioether bond gradient (1 mM/mL) that was initiated at 170 mM NaCl.
between Cys14 and the heme 2-vinyl group to the spectro- The purity of the resulting protein and its chromatographic

scopic properties of the wild-type proteifil). characteristics in the oxidized and reduced states were
EXPERIMENTAL PROCEDURES assessed by analytical cation exchange chromatography with
a Pharmacia Mono-S (HR 5/5) column under conditions

Construction of pBTR1 and Mutation of CYClhe 1.6 similar to those for purification. Cytochroneesamples (+5

kbp Hindlll —Ncd fragment which contains the gen€¥ Cl uM protein, 100uL) were reduced (DTT) or oxidized [with

and CYC3 was excised from pBPCYC1(T-5A)/32Q), KsFe(CN) or Co(dipicyNH,4 (28)] 5—10 min before ap-

purified by agarose gel electrophoresis, and ligated to the 4

Kbp Ncd —Hindlll fragment of pGYM @2). The resulting ! Abbreviations: CT, charge transfer; WT, wild-type; dipic, dipi-

phagemid (pBTR; Figure 2) was analyzed by restriction colinato; DTT, dithiothreitol; MCD, magnetically induced circular
mapping. The gene encoding ye&st-1-cytochromec in dichroism; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate.
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plication to the column. The column was developed with a A
NaCl gradient, and the resulting elution profiles were 750 |
monitored at 405 nm and recorded. A chromatography = ‘|
asymmetry factor was calculated according to eq 1: = 50/ ‘
@] i
= Hl
£ 25| ‘
asymmetry factor= % (2) ) - i L
= A - ) - ""I T
_ g B
wherea refers to the volume between the rear of the elution < 751
profile (measured at 10% full peak height) and the point of 2
maximum elution and is the volume between the front of =
=4

the profile and the point of maximum elution.
SpectrophotometryElectronic absorption spectra (260
750 nm) were recorded with a Cary 300 spectrophotometer
at 25.0°C. Spectra of Cys14Ser ferricytochrome variant b 10 20 30 40
uM cytochrome in 0.1 M KCI) were obtained as a function Volume (mL)

of pH between pH 5.5 and 10.5. The pH was varied by

iti Ficure 3: FPLC elution profiles (405 nm) of (A) the Lys72Ala
addition of 0.1 M NaOH or HCl and measured, after variant of cytochrome (referred to in this work as the WT protein)

eql_JiIibration, W_ith a Ra_diometer_model PHM84 pH meter and (B) the Cys14Ser/Lys72Ala variant. The dotted and continuous
which was equipped with a Radiometer model 2321 com- jine profiles depict the elution of the proteins in the reduced and

bination electrode. The resulting titration data were analyzed the oxidized state, respectively. The chromatography was performed
at multiple wavelengths with the program Scientist version With a Pharmacia Mono-S HR 5/5 column equilibrated with MES
2.01 (Micromath Scientific Software, Orem, UT), and by buﬁ%r (20 mM, pH 6.0) and developed with a linear NaCl gradient
singular value decomposition analysis (Specfit, Spectrum as_ Snown. ) L ,
Associates, Chapel Hill, NC). Ferrocytochromeswere with respect to the residual water resonance which is assigned

treated with hydrazine hydrate and heated at 4D0n the a chemical shift of 4.63 ppm relative to DSS.
presence of pyridine for 15 min as described elsewhbte ( EPR Spectroscopi-band ¢-9.5 GHz) EPR spectra were
to assay for unsaturated heme vinyl groups. The resulting obtained at 10 K with a Bruker ESP300E spectrometer which

solutions were cleared by centrifugation, and the visible Was equipped with an Oxford Instruments ESR900 continu-
electronic spectrum of the product was recorded. ous flow helium cryostat, an Oxford Instruments ITC4

Circular dichroism (CD) spectra were collected at 25.0 temperature controller, and a Hewlett-Packard Model 5352B
°C from 190 to 300 nm and from 280 to 700 nm (0.1 and m?crowave frequency counter. Data were coIIeCte_d with a
1.0 cm path length, respectively) with a Jasco model J720 Microwave power of 0.63 mW and with modulation fre-
spectropolarimeter which was equipped with a computer- duéncy and amplitude of 100 kHz and 1 mT, respectively.
controlled Neslab RTE-110 water bath. Magnetic circular Protein samples (2 mM, in 5 mM sodium phosphate
dichroism (MCD) spectra were collected at 28@with the buffer, pH 7.4) included glycerol (50% v/v) as a glassing
same spectropolarimeter fitted with a 1.5 T electromagnet @3€nt and were frozen in liquid nitrogen prior to loading in
(Alpha Magnetics). This magnet exerted a fidg at the the cavity.
sample of~1 T. The spectra reported here are the average RESULTS
of five scans that have been corrected for the baseline but
not smoothed. Protein ExpressionThe cytochrome expression system

Concentrated protein solutions<{2 mM cytochromec) described hereH. coli BL21DE3::pBTR) typically yields
were oxidized or reduced in a gel filtration chromatography ~20 mg of purified wild-type cytochrome per liter of
column (0.5 cmx 20 cm, BioRad SP6-DG resin) equili-  Terrific Broth culture. This yield represents an improvement
brated in deoxygenated sodium phosphate buffer (5 mM with over the expression system we reported previously ®ith
100 mM NacCl, pH 7.4) immediately before recording the coli HB2151::pBPCYC1/3 [7 mg/L;Z0)]. We attribute the
electronic, CD, and MCD spectra. All electronic spectra are consistently lower yield of the Cys14Ser variar mg/L)
normalized with respect to the absorbance at 280 nm, andeither to poor recognition of the apo-protein as a substrate
in most cases, samples from the same solution were used tdy cytochromec heme lyase or to a decreased efficiency in
measure the various types of spectra. the reaction(s) leading to heme attachment.

'H NMR SpectroscopyH NMR spectra were recorded Purification of the Cys14Ser VarianAt pH 6.0, both the
with a Bruker MSL-200 spectrometer operating in the reduced and oxidized forms of the WT cytochrome elute
quadrature detection mode at 200.13 MHz. A sample of the from an analytical cation exchange chromatography column
Cysl4Ser variant~0.5 mM, 400uL) was prepared in  as a single, sharp peak (Figure 3A). The ferrous form of the
deuterated sodium phosphate buffer [5 mM with 100 mM Cys14Ser variant also elutes in this manner, but the elution
NaCl, pH* 7.4 (value uncorrected for the isotope effect)]. profile of the oxidized protein exhibits considerable asym-
Data were collected with a superWeft pulse seque@®e (  metry (asymmetry factor12.1 vs 1.86 for WT ferricyto-
with a recycle delay of 220 ms and consisted of 10 000 chromec; Figure 3B). The tailing of the protein occurs
transients. The spectral resolution was enhanced by multi-independently of the oxidizing agent usedsf€¢(CN) or
plication of the FID with a cosine squared function prior to KCo(dipic)Cl], suggesting that the elution asymmetry is not
Fourier transform, and the baseline was corrected with ana consequence of adventitious binding of the oxidizing agent
interactive polynomial. All chemical shifts are referenced to the protein surface. The asymmetry is also observed at
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Ficure 4: Comparison of (A and B) the CD, (C and D) MCD,
and (E and F) electronic absorption spectra of WT yésstl-
cytochromec (--+) and the Cysl14Ser variant{ in the oxidized
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Ficure 5: Electronic absorption spectra of the Cysl14Ser variant
of yeastiso-1-ferricytochromec measured at pH 5.3 (- - -), 8.59),

and 9.6 ). The inset illustrates the pH-dependence of the

absorbance at 408, 532, and 615 ri ©, and A, respectively),

and the lines drawn through the points correspond to the simulta-
neous, least-squares fit of the three wavelengths to a model
describing three consecutive deprotonations.

environment of the heme group. The weak absorption band
near 695 nm is also absent from the spectrum of the
Cysl4Ser variant between pH 5.3 and 10.4 (Figure 5). While
the band at 695 nm is often regarded as a diagnostic indicator
of the integrity of the Met86Fe(lll) bond and the native
conformation of ferricytochromes its absence alone does
not provide evidence for disruption of this bond (vide infra)
(6).

At neutral and mildly acidic pH, the Soret and}5 maxima

(A, C, and E) and reduced (B, D, and F) states. These spectra werepf the Cys14Ser ferricytochrome variant occur at 409.6 and

obtained with protein samples~(0 «M) prepared in sodium

phosphate buffer [5 mM, pH 7.4, containing sodium chloride (100

mM), 25 °C]. The inset in (F) illustrates the-band-normalized
spectra of the ferrous proteins.

532 nm, respectively. The ratios of absorbance between these
bands and that at 280 nm are typical for yeast ferricyto-
chromec with values of~4.5 and~2.1, respectively. With
increasing pH, both the Soret and visible bands decrease in

higher pH (e.g., 7.2), and it is reversible. Rechromatography intensity, and a new feature appears-820 nm that reflects
of the pooled fractions eluting between 280 and 400 mM the formation of a high-spin heme iron species. The alkaline

NacCl following reduction with DTT yields an elution profile

conformational transition dEuglenacytochromecsss [pKapp

that is indistinguishable from that of protein that was not ~ 10.3; (L5)] is also accompanied by the appearance of a
oxidized previously. This behavior suggests that Cys14Serhigh-spin form (620 nm). Moreover, elevated temperature

ferricytochromec undergoes structural fluctuations on the
time scale of the chromatographic elution.

Heme Attachment to the Proteinncubation of the
Cysl14Ser variant at 10 in hydrazine hydrate and pyridine
resulted in a 3.1 nm shift of the-band of the ferrous protein
to the ultraviolet while identical treatment of the WT

leads to bleaching of the band at 695 nm in the spectra of
protozoan cytochrome3 |, ~ 52 and 68°C for cytochromes

Css7 and cssg, respectively; 14)] with the concomitant
appearance of another band ne&15 nm. The spectroscopic
changes observed with increasing pH of the Cys14Ser variant
are reversible; the high-spin character of the protein is

cytochrome produced essentially no spectroscopic changesdiminished on acidification, and the initial spectrum is
In contrast, heme groups with two unsaturated vinyl groups reestablished. The corresponding titration data are best fit
have been reported to exhibit shifts of 8 nm following to a model that includes three proton binding equilibria with
reaction with hydrazine and pyridine under these conditions PKappvalues of 6.61(9), 9.12(3), and 10.0(3) (Figure 5 inset).
(14). The result for the Cys14Ser ferrocytochrome variant Singular value decomposition analysis of these data yields
indicates that the 2-vinyl group in this protein is free to react PKapp Values that are in good agreement with these results.

with hydrazine in this assay and that, therefore, a bond does The electronic spectra of WT ferrocytochromand the

not form between Serl4 and the heme 2-vinyl group.
Electronic Absorption Spectroscaphhe spectrum of the

Cysl4Ser variant measured at pH 7.4 (Figure 4F) reveal more
significant differences between the two proteins. In the

Cysl4Ser ferricytochrome variant measured at pH 7.4 is spectrum of the variant, for example, the and 5-bands
compared to that of the WT ferricytochrome in Figure 4E shift to the red~4 and ~2.5 nm to 553 and 522 nm,
following normalization of the spectra at 280 nm. While the respectively The Soret and-bands also shift to the red (3
Soret bands of the two proteins are nearly superimposable,and ~4 nm, respectively), and the intensities of all four

the a/f region is less intense, noticeably broaderl$%
broader fwhm), and shifted4 nm to lower energy in the

maxima are significantly lower than observed for the
corresponding maxima in the spectrum of the WT protein

spectrum of the variant. These spectroscopic differences andfollowing normalization at 280 nm). The spectrum of the

the loss of intensity at~360 nm may result from pH-linked
conformational equilibria which perturb the immediate

Cysl14Ser ferrocytochrome variant thus resembles the spectra
of the protozoan ferrocytochromes; from Chrithidia and
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Cssg from Euglenawith respect to the red-shifted-band, A
but it differs in that this feature in the spectrum of the variant
is symmetrical (Figure 4F, inset) and the intensity ratio of

the Soret band with respect to thgsg is lower [4.6 vs 5.65 g

and 6.0 for cytochromesss; and Cssg, respectively 14)]. 3

Interestingly, two weak bands appear-&60 and 730 nm a' .

in the spectrum of the Cys14Ser ferrocytochrome variant that %

are not observed in the spectrum of the WT cytochrame < A B |
Visible CD and MCD Spectroscopyhe MCD spectrum E 400 ;¢

of the ferricytochrome variant at pH 7.4 is similar to that of § y

the WT protein (Figure 4C). Tha-terms in the Soret regions 0 e

of the two spectra are almost superimposable, but the variant E

appears to be more sensitive to.the magnetic f|eld.q7k$e 400

region also exhibits the broadening and apparent shift of the -

Soret band to lower energy. Note that the sharp Cotton effects 200 250 300

between 500 and 540 nm in the MCD spectrum of the WT Wavelength (nm)

ferricytochrome correspond to a small fraction of the sample g re 6: Far-Uv CD spectra of (A) the Cys14Ser variant of yeast
which is present in the ferrous form. In contrast, the CD iso-1-cytochromec and (B) the WT protein (Lys72Ala variant) in
spectra of the two proteins differ significantly (Figure 4A). the reduced +-) and oxidized {-) states. The oxidized minus
The maxima just above 400 nm are less intense in the reduced difference spectrum spectra is also shown (panel-As).
spectrum of the variant, and the two negative Cotton effects , . ) . )
at ~320 and 360 nm are absent. These differences may!n this region, the only differences exhibited by the variant
reflect a weaker Met8OFe! bond in the variant (vide supra), ~&ré &-4 nm shift to longer wavelength accompanied by loss
particularly in view of the sensitivity of the Soret cD Of intensity and fine structure near 500 nm.
spectrum of cytochromesto this bond 80). Ultraviolet CD Spectroscopylhe far-UV CD spectrum
The CD and MCD spectra of the Cys14Ser ferrocyto- of the Cys14Ser ferrocytochrome variant (Figure 6A) exhibits
chrome variant in the near-UV, Soret, and visible regions negative ellipticity at 222 and 208 nm, indicating that, like
are compared to those of the WT cytochrome in Figure 4B,D. the WT protein (Figure 6B), the variant contains a high
Although replacement of Cys14 with Ser does not appear to Percentage ofi-helical structure. Interestingly, comparison
induce significant changes in the secondary structure of theof the spectrum of the WT and variant proteins following
ferrous form of the variant (see far-UV CD results below), normalization at 280 nm demonstrates that the ellipticity in
it does affect the electronic properties of the heme group. In the spectrum of the variant is ony75% as great as that of
the Soret region, for example, the CD spectrum of the variantthe WT protein. This reduced ellipticity may reflect a
(Figure 4B) exhibits positive ellipticity at 432 nm and a sharp Mutation-induced perturbation of the protein environment in
negative Cotton effect just below 420 nm that resembles the immediate vicinity of Trp59 (vide infra) which is
more closely that of &-type cytochrome [e.g., cytochrome ~Manifested by increased absorptivity at 280 nm. As a resullt,
b (31)] or of the noncovalent apo-cytochrome/heme complex the absolute magnitude of the normalized CD spectrum in
(32). In contrast, the spectrum of the WT protein exhibits a the far-UV region appears to be lower than that of the WT
typical line shape for mitochondrial cytochromeswith protein.
positive Cotton effects near 427 and 411 nm, and a minimum  Extensive structural and spectroscopic work concerning
at 415.5 nm. The CD spectra of the two ferrocytochromes cytochromes from a variety of species has established that
also differ significantly in the region of theds-bands. subtle structural changes accompany changes in oxidation
Whereas the spectrum of the WT protein exhibits positive state 84—39). These changes are reflected in the far-Uv
ellipticity at 552 nm, that of the variant exhibits a negative CD spectrum by a small loss of ellipticity at 208 and 222
Cotton effect at 550 nm. Myer has shown that the spectra of nm (40) as confirmed by the spectra of WT cytochrome
ferrocytochromes from higher eukaryotes exhibit a high  (Figure 6B). In contrast, the spectrum of the Cys14Ser variant
degree of variation in this regio38), but the origin of this changes more dramatically upon oxidation. Specifically, a
variation is not understood. sharp feature appears at 203 nm while the ellipticity at 222
Significant differences are also encountered in the MCD nm remains almost unchanged. A similar spectroscopic
spectra of the two ferrocytochromes (Figure 4D). For the feature at the shorter wavelength has been encountered, for
WT protein, the Soret band exhibits a line-shape that is example, following chemical modification of the prote#i(
similar to that of the ferricytochrome. In the spectrum of 42), upon addition of propanol [50% (v/v#8)], and in the
the Cysl4Ser variant, on the other hand, the Soret bandnoncovalent heme/apo-cytochrome complé. (In the
appears to be the superposition of two bands of similar shapepresent case, the ferricytochromeninus ferrocytochrome
but which are centered a few nanometers apart. Alternatively, ¢ difference spectrum exhibits a negative band-a98 nm
the positive Cotton effect corresponding to théand has that resembles the signature of a polypeptide predominantly
gained intensity at the expense of the Soret feature. Thein a disordered conformation, such as apo-cytochrortg
o-band is believed to arise from the heme porphyrin ring 12, 15, 44.
(33), so it may be sensitive to structural changes of the heme NMR and EPR Spectroscapihe hyperfine-shifted reso-
that result from changes in the number of thioether bonds nances of the axial ligands and substituent groups of the heme
formed by the heme with the apo-protein. Finally, t are sensitive reporters of structural changes in the active site.
region of the two spectra exhibit very similar line shapes. Observation of the resonance at—23.5 ppm in the'H
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Ficure 7: Hyperfine-shifted, 200 MHZH NMR spectra of (A) | . A -156

WT yeast ferricytochrome [Lys72Ala variant;~2 mM protein in 22

sodium phosphatesodium borate buffer (25 mM each, pH* 7.4)
(20)], and (B) the Cysl4Ser ferricytochrome variantO.5 mM
protein in sodium phosphate buffer (5 mM, pH* 7.4, with 100 mM

sodium chloride]. :

100 200 300 400 500 600

NMR spectrum of the Cysl14Ser ferricytochrome variant Magnetic Field (mT)
(Figure 7) provides compelling evidence that this variant Figure 8: X-band EPR spectra of (A) WT yeast ferricytochrome
adopts a native conformation that is comparable to that of ¢ (Lys72Ala variant) and (B) the Cys14Ser variant. Protein samples
other ferricytochromes. This resonance corresponds to the (1—2 mM) were prepared in sodium phosphate buffer (5 mM, pH
-CHs protons of Met80, and it is found this far upfield only 74 With 50% (v/v) glycerol.
when this residue is coordinated to the heme i85, 46.
Nevertheless, the 3.4 ppm change in chemical shift of this
resonance in the spectrum of the variant indicates that the
Cysl4Ser substitution does perturb the heme environment.
In the proton NMR spectrum of cytochromgs; from
Crithidia oncopeltithe e-CHs protons of Met80 also resonate DISCUSSION
closer to—20 ppm where they overlap the signal from a  As noted above, our bacterial expression system is capable
single proton 47). of producing the Cys14Ser variant for physical studies even
The broad peak just below 20 ppm corresponds to the though the level of expression is significantly lower than
His18<1 proton. The width and shift upfield relative to its that routinely achieved for the WT cytochrome. This reduced
position in the spectrum of the WT proteind ~ 5 ppm) is efficiency in expression may result from poor recognition
also consistent with a perturbed heme environment. Furtherof the apo-protein as a substrate for the cytochrarheme
downfield, the peaks at 35.4 and 34.5 ppm correspond tolyase, from reduced efficiency of catalysis of heme attach-
heme methyl group protons, but it is not possible at this time ment, or from decreased stability of the variant in vivo. A
to assign these features to specific methyl groups. With aseryl residue was selected in the design of this variant
vinyl group at position 2 of the porphyrin, the electronic because this substitution introduces the smallest structural
distribution on the ring may shift sufficiently to deshield the perturbation that could be achieved, i.e., the replacement of
methyl groups at positions 1 and 5 more than those atan oxygen atom with a sulfur atom. Despite the conservative
positions 3 and 8. The peak at 35.4 ppm corresponds to eithemnature of this mutation, it is evident that the hydroxyl group
the 1- or the 8-methyl group protons based on a distinct nOeof the seryl residue is inert in the reaction of heme
connectivity pattern observed between this resonance, thatattachment. Although there was a remote possibility that this
of the 6-meso proton (7.51 ppm), and another heme methyl substitution could result in formation of an ether bond

4.3 presumably corresponds to nonspecifically associated iron
that is commonly observed in the spectrum of this and other
metalloproteins.

group resonance (13.8 ppm; data not shown). between Serl4 and the heme 2-vinyl group, the reactivity
The EPR spectrum of the Cys14Ser variant (Figure 8) is Of the variant with hydrazine rules out this possibility.
similar to those of other cytochromesin which Met80 is  Interestingly, our efforts to express the Cys17Ser variant and

coordinated to the heme iron. From the princigalalues thus selectively eliminate the other thioether bond resulted
(9. = 3.01,9, = 2.29, andg, ~ 1.13), the tetragonality and in even lower expression levels Q.1 mg/L) than achieved
rhombicity of the metal center (2.120 and 0.649) place this With the Cys14Ser variant. Modifications to fermentation
cytochrome within the boundaries of group C in the conditions such as media composition, pH, salt concentra-
Blumberg and Peisach “truth” diagram&8{. Heme proteins  tions, culture duration, and incubation temperature did not
in this region typ|ca||y possess a |0W_spin heme Cerﬁeq:( improve the yleld of isolated holo-protein. This result is
1/,) with His/Met coordination. This observation is consistent consistent with the present lack of examples of naturally
with the NMR and Soret CD spectra (vide supra). The occurring cytochromes possessing only the Cydigme
rhombic signals ag = 6.03 and~2 suggest that a fraction ~ 2-vinyl thioether bond.

of the variant is in a high-spin electronic configuration. This ~ Recently, Tomlinson and Ferguson reported studies con-
component may be associated with a pH-linked conforma- ducted on analogous variants of cytochroosg from the
tional transition of the protein that occurs under mildly thermophilic bacteriunH. thermophilus(10) that differ in
alkaline conditions (vide supra). Finally, the signalgat some respects from our results obtained with the yeast
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mitochondrial cytochrome. Perhaps the primary difference that a cytochrome lacks a methionine ligand. For example,
between our results is that even without the coexpression ofmitochondrial ferricytochrome lacks a band at 695 nm at
a enzymatic system for covalent attachment of the heme50°C even though NMR spectroscopy demonstrates that the
prosthetic groupE. coli cytochromecss, variants could be  methionine ligand remains coordinated under these conditions
expressed in which either or both of the relevant Cys residues(57). Similarly, deprotonation of the imidazole group coor-
were replaced with alanine. The level of expression of these dinated trans to the methionine causes a shift of the 695 nm
proteins was comparable to that observed for the WT proteinband to higher energy where it may be obscured by the
with the exception of the Cys17Ala variant analogue, which greater intensity of the/s region of the spectrum as reported
was isolated at about one-third the level of the others. Our for ferricytochromebsgs; (58).
inability to isolate this variant can be rationalized in terms  The coordination of Met80 to the heme iron in the native
of the extent to which the two proteins attain a nativelike form of the Cys14Ser variant is established by the positive
conformation and the requirement for a lyase. Whereas apo-and negative ellipticities at 405.4 and 418.6 nm of the CD
cytochrome from the thermophilic bacterium exhibits a spectrum measured near neutral [39,(59, by the EPR
relatively well-organized secondary structud®) the mito- characteristics commonly associated with His/Met, low-spin,
chondrial apo-cytochrome exhibits little or no secondary ferriheme coordination, and particularly by the paramag-
structure §). The required interaction of yeast apo-cyto- netically shifted resonance of the Met80 methyl group that
chrome with its cognate lyase to produce the holo-protein is characteristic of an Mecoordinated methionyl residue.
may also introduce additional complications. Poor recogni- The lack of a 695 nm band even at mildly acidic pH makes
tion of the heme-binding motif (i.e., if Cys17 is involved in it unlikely that deprotonation of His18 is relevant in this case,
docking with the lyase) or inefficient attachment of the heme but in the absence of additional information we cannot rule
(i.e., if Cys17 forms the first thioether) are potential obstacles out the possibility that the electronic perturbation resulting
to cytochromec maturation that cannot be overcome when from elimination of a thioether bond to the heme shifts this
Cys17 is replaced with any other residue. transition to higher energy where it is more difficult to detect.
Structural Implications of the Cys¥eme 2-Vinyl Thio- In view of these observations, it seems reasonable to
ether Bond.The nonplanarity of the heme prosthetic group conclude, therefore, that for yeast cytochromeoth the
that is apparent in the three-dimensional structures of coordination of the Met80 residue to Fe(lll) and the presence
cytochromeg [e.g., 34)] has been suggested to result from of the thioether bond between Cys14 and the heme 2-vinyl
structural constraints imposed on the heme group by theare required for observation of the weak charge-transfer band
polypeptide. On the basis of theoretical considerations andnear 695 nm. The overall insight that these spectroscopic
resonance Raman experiments involving native and metal-data provide into the pH-dependence of axial ligation
substituted cytochromesand model porphyrins, Shelnutt  exhibited by the Cysl4Ser variant is consistent with the
and co-workers attribute deformations of the heme group in conclusion that the Met80 axial ligand is coordinated to the
cytochromest specifically to the thioether bonds@ and heme iron at neutral and slightly alkaline pH and that the
to the five residues from Cysl14 to His181(-53). This transition with a K, ~ 9.1 involves a change in ligation to
pentapeptide and the covalently attached heme have beemproduce a high-spin, hydroxide-coordinated heme iron spe-
suggested to serve as a foundation around which thecies with an absorption maximum at 620 nm. Presumably,
remainder of the cytochrome fold$5). The availability of the transition corresponding tokp ~ 10 corresponds to
a cytochrome variant lacking one of the two thioether bonds replacement of the putative hydroxide ligand by one or more
that attach the heme group to the apo-protein provides alysyl residues.
valuable means of evaluating these hypotheses. While the effects of the Cysl4Ser substitution on the
Changes in Structural Dynamics and the Electronic properties of the yeast protein imply a significant structural
Spectrum Resulting from the Cys14Ser Substituliba.first role for the corresponding thioether bond, it is apparent that
indication that the structure of the Cys14Ser variant is subject sequence differences in the naturally occurring, protozoan
to greater structural flexibility than the WT ferricytochrome cytochromes act to compensate for the stability that is lost
was manifested in the unusual asymmetry with which the in the absence of this link. For example, the ferricytochromes
variant elutes from the cation-exchange resin during purifica- of Crithidia and Euglenaexhibit a charge-transfer band at
tion (Figure 3). The observation of three pH-linked transitions 698 and 702 nm, respectively, in the electronic absorption
in the electronic spectrum of the ferricytochrome between spectrum. Alkaline titration of this feature reveals a single,
pH 5 and 10 (Figure 5), however, provides a more detailed pH-linked transition with apparentq values of 8.6 and 10.3,
and quantitative demonstration of the relative instability of respectively. Similarly, these proteins are not significantly
the active site of this variant. Further evidence for increased more susceptible to thermal denaturation than the equine
disorder around the active site is provided by the small, cytochrome 14—16). Evidently, organisms that have evolved
negative Cotton effects at 282 and 289 nm in the CD with cytochromes possessing a single thioether bond have
spectrum of the variant which are associated with the single also experienced selective pressure to produce other com-
tryptophanyl residue5d). Formation of the molten globule  pensatory mutations in the sequence to overcome any loss
conformation of the protein upon addition of methanol and in stability. In a sense, the cytochrormg, variants generated
the associated lability of the polypeptide in the vicinity of by Tomlinson and Ferguson have also benefitted from similar
Trp59 have also been reported to decrease the optical activityevolutionary pressures. Because cytochramgis from a
at these wavelength&j, 56. thermophilic bacterium, the protein scaffold is already
All ferricytochromes possessing an absorption maximum optimized to withstand extreme environmental conditions that
at 695 nm also possess a methionine ligand to the heme ironproteins from yeast, for example, may not tolerate. Neverthe-
The absence of a band at 695 nm, however, does not establiskess, although Tomlinson and Ferguson do not regard as
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significant a decrease in the guanidine hydrochloride con- 27.

centration required to denature their single Cys to Ala

variants of up to 4650%, the decreased stabilities are in

general agreement with the conclusions presented here.

Namely, without a thioether linkage to the porphyrin ring,

the overall structure of the yeast cytochrome is destabilized

by the lack of this critical bond.
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