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ABSTRACT. Recent studies of mutant mice with compromised ability to absorb dietary iron have identified
involvement of two integral membrane proteins in the intestinal epithelial lining in iron uptake, a divalent
metal ion transporter and a ferric reductase. The current study concerns the recombinant expression,
purification, and initial spectroscopic characterization of a recombinant form of the human ferric reductase
that was expressed and purified as the apoprotein Esaherichia coliReconstitution of the recombinant
protein with ferriprotoporphyrin IX produced a red product with Sore€{Fémax 413.5 nm; F&", Amax

= 426 nm) and visible absorption maxima indicative of bisimidazole axial coordination. This observation
was confirmed by electron paramagnetic resonance and magnetic circular dichroism spectroscopy. Titration
of apo-Dcytb with ferriprotoporphyrin IX was consistent with the binding of two heme groups to the
protein as predicted by the phylogenetic relationship of this protein to the cytochmgdamily. Similar
titrations and spectroscopic studies of two double variants of Dcytb, each lacking a pair of histidyl residues
(H50 and H120 or H86 and H159) proposed on the basis of sequence alignment with other members of
the cytochromebsg; family to provide axial ligands to bound heme, indicated that these variants were
able to bind just one heme group each.

The predominant form of non-heme dietary iron is Further support for a role for Dcytb as the ferric enteric
comprised of F& that is chelated to a variety of organic reductase is provided by the 450% sequence similarity
ligands, and various formulations of elemental iron are of Dcytb to members of the cytochromisss; family.
commonly taken orally to prevent or treat iron deficiency. Cytochromebsg; was originally observed in neuroendocrine
Uptake of non-heme iron from the gut has recently been vesicle membraned§, 16) and was long believed to be the
shown to be accomplished through the action of the divalent only protein that supplied electron equivalents across mem-
metal transporter DMT-1that resides in the apical mem- branes mediated by ascorbate as the electron ddier (
branes of enterocyte4,(2). This discovery explains the fact  19). Recently, however, most eukaryotic cells have been
that reduction of F& to F&* accelerates iron uptake. McKie  found to possess similar membrane proteR@.(Although
and colleagues have proposed that this reduction is achievedittle is known about any of the other cytochroniigs;
in the gut through the activity of a second enteric membrane isoforms, sequence similarity suggests that all members of
protein, Dcytb, on the basis of studies of mutant mice that this family share a common motif, namely, six transmem-
are deficient in this proteir( 4). The cDNA encoding Dcytb  brane helices, four conserved histidyl residues that provide
has been cloned from hypotransferrinemic mice, which axial ligands for twob-type heme groups that endow
exhibit a very high rate of iron absorption, and ferric members of this family with electron transfer activity, and a
reductase activity is increased Xenopusoocytes and in  binding site for ascorbate/monodehydroascorbate on both the
cultured enterocytes that are transfected with this Dcytb cytosolic and extracellular sides of the protein (ALLVYRV-
cDNA (5). Dcytb protein and mRNA levels are highly FR in helix 1 and SLHSW in helix 4 of adrenal cytochrome

_elevated in mice m_aintained on an iron-defipient dietd), bss1) (5, 20—22). The principal physiological role of cyto-
in hemochromatosis/¢-10), and under anemid(, 12) and chromesbsg; is regarded to be ascorbate-mediated trans-
hypoxic 6, 13, 14) conditions. membrane electron transport, and several members of this

family have been linked to a ferric reductase activi2g)(
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and H159 are highly conserved and are thus likely heme was digested with thrombin (37 U, Sigma-Aldrich) for 2 h
ligand candidates. The corresponding His residues of adrenaht room temperature and concentrated by centrifugal ultra-
cytochromebsg; have been proposed to provide two binding filtration.

sites for heme, one at either end of the transmembrane stretch gpg-sample buffer (Tris buffer (pH 6.8, 60 mM) with

of the a-helices 5), and substitution23) or chemical  gycerol (10%), SDS (3%), and bromphenol blue (0.005%))
modification @6, 27) of these residues impairs reduction of 55 added to the protein, which was then loaded onto a
dehydroascorbate by that enzyme. ~ 12.5% preparative SDolyacrylamide gel (Bio-Rad model

At present, characterization of Dcytb has been restricted 491 prep cell). Electrophoresis was performed overnight at
primarily to genetic studies, with no report concerning room temperature in Laemmli buffer (Tris buffer (25 mM)
isolation of the protein or characterization of its physical containing glycine (190 mM) and SDS (0.1%)). Samples of
properties. The current study describes an efficient bacterialihe electrophoretic fractions were run on an Sp8lyacry-
expression system for Dcytb and initial spectroscopic |amide gel and stained with silver nitrate. Those fractions
characterization of the wild-type and variant forms of the containing monomeric Deytb were pooled, and the Laemmli

protein that provide evidence concerning the number of hemepyffer was exchanged for sodium phosphate buffer (pH 7,
binding sites and identification of the axial ligands. 20 mM) containing SDS (0.1%).

The protein concentration was determined either by the
bicinchoninic acid (BCA) assay (Pierce Chemical Co.)
according to the manufacturer’s protocol or from the
calculated 28) molar absorptivity at 280 nm (66 920 M
cm™1). Hemin solutions were prepared for reconstitution of
apo-Dcytb by dissolving hemin (Frontier Scientific, Logan,
UT) in NaOH (0.1 M) and diluting to a final concentration
gagggctaccgge:and the antisense primef-&gcggatcctta-  of 1 mg/mL with sodium phosphate buffer (pH 7, 20 mM).
catggtagatctctgccc-nto the refilledNcd and theBanHl| Prior to reconstitution with heme, a sample of each apo-
restriction sites of the pET32b plasmid (Novagen) to create Dcytb preparation was titrated with heme to determine its
the plasmid 32D. Site-directed mutagenesis was performedheme binding capacity. The heme solution (0.95 equiv) was
with the QuikChange mutagenesis protocol (Stratagene) andthen added to the remainder of the preparation for spectro-
the following primers to create the plasmids 32DCS, H50A/ scopic analysis.

H120A, and H86A/ H159A,(complementary antisense prim- glactronic Absorption SpectroscopyV —vis spectra were
ers are not shown): C76S'-6cgiggacciggaaatccagcaageic- rocorded with a Cary model 6000i spectrophotometer at
ctgatg-3; C130S, 5ggactgatagctgtcatatcctatttgttacagcttctt- ambient temperature using quartz cellshwét 1 cmpath
3, H50A, 5-cactagagtitaactgggceccagtgctcatggid-B6A, length. Reduction of Dcytb was accomplished with addition
5'-cctgatgaaatccatcgetgcagggttaaatgddd20A, S-ccaatat- ot oy cess solid sodium dithionite to the argon-purged protein
gtacagtctggccagctgggttggactg-:B—_i159A, 5-gqgcatttctht- solution in an anaerobic glovebox (Vacuum Atmospheres).
gcccatagctgtttattctggaattg-Blasmid DNA was isolated with L )

Titration of apo-Dcytb with heme was performed by

the Qiagen plasmid mini kit, and the insertion of the point - ) )
mutations was verified by sequence analysis. incremental addition of a hemin solution (1 mg/mL) prepared
as described above to a protein solutiorr$2«M) in sodium

Expression and Purificatiorf.he expression plasmids 32D, .
32DCpS H50A/H120A, and H86NHF159A WeFr)e transformed phosphate buffer (pH 7, 0.1% SDS). After each addition,
’ ' the spectrum (240 to 800 nm) was recorded. Difference

into the T7 RNA polymerase strain Rosetta pLysS (Novagen). : . :
Transformants were grown in M9 medium at 32 to an §pectra of the protein sample titrated with heme_ and heme
in buffer were calculated, and the absorbance intensity at

MATERIALS AND METHODS

Molecular GeneticsA cDNA library was prepared by
reverse transcription from Caco-2 RNA (kindly provided by
Professor Gnter Weiss) that was derived from a human
colonic adenocarcinoma cell line. Dcytb cDNA was cloned
from this library by PCR with the sense primerdecatg-

ODggo of 0.5. The temperature was lowered to 30, and

expression was induced with IPTG (0.5 mM). The cells were
harvested by centrifugatio6 h after induction. The pellet

the Soret maximum divided by the protein concentration was
then plotted against the ratio of heme to protein.

was resuspended in phosphate buffer (pH 7.0, 20 mM) and Weighted differences in absorbandeX, relative to that

frozen at—80 °C until further use.

of the free protein) at each titration pointvere calculated

The thawed cell suspension was incubated with DNAse | &ccording to eq 1, and the result was fit to eq 2
(2.5 ug/mL, Sigma-Aldrich) for 16-20 h at 4°C and then
centrifuged. The resulting pellet was washed with sodium AA= A — AL
phosphate buffer (pH 7, 20 mM) and solubilized in the same
buffer containing SDS (0.1%) and sodium chloride (300 mM) AA = Aot A ([Plr + [L] Tg K~ i
(buffer A). Insoluble material was removed by centrifugation {(n[Ply; + [L]+; + Ky — 4n[Ply[L] 1} 7)/2n[Ply; (2)
and filtration through a syringe filter (08m). The soluble
fraction was loaded onto a HisPrep FF column (GE Health- (29—-31) by a nonlinear least-squares analysis with the
care) that had been equilibrated with buffer A. The protein program SigmaPlot (Systat Software, San Jose) to obtain a
eluted with sodium phosphate buffer (pH 7.4, 20 mM) dissociation constanKg) for formation of a 1n protein-
containing imidazole (100 mM). The eluate (50 mL) was ligand complex. In this relationshigy; is the total absor-
concentrated in a 30K Amicon concentrator and loaded onto bance at each titration pointA,; is the absorbance of the
a Sephadex G25 column (XK 26/10, 60 mL) that had been ligand (heme) as determined by titration of hemin solution

equilibrated with sodium phosphate buffer (pH 7, 20 mM) against buffer in the absence of proteixf\ax is the total
containing sucrosemonododecanoate (0.032%). The proteirabsorbance change upon saturation of the protein with ligand,

(1)
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[Plri and [L}r; are the total protein and total ligand
concentrations, corrected for dilution, at each poj@ndn

is the number of ligand binding sites, which was assumed
to be 2 for the wild-type protein and 1 for H50A/H120A
and H86A/H159A. The dependence Af; on the [heme]/
[protein] ratio was fit to eq 2, withA_; corrected by the
fraction of free ligandff;) using egs 3 and 4.

AR = Ari = ATy 3
[P1-. 17— —
[~ —nA,';’:aX]T" - s
f[L] = . (4) 11—

Ficure 1: SDS-PAGE of recombinant Dcytb purification: lane
1, protein marker; lane 2, total protein extractksfcherichia coli
cells carrying the plasmid 32DCS before induction with IPTG; lane
3, total protein extract after induction with IPTG; lane 4, isolated

Circular Dichroism (CD) Spectroscopgircular dichroism
spectra of protein solutions-(L0 «M) were recorded at room

temperature with a Jasco model J-720 spectropolarimeter.
Far-UV CD spectra (196250 nm) were obtained with a
quartz cell (0.1 cm path length) and a scan rate of 50 nm/
min. Near-UV and visible CD spectra (35000 nm) were
obtained in quartz cells (1 cm path length) with a scan rate
of 100 nm/min. Spectra were recorded in triplicate and

averaged. Secondary structure analysis was performed with

the program K2d32). Dcytb was reduced to the ferrous form
by anaerobic addition of solid sodium dithionite.

Magnetic Circular Dichroism (MCD)Magnetic circular
dichroism spectra were recorded at°ZDwith either a Jasco
model J-720 spectropolarimeter (35000 nm, 1 cm path
length) or a Jasco model J-730 spectropolarimeter {800
2000 nm, 0.1 cm path length) equipped with an electromag-
net (Alpha Magnetics, Hayward, CA) that generated a
magnetic field of 1 T. For visible MCD spectroscopy, protein
samples (1QuM) were exchanged into sodium phosphate
buffer (pH 7, 20 mM) containing SDS (0.1%), while for NIR-
MCD spectra, protein samples were exchanged into sodium
phosphate buffers prepared i@ containing deuterated
SDS. Dcytb was reduced to the ferrous form by anaerobic
addition of solid sodium dithionite. MCD spectra were
calculated from the difference between spectra obtained with
parallel and antiparallel field orientations.

Electron Paramagnetic Resonance (EPR) Spectroscopy.
EPR spectra were recorded at X-band (20 K) with a Bruker
ESP 300E spectrometer fitted with an Oxford Instruments
model 900 liquid helium cryostat, an Oxford Instruments
ITC4 temperature controller, and a Hewlett-Packard model
5352B frequency counter. The microwave power (1.25 mW),
microwave frequency~9.44 GHz), modulation frequency
(100 kHz), and amplitude (10 G) were as indicated. The
protein samples contained 50% glycerol.

RESULTS

Expression and Purificationin developing the protocol
for purification of recombinant Dcytb as described above,
the final step of preparative SB$AGE was found to be
essential to ensure separation of monomeric Dcytb from the
cleaved tag and from aggregated Dcytb. During purification,
the yield of protein decreased from about 65 mg/L of culture
after the affinity chromatography to 3 mg/L after the SBS
PAGE. Most of this loss was attributable to aggregation of
the protein. Substitution of Cys residues 76 and 130 with
Ser decreased aggregation without changing the spectroscopi

pellet; lane 5, protein extract after Ntaffinity chromatography;
lane 6, protein after thrombin cleavage; lane 7, pure protein after
preparative SDSPAGE. Equal amounts of protein were loaded
into the SDS-sample buffer.
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Ficure 2: Electronic absorption spectra of purified Dcyth: spectra
of oxidized (solid line) and reduced (dotted line) Dcytb reconstituted
with heme (phosphate buffer, pH 7, 0.1% SDS).

properties of the protein. The experiments reported below
were, therefore, performed with protein in which both Cys
residues were replaced with Ser, and this protein is referred
to as wild-type Dcytb. The final yield for this form of the
protein was~10 mg of monomer/L of culture. The purity
of the protein after each step of the purification protocol was
evaluated by SDSPAGE (Figure 1).

Electronic Absorption and Far-UV CD Spectroscopy.
Recombinant Dcytb expressed as described above was
isolated as the apoprotein. Addition of a heme solution to
the purified monomer produced a red protein with a Soret
maximum at 413.5 nm, a brogétband with A ~ 534,
and a shoulder at-561 nm in the ferric form. Reduction
with sodium dithionite shifted the Soret maximum to 426
nm and produced maxima at 560 and 530 nm as typically
observed &3) for low-spin, six-coordinated heme proteins
(Figure 2).

To evaluate the stoichiometry and affinity of heme binding,
purified apo-Dcytb was titrated with heme, and the change
in absorbance at the Soret maximum was monitored. In this
titration (Figure 3), the increase in absorbance exhibits a
break point at a heme:protein ratio o that is consistent
with a stoichiometry of heme binding of 2:1. Numerical
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Ficure 3: Titration of wild-type and variant Dcyth: (A) electronic
difference spectra of apo-Dcytb titrated with heme, (B) titration of f ' f ¢ t
apo-Dcytb with heme as monitored at the Soret maximum [wild- — 1000
type Dcytb (circles), HS50A/H120A variant (triangles), and H86A/ F o500
H159A variant (squares)]. The curves represent the fits of the data £
to eq 2 as described in the text. —; 0
analysis of these results as described above with a model 500
that assumes two equivalent, noninteracting binding sites <
leads to an apparent dissociation constiatof ~2 x 1077 -1000 . . ,
M for each. Fitting the data to a model that assumes two 400 500 600
inequivalent but noninteracting binding sites improves the Wavelength (nm)
quality of the fit to the data but leads to numerical values
that are physically implausible. We attribute this observation 2l ' ' ' ' "]
to the inability of a manual titration to provide data of - c
sufficient precision to withstand numerical analysis in terms 1—
of the number of adjustable parameters inherent in the more §
sophisticated two-site model. Additional challenges to any 'g 1 1
quantitative thermodynamic analysis of henpgotein bind- =
ing interactions include the dimeric state of ferriprotopor- <
phyrin IX in aqueous solution3d) and the relatively high
protein concentration (25 ¢M) required to monitor heme 0 , . . . ]
binding. For this reason, we regard tkg provided above 800 1000 1200 1400 1600 1800
as simply an indication of the order of magnitude of heme Wavelength (nm)
protein complex stability. FIGURE 5: Soret CD, Soret MCD, and NIR MCD spectra of wild-

Reconstitution of Dcytb with heme does not significantly type Dcytb reconstituted with heme: (A) visible CD spectra, (B)

alter the secondary structure as determined by far-UV CD visible :\_/thiDdSpe_thr%v and (C)dner’ﬂlr-iﬂ(;f%‘r ed MdCD S%e(gra Ol;hDC)t/tbt
i i i reconstituted with heme and recorded as described in the text.

Z?fi(c::irsof)(t;zg?'lvg)c(jp:tng]zelngsn ((jFé%%riri)é:ehteygiigﬁyvgbg;t\tgg gr[:aegthrg v% .oxidized (solid lines) and reduced (dashed lines) Dcytb
for proteins witha-helical structure and are exhibited to a
similar extent with and without heme bound. Estimation of  Circular Dichroism and Magnetic Circular Dichroism
the secondary structure from these spectra was consistenSpectroscopyThe Soret CD spectrum of oxidized Dcytb
with 39%a-helical content for both the apo- and holoprotein. exhibits a bilobed line shape with a maximum at 406, a
This helical content is similar to the value predicted by minimum at 424 nm, and a transition point at 413.5 nm
analysis of the sequence of Dcytb for secondary structure, (Figure 5). Reduction of the protein eliminated the bisignate
suggesting that recombinant Dcytb purified by the procedure shape to produce a maximum at 418 nm with a loss in
outlined above is folded correctly. intensity (Figure 5).
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Table 1: Spectroscopic Properties of Wild-Type and Variant Forms of Recombinant Human Dcytb

wild type H50A/H120A H86A/H159A
ox red [o)'¢ red 0ox red
UV —vis Soret (nm) 413.5 (160) 426 (150) 413.5 (93) 426 (92) 413 (123) 426 (106)
o/fs (nm) 534~563 530/560 5354563 531.5/560 533.5/562 530.5/560
Soret CD Amax(nm) 406 (14) 418 (6) 412 (4.4) 425 (3) 411 (3.8) nd
424 (—-18)
crossover (nm) 415
MCD Amax(Nm) 404 (617) 430 (260) 406 (287) 431 (76) 406 (438) 555 (108)
422 (—835) 421 (-395) 421 (587)
556 (75) 555 (944) 556 (21) 555 (371) 556 (29)
574 (—118) 563 (-951) 575 ¢57) 563 (-385) 574 (91) 563 (-132)
crossover (nm) 413.5/564 559.5 413/562 559.5 413/562.5 559.5
NIR MCD Amax(nNm) 1564 1575 1580
1290 1375 1360

aMolar absorptivities (mM* cm™) are indicated in parentheses.

The Soret MCD spectrum of oxidized Dcytb exhibits a the titration data were decreased to 48% (H50A/H120A) and
pair of oppositely signed MCD bands of nearly equal 64% (H86A/H159A variant) of the values obtained for wild-
amplitude at 404 and 422 nm that correspond to the type Dcytb.

absorption maximum at 413.5 nm, while a maximum at 430  The Soret maximum of the HS50A/H120A Fe-Dcyth

nm is observed in the corresponding spectrum of the reduced,ariant remained at 413.5 nm but shifted slightly for the
protein. In the visible region, a positive band.at 556 nm and H{gEA/H159A variant (Table 1). No change in the maxima
a negative band at 574 nm were observed in the spectrumyf the Soret andr-bands was observed for either protein
of the Fé"—Dcyth, while in the spectrum of the reduced 5on reduction with sodium dithionite. The EPR, MCD, and

protein, a pair of oppositely signed MCD bands at 555 and \jR MCD spectra of these variants displayed the same
563 nm are observed that correspond to the absorption banggstyres as the wild-type protein but with diminished

at 560 nm. In combination, these observations are ConSiSte”'intensities (Table 1). Instead of the bisignate Soret CD

yvith a low-spin, six-coordinate Fe heme cgnter. Th_e near-  gpectrum observed for the wild-type ¥e-Deytb, both of
infrared MCD spectrum of Fe—Dcytb exhibits maxima at  he corresponding spectra for the variants simply exhibited

1564 and 1290 nm (Figure 5) and is also consistent with 5 maximum at 412 nm (H50A/H120A) or 411 nm (H86A/
low-spin, six-coordinate hem&%—37). H159A).

Electronic and CD Spectroscopy of PutaiAxial Ligand .
; ; ; i EPR Spectroscopy¥he EPR spectrum of wild-type Dcytb
Variants. The phylogenet t f f histidyl . : :
pny'og \c conservation of 1our msady exhibits a set of signals &~ 2.94, 2.27, and 1.53 that is

residues in the cytochrombsg; family combined with L . . L ;
analysis of the amino acid sequence of Dcytb for anticipated characteristic of low-spin heme iron with bisimidazole axial

secondary structure suggests that H50 and H120 comprisecoordination 88) in W.hiCh the imidazole side chains are
one pair of axial ligands binding heme iron and that H86 nearly coplanar39). This spectrum resembles that of a minor

and H159 comprise the other. Therefore, two double variantsCOMPONent in cytochrombss; preparations that has been

were prepared by site-directed mutagenesis in which theseattributed to a “relaxed conformation of the protein with low

residues were replaced by alanyl residues in a pairwise“gation strain imposed by the native proteir0), and it is

manner to produce the HS0A/H120A and H86A/H159A the dominant low-spin species of Dcytb. However, the
variants. As for the wild-type protein studied above, both P€ak in the spectrum of Deytb is asymmetric with a shallower

Cys residues were substituted with Ser residues in these twos!0P€ toward lower magnetic field, suggesting that an
variants. Both variants were expressed at levels similar to @dditional low-spin component with~ 3.1 could be present
that of the wild-type protein. as is the case for cytochrom®e; (40). Nevertheless, a

Far-UV CD spectra of these variants were closely similar Shoulder was not detected in this region even at lower
to that of the wild-type protein, indicating that the secondary Medulation amplitude (2.5 vs 10 G), indicating that any
structure of Deytb is not influenced significantly by these additional species is at most a minor component of Deytb.
amino acid substitutions (Figure 4). Titration of the variants At 4 K and higher microwave power (data not shown),
with heme resulted in apparent affinities for heme that are the signals of the principal low-spin heme iron species of
somewhat lower than that observed above for wild-type Dcytb become partially saturated to reveal a weak signal at
Dcyth. Specifically, the apparei€y for heme binding to Omax = 3.67. Although this feature could be assigned to a
H50A/H120A is 5.8(8)x 107 M and that for HS6A/H159A highly anisotropic, low-spin (HALS) heme iron and although
is 1.6(1)x 1078 M (Figure 3). The titration curve for addition  this feature resembles that associated with the low-potential
of heme to the H50A/H120A variant exhibited a break point heme group in the spectrum of cytochromg,; (40), the
at a heme:protein ratio of1, consistent with the binding  presence of the same weak signal is present in the spectrum
of just one heme prosthetic group to this protein. The affinity of a heme solution used as a control. No other signals are
of the H86A/H159A variant for heme was sufficiently low evident at higher magnetic fields to confirm the presence of
under these conditions that a clear break point in the titration a HALS-type heme center, but the apparent absence of these
was not well defined. The molar absorptivities for both signals could result frong-strain-induced line-broadening
variants calculated on the basis of the total absorbance chang¢41, 42), masking by the residual signals from the principal
upon saturation with hemeA@n.) derived from the fit to low-spin heme species, or both.
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The EPR spectrum of Dcytb also exhibits intense signals
at g ~ 6.06 and 2.00 that are characteristic of axially
symmetric, high-spin heme iron. While the observation of
high-spin ferriheme signals is not expected for Dcytb, the
presence of this species may be related to the purification
method (as suggested for cytochrofmg; (40)) or to an
artifact related to the detergedt3j. The weak charge-transfer
band at~620 nm (Figure 2) indicates that the high-spin
species is a minor component at ambient temperature.

DISCUSSION

Previous studies of Dcytb have emphasized genetic strate-
gies that have provided some fundamental insights into the
physiology and structural properties of this protein. Purifica- : ' : ! : ' : !
tion of Dcytb from tissue, however, has not been reported, 100 200 300 400 500
presumably owing to difficulties related to purification of Magnetic Field (mT)

an integral membrane protein with an activity that is A . - )

. e . . GURE 6: EPR spectra of oxidized Dcytb: X-band EPR spectra
relatlve_ly nonspecific. Clgarly, recombmant_e_xpressu_)n of (20 K) of Wild-typepDcytb (268:M) and th)gvariants H50A/H1§0A
Dcytb is the most appealing means of obtaining sufficient (277,M) and H86A/H159A (19Q:M) in 20 mM phosphate buffer,
quantities of the protein for physical characterization. pH 7, 50% glycerol. Spectra have been normalized to a protein
Expression of integral membrane proteins of mammalian concentration of 26@M. The sum of thga spectra of the two v:_:\riant_s
origin in Escherichia coliis uncommon but not unknown ~ @nd the spectrum of a heme solution obtained under identical
(44-46). If such proteins do not insert into the bacterial conditions are placed adjacent to the spectrum of the wild-type

' protein to facilitate comparison.

membrane, they usually give rise to inclusion bodies from

which correctly folded proteins cannot be prepared. The coordinate, low-spin heme centers as expected on the basis
current success in expressing and solubilizing Deytb from of sequence alignment with cytochrories;. We note that
the insoluble fraction of ai. coli extract, therefore, is an  proteolytic removal of the Histag prior to addition of heme
exception to the rule. Interestingly, while this paper was in and subsequent analysis eliminate the possibility that heme
preparation, Liu et al. reported similar success in expressingpinding and retention is simply an artifact arising from the
bovine adrenal cytochront®e, in the same strain dt. coli presence of this sequence.
used in the current world(). Evidently some feature of the Aggregation of the solublized protein during purification
sequences or struc'tures of th.IS fa}m|ly of mtegral membrane 45" diminished significantly, and the yield of purified
proteins allows their expression in a bacterial host. enzyme increased 3-fold by replacing the two Cys residues
Behavior of Recombinant Dcytb in Solutioithe use of  present in the wild-type protein with Ser residues. Although
dilute SDS to solubilize recombinant Dcytb resulted from a Takeuchi et al. §3) reported that modification of the Cys
survey of 64 detergents of varying charge and chain length. residues in cytochromiass; with 4,4 dithiopyridine changed
Dcytb was insoluble in most of these detergents. Of those the electronic properties of the protein, we found that the
detergents that could solubilize Dcytb to some extent, only electronic, Soret CD, MCD, and EPR spectra for wild-type
Anzergent 3-12, Cymal-7, Foscholine-12, dodelyW- Dcytb and the variant lacking Cys residues were essentially
dimethylglycine, and dodecyl-iminopropionic acid resulted  identical (data not shown). Consequently, we used this variant
in a solubilized protein that could bind heme (S. Ludwiczek, as the control for spectroscopic studies and as the background
data not shown). In these cases, however, the stability offor all subsequent mutagenesis in the current work.
reconstituted Dcytb was limited. Although SDS is not  gpectroscopic Studie$he electronic spectra of reduced
generally used for refolding of insoluble recombinant and oxidized recombinant Dcytb (Figure 1) are indicative
proteins, it has been used successfully in NMR studies of of six-coordinate, low-spin heme. Only histidine, lysine,
the FXYD ion transporter48), bullfrog substance P receptor  methionine, or cysteine coordination is consistent with such
(49), and M13 coat protein3(0). The first indication that 3 coordination environment, and the probability of Hidet
dilute SDS is compatible for use with Dcytb was the coordination is diminished by the absence of a CT band at
observation that the secondary structure estimated on the-700 nm. As well, the UV-vis MCD spectra of Dcytb are
basis of the far-UV CD spectrum with the K2d prograB&)(  typical of low-spin Fé&". The “S’-shaped band with a
is consistent with ano-helix content of 39%, a value  crossover at the Soret maximum is often observed in proteins
essentially identical to the prediction of 37%-helical  with bishistidine coordinationsd—57) or histidine-imida-
content obtained from secondary structure prediction pro- zole coordination§8). The maximum at 1564 nm in the NIR
grams b1, 52) that also suggest the presence of six MCD spectrum is consistent with bishistidine, histidine
transmembrane helices in the protein. lysine, or methioninehistidinate coordination37). This
Further evidence for proper folding of Dcytb in this work ambiguity can be reduced by consideration of the corre-
is provided by retention of heme during standard SDS sponding EPR spectrun37, 59). Theg values ¢, = 2.94,
PAGE as indicated by in-gel heme staining and by retention g, = 2.27, andgx = 1.53; Figure 6) are indicative of a low-
of heme during gel filtration chromatography in the presence spin iron center and give ris8§, 60) to a tetragonality A/
of SDS (data not shown). Finally, electronic, Soret CD, A) of 3.27 and rhombicity\(/A) of 1.891 that place it in the
MCD, and EPR are all compatible with the presence of six- “H-island” of the tetragonality vs rhombicity plot that is
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characteristic of heme environments with two histidine purification. This destabilization presumably accounts for the
residues coordinated with one or both imidazoles deproto- observation that Dcytb prepared as described here is readily
nated 61). reduced by dithionite to form the expected spectroscopic
As indicated above, the titration of apo-Dcytb with heme species but is not reduced by ascorbate (data not shown), a
is consistent with binding of 2 equiv of heme to 1 equiv of weaker reducing agent that is thought to be the physiological
Dcytb (Figure 3). Rigorous determination of the affinities reductant. Heme bound to a destabilized form of Dcytb
of apoheme proteins for binding of heme is inherently would experience a greater exposure to solvent, thereby
problematic owing to the behavior of heme in aqueous increasing the dielectric constant of the heme binding
solution and to the fact that the relatively high affinity with environment and decreasing the reduction potential of the
which heme binds to such proteins prevents their determi- heme iron. To address this issue and eliminate any residual
nation by direct titration at the concentrations of protein structural instability, future efforts will be directed to the
required for data collection. In other words, the affinity is reconstitution of recombinant Dcytb into nanodiscs as
usually so great that the stoichioimetry can be determined recently developed by Sligar and co-workes3)(
unambiguously but the affinity is numerically indeterminate
(62). In the current case, the apparent affinity for heme is ACKNOWLEDGMENT
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