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Abstract

A specialized vector backbone from the Protein Structure Initiative was used to express full-length human cytochrome b5 as a
C-terminal fusion to His8-maltose binding protein in Escherichia coli. The fusion protein could be completely cleaved by tobacco etch
virus protease, and a yield of ~18 mg of purified full-length human cytochrome b5 per liter of culture medium was obtained (2.3 mg per g
of wet weight bacterial cells). In situ proteolysis of the fusion protein in the presence of chemically defined synthetic liposomes allowed
facile spontaneous delivery of the functional peripheral membrane protein into a defined membrane environment without prior exposure
to detergents or other lipids. The utility of this approach as a delivery method for production and incorporation of monotopic (periph-

eral) membrane proteins is discussed.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Protein Structure Initiative; Homo sapiens; Human; Cytochrome b5; Peripheral membrane protein; Monotopic membrane protein; Auto-

induction

Cytochrome b5 (cytb5)' is present in bacteria, protozo-
ans, yeasts, and mammals [1]. The protein consists of an
N-terminal hydrophilic heme-binding domain of ~100
residues, and a C-terminal hydrophobic membrane anchor
domain of ~30 residues [2,3].

In mammals, isoforms of cytb5 are present in the
endoplasmic reticulum, mitochondria, and erythrocytes
(Table 1, [3]). The endoplasmic and mitochondrial cytb5
are expressed from different genes, while the erythrocyte
isoform is thought to originate from post-translational pro-
teolysis of the endoplasmic protein [4,5]. Since erythrocyte
cytb5 lacks the C-terminal membrane anchor domain, it
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functions as a soluble protein in blood cells [6]. Erythrocyte
cytb5 is responsible for the reduction of non-functional fer-
ric met-hemoglobin to the O,-binding ferrous form [7].

In the endoplasmic reticulum, cytb5 is attached to the
cellular membrane through the C-terminal membrane
anchor domain, where it participates in the electron trans-
fer steps of many essential physiological reactions includ-
ing fatty acid desaturation, biosynthesis of plasmalogen
and cholesterol, and reduction of cytochrome P450 [3,8].
Moreover, membrane-bound mitochondrial cytb5 has
been shown to be involved in androgenesis in rat Leydig
cells [9].

Initial functional [10] and structural studies [11] of cytb5
were performed on samples purified from rabbit, rat, and
cow liver due to the high concentration present in this tis-
sue. Strittmatter and co-workers provided biochemical and
biophysical characterization of the detergent solubilized
full-length microsomal cytb5 [11-14] and the heme-binding
domain liberated by proteolysis [15]. Notably, these
workers showed that full-length cytbS (fl-cytbS) would
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Table 1
Physiological roles of cytochrome b5

Localization Active form Function

References

Membrane-bound
Membrane-bound
Membrane-bound
Soluble

Mitochondrion
Endoplasmic reticulum
Endoplasmic reticulum
Erythrocytes

Androgenesis

[
Biosynthesis of unsaturated fatty acids (A5, A6, A9, A12); plasmalogens; cholesterol [
Reduction of cytochrome P450s [
Reduction of hemoglobin [

]

~ 0 W \O

]
]
]

spontaneously associate with synthetic lipids [16], and that
fl-cytb5 was required for stearoyl-CoA desaturase activity
[17].

More recently, recombinant forms truncated to only
the heme-binding cytb5 soluble domain (cytb5-sd) have
been extensively used for biophysical analysis and struc-
tural determinations [2,18]. The codon-optimized rat
cytb5-sd [19] and the tobacco cytb5 [20] have been
expressed in E. coli. Approaches for detergent-mediated
isolation of the full-length cytb5 from membranes [21],
incorporation of heme into the solubilized rabbit protein
[21], preparation of the bovine protein as a fusion to glu-
tathione-S-transferase and recovery of the fusion protein
from membranes by lipase treatment [22], and purification
of the expressed mouse protein from E. coli membranes
[23] have also been developed. Although successful, these
latter preparation approaches are labor intensive and time
consuming.

In this work, we explored whether fusion protein vectors
developed for high-throughput protein expression as part
of the Protein Structure Initiative might have use in the
expression of human cytb5. By fusion to His8-maltose
binding protein (His§-MBP), the fl-cytb5S could be
expressed as a fully soluble entity. Furthermore, the
fl-cytb5 could be liberated from the fusion by site-specific
proteolysis, which permitted controlled, spontaneous
incorporation into membrane vesicles. The utility of this
approach as an in situ delivery method for production
and incorporation of monotopic integral membrane pro-
teins is discussed.

Materials and methods
Materials

Unless otherwise stated, bacterial growth reagents, anti-
biotics, routine laboratory chemicals, and disposable lab-
ware were from Sigma-Aldrich (St. Louis, MO), Fisher
(Pittsburgh PA), or other major distributors. DNA
sequencing was performed in the University of Wisconsin
Biotechnology Center.

Expression vectors

The expression vectors pVP55A and pVP56K were
created from pQE80 (Qiagen, Valencia CA) by removal
of a non-functional chloramphenicol acetyltransferase

coding region and specifically in pVP56K by replacement
of the beta-lactamase coding region with an aminoglyco-
side 3’-phosphotransferase coding region conferring
kanamycin resistance. The vectors use the viral TS5 pro-
moter under control of an engineered double lac opera-
tor for recombinant gene expression [24]. The plasmid
backbones also provide the strong lacl? promoter for ele-
vated expression of the lac repressor, Lacl. Elevated
expression of Lacl provides strong attenuation of basal
expression. Other design features of the expression plas-
mids and examples of their use are reported elsewhere
[24].

Vector pVP55A is used to add an N-terminal tag of His8
to the target protein; vector pVP56K 1is used to add an
N-terminal tag of His8-maltose binding protein. The linker
region between the tag and the target protein contains the
recognition sequence for site-specific tobacco etch virus
(TEV) protease [25].

Cloning

The gene for fl-cytb5 from human (Accession no.
BC015182; originally cloned from the Mammalian Gene
Collection, [26]) was obtained from Open Biosystems
(Hunstville AL, http://www.openbiosystems.com/). The
gene was amplified using the forward primer 5-TTC
GGCGATCGCCGAAATGGCAGAACAAAGCGAC-3/
containing a Sgfl restriction site (underlined) and the
reverse primer 5'-AGCAGTTTAAACTTAGTCCTCTGC
CATGTATAGGCG-3' containing a Pmel restriction site
(underlined).

The Sgfl and Pmel restriction sites were used for Flexi
Vector cloning (Promega, Madison, WI) as previously
described [24]. Transfer of the amplified fl-cytb5 gene into
pVP55A gave a vector for expression of His8-fl-cytb5.
Transfer of the same amplified gene into pVP56K gave a
vector for expression of the fusion protein His§8-MBP-fl-
cytb5. The linear map for the pVP56K vector is shown in
Fig. 1A and the amino acid sequence of His8-MBP-fl-cytb5
is shown in Fig. 1B.

The cytb5-sd was obtained by removal of the 37-residue
C-terminal membrane anchor sequence using PCR amplifi-
cation. The forward primer was the same as that used for
cloning the full-length protein, while the reverse primer
was 5'-AGCAGTTTAAACTTACGGTTCCGGCGGTTT
GTTCAG-3’ (Pmel site underlined). The amplified gene
encoded the 97 amino acids from the N-terminal soluble
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Fig. 1. The His8 tag, and the first five fl-cytb5 residues liberated by TEV proteolysis are shown in bold letters, the TEV site is shown in italic letters.

domain that contains the heme-binding region [11,13,27].
This amplified gene was transferred into pVP55A so that
His8-cytb5-sd could be generated.

The human cytochrome b5 reductase gene (Accession
no. BC004821) was obtained from Open Biosystems and
amplified using the forward primer 5'-TTCGGCGATCGC
CATGAAGCTGTTCCAGCGCTCCACG-3' and the
reserve primer 5-TCGTGTTTAAACTCAGAAGACGA
AGCAGCGCTC-3’ (5’ Sgfl and 3’ Pmel sites underlined).

The amplified gene encodes a 23-residue deletion corre-
sponding to the N-terminal membrane-binding residues
[13]. Transfer of the amplified gene into pVP55A gave a
vector for expression of the soluble form of human cytb5
reductase as a fusion to an N-terminal His8 tag (His8-
cytb5R).

Schematic representations of each of the fusion protein
constructs studied here are shown in Fig. 1C and results
from their use are summarized in Table 2.
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Table 2
Vectors and expressed proteins

Vector Expressed protein® Expression medium Cell yield® (g/L) Purified protein yield® (mg/g) Cofactor incorporation®
pVPS5A His8-cytb5-sd Auto-induction 25¢ 0.6 Yes, high

pVPSSA His8-fl-cytb5 Auto-induction 12 0 No, insoluble

pVP56K His§8-MBP-fl-cytb5 Auto-induction 12 0.42 Lost in purification
pVP56K His8-MBP-fl-cytbS TB-IPTG ~4 2.3 Lost in purification
pVP55K His8-cytbSR Auto-induction 25¢ 0.6 Yes, high

# Schematic representations of the expressed proteins are shown in Fig. 1C. sd, soluble domain; fl, full-length.
® Wet cell weight obtained per liter of culture medium after preparative centrifugation as described in Materials and methods.

¢ Amount of purified protein obtained per gram of wet cells.
d Protoporphyrin IX in cytb5 variants; FAD in His8-cytbSR.
¢ From 10 L fermentation.

! Also detailed in Table 3; yield of cytb5 portion of the total mass of fusion protein purified.

Expression and purification of fl-cytb5

Vectors pVP55A-fl-cytb5 and pVP56K-fl-cytb5 (Table 2)
were individually transformed into E. coli BL21. For scale-
up, a 10 mL culture was inoculated with a single colony
from freshly transformed cells and incubated overnight in
the non-inducing version of auto-induction medium [28].
The overnight scale-up culture was added to 1 L of auto-
induction medium containing either 200 pg/mL of ampicil-
lin (pVP55A) or 50 ug/mL of kanamycin (pVP56K). The
growth and expression were continued for ~24h at
25 °C. Cells were harvested by centrifugation at 5000g for
30 min. The pVP55A-fl-cytb5 cells had no distinct color,
while the pVP56K-fl-cytb5 cells were bright red in color.
The yield of wet cell paste from 1L of auto-induction
medium was typically ~12 g (Table 2).

Cells transformed with pVP56K-fl-cytb5S were also
grown at 37 °C in Terrific Broth medium until the ODgqq
reached ~0.6, isopropyl-B-p-1-thiogalactopyranoside
(IPTG) was added to a final concentration of 0.5 mM,
and the temperature was dropped to 25 °C. After 4 h, the
cells were harvested by centrifugation at 3000g and stored
at —80 °C. These cells had no distinct color. The yield of
wet cell paste from 1 L of IPTG induction medium and
short time expression was typically ~4 g.

The His8-MBP-fl-cytb5 was purified by Ni immobilized
metal affinity chromatography (Ni IMAC). The cell pellet
(~12 g) was re-suspended in 50 mL of 25 mM HEPES,
pH 7.5, 20 mM imidazole, 500 mM NaCl, and 25 mg each
of lysozyme, DNase, and RNase. The cell suspension was
stirred for 20 min at 4 °C, followed by sonication for a total
of 2 min with 10 s pulses. Insoluble proteins and cell debris
were pelleted by centrifugation at 39,000g for 1h. The
supernatant was loaded onto a 5-mL HisTrap fast flow col-
umn (GE Healthcare, Piscataway NIJ) equilibrated with
25 mM HEPES, pH 7.5, 20 mM imidazole, and 500 mM
NaCl and washed with the same buffer until the ODyg
reached baseline levels. The bound protein was eluted with
a gradient of 20-300 mM imidazole. Peaks containing the
fusion protein were detected at ~100 mM imidazole and
~180 mM imidazole.

The pooled fractions were concentrated by ultrafiltra-
tion using a YM30 membrane (Millipore, Bedford MA).

Imidazole was removed from the sample by dialysis against
25mM HEPES, pH 7.5, 100 mM NaCl. For short-term
storage (several weeks), the dialysis buffer was amended
to contain 10% (v/v) glycerol and the protein was stored
at 4 °C. For long-term, the glycerol-amended His8-MBP-
fl-cytb5 could also be drop frozen in liquid N, and stored
at —80 °C.

Incorporation of heme into His§8-M BP-fl-cytb5

The preparation of hemin chloride solutions and the
incorporation of heme into His§-MBP-fl-cytbS were
adapted from elsewhere [21]. Briefly, a 1-mL sample was pre-
pared by 40-fold dilution of the purified, concentrated, and
dialyzed His-MBP-fl-cytb5 into 20 mM Tris, pH 8.0, con-
taining 1 mM EDTA. The absorbance spectrum of the sam-
ple was recorded from 250 to 600 nm on an Agilent 8453
UV-spectrophotometer (Santa Clara, CA). Portions (1 pL)
of 0.85 mM hemin chloride were titrated into the sample
and the absorbance spectrum was monitored. Incorporation
was judged to be complete when no further increase in
absorbance at 385 nm and a shift in the Soret peak from
412 to 410 nm were observed. The amount of heme required
to reconstitute the remainder of the purified sample was cal-
culated based on the small-scale titration result. To verify
that the observed spectral changes were not due to adventi-
tious binding of heme to MBP, hemin chloride was also
titrated into free MBP as previously reported [29].

Expression and purification of cytb5-sd

The cytb5-sd was expressed using a 10 L fermenter [30].
Vector pVP55A-cytb5-sd was transformed into E. coli
BL21. A single colony was used to inoculate a 10-mL culture
that was incubated overnight at 37 °C. The entire culture was
used to inoculate 1 L of Terrific Broth medium containing
200 mg of ampicillin. After ~12 h at 37 °C, this culture was
used to inoculate 9 L of auto-induction medium equilibrated
at 25 °C in the fermenter vessel. After ~24 h, the cells were
harvested by centrifugation at 5000g for 30 min using an
Avanti J-HC centrifuge (Beckman Coulter, Fullerton CA)
with a JS-42 rotor. In the fermenter, the yield of wet cell paste
from 1 L of auto-induction medium was typically ~20 g. The
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pVP55A-cytb5-sd cells had a distinct red color. The cell paste
was stored at —80 °C.

The cell paste (~20 g) was re-suspended in 50 mL of
25 mM HEPES, pH 7.5, 20 mM imidazole, 500 mM NacCl,
and 25 mg each of lysozyme, DNase, and RNase, soni-
cated, centrifuged and separated by Ni IMAC as described
above for fl-cytb5. A gradient of 20 to 300 mM imidazole
was applied, and the bound cytb5-sd eluted from the Ni
column at ~180 mM imidazole was concentrated and
loaded into an Sephacryl S-100 column (5 cm id x 80 cm,
GE Healthcare) equilibrated with 25 mM HEPES, pH
7.5, containing 100 mM NaCl. The fractions containing
purified protein were identified by optical absorbance and
denaturing gel electrophoresis.

Expression and purification of soluble His8-cytb5R

The soluble form of His8-cytb5R was expressed using a
10 L fermenter [30]. Vector pVP55A-cytbSR was trans-
formed into E. coli BL21(DE3). A single colony was used
to inoculate a 10-mL culture and incubated overnight at
37 °C. The entire culture was used to inoculate 1 L of Luria
Bertani medium containing 200 pg of ampicillin. After
~12h at 37 °C, this culture was used to inoculate 9 L of
auto-induction medium equilibrated at 25°C in the
fermenter vessel. After ~24 h, the cells were harvested by
centrifugation at 5000g. The cell paste was stored at —80 °C.

The cell paste (~20 g) was re-suspended, sonicated, cen-
trifuged, and separated by Ni IMAC as described above for
cytb5-sd. His8-cytbSR was >95% pure after this single step.
The pure protein was pooled, concentrated using ultrafil-
tration (YM10, Millipore, Bedford MD), and the buffer
was exchanged by dialysis against 25 mM HEPES, pH
7.5, containing 100 mM NaCl. The purified His8-cytb5SR
was stored at —80 °C.

Enzyme activity measurements

The reduction of the different cytb5 preparations by His8-
cytbSR was measured at 25 °C by following the change in
absorbance at 413 nm in an Agilent 8453 UV-visible spec-
trophotometer. The concentration of cytb5 was varied from
0.3 uM to 15 uM in 1 mL of 25 mM HEPES, pH 7.5, con-
taining 1.3 nM of His8-cytb5R. The reaction was initiated
by the addition of NADH to a final concentration of
100 uM. Initial rate data were analyzed by non-linear least
squares fitting using Kaleidagraph (Synergy Software,
Reading, PA) and the Michaelis-Menten equation
v = keal[SV/(Knm + [S]). The concentrations of the cytb5 vari-
ants and cytb5R were determined by optical spectrometry
using the extinction coefficients 117 mM ' ecm™! at 412 nm
and 11.3 mM ! cm ™! at 466 nm, respectively [31,32].

Liposome preparation

Liposomes were prepared from 7.5 pmol of a lipid mix
(85% 1-palmitoyl, 2-oleoyl phosphatidylcholine; 15% 1,2-

dioleoyl phosphatidylserine, Avanti Polar Lipids, Alabas-
ter, AL) labeled with 2 pCi of [*H]-1,2-dipalmitoyl phos-
phatidylcholine (NEN, Cambridge, UK). The lipid mix
was dissolved in chloroform [33], the bulk of the organic
solvent was removed by evaporation under a stream of
N, gas, and the remaining trace level of chloroform was
removed by incubation for 30 min under vacuum. The
dried lipid film was re-hydrated with 20 mM HEPES, pH
7.4, containing 100 mM KCIl for 30 min, vortexed for
5 min, and subjected to 5 freeze-thaw cycles. Liposomes
were formed by extrusion from an Avanti mini-extruder
using 11 passes through 100 nm track-etch polycarbonate
membranes (Nucleopore, Pleasanton, CA).

In situ delivery of fl-cytb5 to liposomes

TEYV protease was expressed as an MBP fusion protein,
liberated by auto-cleavage within the expression host, and
purified as previously described [25]. TEV protease reac-
tions were conducted in 20 mM sodium phosphate, pH
7.0, containing 100 mM NaCl, 5SmM DTT, and 1 mM
EDTA. For initial testing, aliquots of 10 uM His8-MBP-
fl-cytb5 were digested with TEV protease at ratios of fusion
protein to protease ranging from 200:1 to 10:1. At a ratio
of 10:1, the proteolysis was complete in less than 30 min.
Thus all the preparative protease reactions were done at
this ratio for 30 min.

For the proteolysis reaction, His8-MBP-fl-cytb5
(10 uM), TEV protease (1 pM) and 45 pL of the liposome
preparation described above were incubated with agitation
at 37 °C in a total volume of 75 pL of 20 mM HEPES, pH
7.4, containing 100 mM KCI, 5mM dithiothreitol, and
1 mM EDTA. After 30 min, the reactions were mixed 1:1
with 80% (w/v) Accudenz (Accurate Chemical and Scien-
tific, Westbury, NY) made up in the same buffer used to
perform the proteolysis. The mixture was transferred to
Ultra-Clear centrifuge tubes (5 mm X 41 mm, Beckman
Coulter, Fullerton CA) and sequentially overlaid with
350 puL of 30% Accudenz followed by 100 pL of the reac-
tion buffer. The mixture was centrifuged for 4h at
45,000 rpm (189,000¢) and 4 °C in an L-60 ultracentrifuge
(Beckman Coulter) using an SW-50.1 rotor with adaptors.
After centrifugation, 60 uL fractions were collected from
the top to the bottom of the gradient. Liposomes were
detected by counting 5 uL of each fraction by liquid scintil-
lation using an L.S6500 counter (Beckman Coulter). An ali-
quot of 20 pL. of 4x SDS-PAGE sample buffer was added
to each fraction and 25 pL of the sample was loaded onto a
Criterion SDS-PAGE polyacrylamide gel (4-20% gradient
Tris—HCI, 1.0 mm, 26-well, BioRad, Richmond CA) and
analyzed as previously reported [34].

Mass spectral analysis
TEYV protease-treated samples of His8-MBP-cytb5 were

analyzed by mass spectrometry at the University of Madi-
son—Wisconsin Biotechnology Center. Purified protein



234 P. Sobrado et al. | Protein Expression and Purification 58 (2008) 229-241

samples were concentrated and desalted by acetone precip-
itation before addition (1:1) to an a-cyano-4-hydroxycin-
namic acid matrix. MALDI-TOF analysis was performed
with a 4800 MALDI TOF/TOF Analyzer from Applied
Biosystems (Foster City, CA) calibrated with bovine serum
albumin and deuterated bovine serum albumin.

Results
Vector

By use of the Flexi Vector system, vectors pVP55A
and pVP56K allow transfer of the same sequence-verified
cloned gene into multiple contexts for expression testing.
Here we have investigated either His§8- or His8-MBP-
tagged proteins. This combination was used to investi-
gate the possibility that His8-MBP might act as a carrier
for a monotopic (peripheral) membrane protein for
in situ delivery to a membrane environment. This is a
different use for MBP than originally envisaged [35],
and to our knowledge, one that has not been intention-
ally tested.

Protein expression

His8-cytb5-sd was highly expressed from pVP55A in
both shaken flask culture and in a 10 L fermenter. This
over-expression required neither codon optimization of
the gene nor codon adaptation of the expression host. By
using auto-induction medium in the 10 L fermenter, a typ-
ical yield of ~250 g of cell paste was obtained, and the cell
paste had an intense red color. Fig. 2, lane 1, shows a dena-
turing electrophoresis analysis of the purified His8-cytb5-
sd, which could be obtained in >98% purity by the two-step
purification procedure.

His8-fl-cytb5 was also highly expressed from pVP55A
(Fig. 2, lane 4), but accumulated entirely as an insoluble
protein (compare lanes 5 and 6), and these cells had no dis-
tinct color. Since His8-fl-cytb5 was an insoluble apo-pro-
tein, it was not studied further.

His8-MBP-fl-cytbS was also highly expressed from
pVP56K in E. coli, but in this case, the fusion protein
was entirely soluble (Fig. 2, lane 8), and the cells harvested
from the auto-induction protocol were bright red. Interest-
ingly, expression of His8-MBP-fl-cytb5 in Terrific Broth
using a short time period induction with IPTG also gave
strong expression of a soluble fusion protein (not shown),
but these cells had no distinct color.

Protein purification

The yields of purified His8-cytb5-sd and His8-MBP-fl-
cytb5 are summarized in Table 2, and a summary of the
purification of His8-MBP-fl-cytb5 is given in Table 3. All
His8-tagged variants were purified using standard Ni
IMAC to ~90% or greater purity as judged by denaturing
gel electrophoresis.
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Fig. 2. Coomassie-stained denaturing gel electrophoresis. (1) 100 pg of
purified cytb5-sd, where sd indicates the soluble domain. (2) 100 pg of
purified His8-cytb5R, where R indicates the reductase protein. (3)
Molecular weight markers. (4) Total cell lysate from E. coli cells
expressing His8-fl-cytb5, where fl indicates the full-length protein. (5)
Insoluble fraction. (6) Soluble fraction. (7) Molecular weight markers. (8)
Soluble fraction from E. coli cells expressing His§8-MBP-fl-cytb5. (9) His8-
MBP-fl-cytb5 purified Ni IMAC chromatography.

During Ni IMAC purification of His§-MBP-fl-cytb5,
two peaks that contained the fusion protein were detected
from the gradient elution. Table 4 summarizes results of
mass spectral analysis of these two peaks. The first peak
from the IMAC column was more red colored than the sec-
ond peak, and mass spectral analysis showed that the pro-
tein from this peak had a mass of 57,648 Da, representing a
loss of ~1950 Da from the mass of 59,594 Da calculated
for the complete fusion protein (assuming that the N-termi-
nal Met is efficiently removed; note the close match in
masses calculated and observed for His§-MBP). In con-
trast, the second peak from the IMAC column had a mass
of 59,626 Da, which matched that calculated for the fusion
protein within 0.05%. Thus, it appears that the first peak
contained a truncated form of cytb5 while the second peak
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Table 3
Purification of His§8-MBP-fl-cytb5

Step Volume Total Yield of fusion
(mL) protein (mg)* protein (%)

Sonicated cells” 50 789 100

Cell-free lysate 41 571 72

Ni IMAC 8.5 73¢ 9.3

% Determined by Bradford assay [58].

® Prepared from 7.8 g of E. coli cells obtained from 2 L of IPTG-induced
culture medium.

¢ Yield of His8-MBP-fl-cytb5 fusion protein. A yield of 18 mg of fl-cytb5
(25% of total protein yield) was present in the heme-reconstituted fusion
protein as determined by optical spectroscopy. This measurement was
consistent with the 26% contribution of fl-cytb5 to the mass of the fusion
protein.

Table 4
Mass spectral analysis
Protein Calculated Observed mass(% Assignment
mass differencefrom
calculated mass)
His8-MBP-fl- 59,594
cytb5?®
Peak 1 57,648 (—3.3) C-terminal
truncation®
Peak 2 59,626 (—0.05) His8-MBP-fl-
cytbS
His8-MBP-fl- 59,756 59,626 (—0.2) His8-MBP-fl-
cytb5° cytb5
His8-MBP? 43,897 43,898 (0.00) His8-MBP
fl-cytbs® 15,715 15,729 (4+0.09) fl-cytb5

% From the auto-induction protocol. Peaks 1 and 2 were separated by
gradient elution from Ni IMAC. Calculated masses for the His8-MBP
portion up to the Gln residue of the tobacco etch virus protease site in the
linker include removal of the N-terminal Met residue.

® Proposed to arise from deletion of the sequence ISAVAVALMYRLY-
MAED from the C-terminus of the fusion protein during auto-induction.
The truncated fusion protein has a calculated mass of 57695, which is
within —0.08% of the mass observed for peak 1.

¢ From the IPTG induction protocol.
de Proteins separated by treatment of His8-MBP-fl-cytb5 obtained from
the IPTG induction protocol with TEV protease.

contained the intact fusion protein, His§-MBP-fl-cytb.
Fig. 3 shows that two distinct forms of cytbS were also
obtained after TEV proteolysis of the fusion protein.

Since both peaks were purified using Ni IMAC and an
imidazole gradient, it was unlikely that the N-terminus of
the His§-MBP portion of the fusion protein was truncated.
Instead, the mass of the smaller protein matched within
0.08% of the mass of 57,695 Da calculated for removal of
17 residues from the C-terminus of cytb5 (corresponding
to the sequence ISAVAVALMYRLYMAED, see Fig. 1B
and Table 4).

During Ni IMAC purification of His§-MBP-fl-cytb5
obtained from IPTG induction, a single peak that con-
tained the fusion protein was detected from the gradient
elution. Table 4 summarizes results of mass spectral analy-
sis of this peak, and Fig. 3 shows that the predominant
form after TEV protease treatment was fl-cytb5.

50 — 1 . 3
- . His8-
37_“_""““ ———aa—
58 - e TEV
R protease

20 —_-

——— — fFCYtbS

15—

N cyth5419
10 =amtuassi

kDa

Fig. 3. Difference in post-translational processing caused by long-term
auto-induction or short-term IPTG induction. TEV proteolysis empha-
sizes the difference in size of the cytb5 variants. (Lane 1) Peak 1 from Ni
IMAC purification of His§8-MBP-fl-cytb5 expressed by auto-induction;
cytb5A19 designates a truncated form lacking 19 residues from the C-
terminus. (Lane 2) Peak 2 from Ni IMAC purification of His§-MBP-fl-
cytbS expressed by auto-induction. (Lane 3) Peak from Ni IMAC
purification of His8-MBP-fl-cytb5 expressed by IPTG induction.

Spectral properties of His8-MBP-fl-cytb5

Purified His§8-MBP-fl-cytb5 has a Soret peak at 413 nm
arising from the bis-imidazolate ligation of the ferric center
in oxidized cytb5 (Fig. 4). Even though the cell paste
obtained from auto-induction containing His8-MBP-fl-
cytb5 was bright red, the purified protein obtained from
Ni IMAC chromatography contained less than 10% of
the heme content expected. Apparently, the high imidazole
concentration required for elution of both bound forms of
the fusion protein caused dissociation of the heme pros-
thetic group. In this case, the imidazole was removed from
the protein preparation by dialysis, and the heme content
was simply restored by titration with free heme [21] as
detected by a characteristic increase in Soret band absor-
bance (413 nm, 117 mM'em™!, as compared to the
385 nm absorption maximum observed from free heme,
56mM'ecm™!). As previously reported [29], control
experiments showed that titration of heme into prepara-
tions of His8-MBP did not give a shift in the heme optical
spectrum. The heme-incorporated His§8-MBP-fl-cytb5
preparation could be stored at 4 °C in buffer amended with
10% v/v glycerol for up to 2 months with no apparent del-
eterious effects as judged by catalytic properties, optical
spectrum, and denaturing electrophoresis. Samples drop
frozen in the amended buffer and stored at —80 °C for
extended periods gave no change in these properties when
thawed.

Interestingly, Ni IMAC was also used to purify His8-
cytb5-sd, but in this case, the heme was retained in the puri-
fied protein to a high level upon the basis of the quantifica-
tion of heme and protein and upon the lack of a diagnostic
spectral shift when incubated with additional heme.
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Fig. 4. Spectra changes in His§-MBP-fl-cytb5 during a time-course
reduction with soluble His8-cytbSR in the presence of NADH. As
assembled, the reaction went to completion in ~30s. A blank was
obtained with buffer solution containing NADH, and the spectral
contribution of His8-cytb5R (1.3 nM) was negligible.

Purification and characterization of His8-cytb5R

For these studies, cytb5SR was purified as a soluble N-
terminal His8 fusion by using Ni IMAC. The protein
obtained from the single step purification was >95% pure
as judged by denaturing gel electrophoresis (Fig. 2, lane
2). The purified protein had an optical spectrum consistent
with stoichiometric incorporation of FAD and quantitative
HPLC analysis [36] also revealed high percentage incorpo-
ration of the cofactor in the purified protein.

His8-MBP-fl-cyth5 is a substrate for His§8-cytb5R

His8-MBP-fl-cytb5 and His8-cytbSR were mixed in the
presence of NADH in order to determine whether the
fusion protein was recognized as a substrate by cytbSR.
Fig. 4 shows that His§-MBP-fl-cytb5 was used by HisS§-
cytb5SR as an electron acceptor. Over a ~2 min period,
the Soret peak was shifted from 413 nm to 423 nm and
the peak at 555 nm increased in intensity. The resulting
spectrum matched that of the reduced state of detergent-
solubilized fl-cytbS [15,37]. In control experiments, free
heme was not reduced by His8-cytbSR in the time-scale
and NADH concentration used for the cytb5 reduction.

Steady-state kinetic parameters for reduction of both
His8-MBP-fl-cytb5 and His8-cytb5-sd were determined in
order to investigate the influence of the His§-MBP fusion
on the interactions between cytbS and His§8-cytb5SR.
Fig. 5 shows that both forms of cytb5 acted as saturable
substrates for the electron transfer reaction, as the experi-
mental data were well fit by the simple Michaelis—Menten
equation (Table 5). The apparent Ky, values for both forms
of cyt5 were the same. Interestingly, however, the His§-

rate, s

0 l 1 | 1 1 1

0 2 4 6 8 10 12
His8-MBP-fl-cytb5, uM

Fig. 5. Steady-state reduction of His§-MBP-fl-cytb5 (O) and His8-cytb5-
sd (@) by His8-cytbSR. The lines are least square fits to the simple
Michaelis—Menten assumption.

MBP-fl-cytb5 had an apparent V., that was ~3-fold
higher than that of His8-cytb5-sd.

TEYV protease reaction

Vectors pVP55A and pVP56K allow TEV protease-
dependent cleavage of a fusion protein to release the target
protein from either His8- or His8-MBP, respectively. Fig. 6
shows that fl-cytb5 could be stoichiometrically released
from His§8-MBP-fl-cytb5 by treatment with TEV protease.
For these studies, a satisfactory reaction was obtained at a
ratio of His8-MBP-fl-cytb5 to TEV protease of 10:1 (reac-
tion completed in 30 min). Lower amounts of TEV prote-
ase also catalyzed the proteolysis reaction, albeit with a
longer, less practical amount of time required to reach
completion.

Incorporation of cytb5 into liposomes

We investigated whether the highly soluble and easily
handled His§-MBP-fl-cytb5 could also be used for the
in situ delivery of fl-cytbS to a membrane environment.
Fig. 7A shows a schematic representation of this approach.
For the experiment, the TEV protease reaction was per-
formed in the presence of radiolabeled liposomes. The lipo-
some fraction was then fractionated by density gradient
ultracentrifugation. The liposomes and bound protein float
owing to their low density. In contrast, proteins not associ-
ated with the liposomes will have a higher density and will
thus be separated by the ultracentrifugation. Samples were
taken from different points in the gradient and analyzed for
lipid content by scintillation counting and for protein con-
tent by denaturing gel electrophoresis.

Fig. 7B shows the results of the liposome incorporation
experiment performed with His8-MBP-fl-cytb5. The bar
graph above the gel shows the position of *H-labeled phos-
phatidylcholine detected in the samples taken from the
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Table 5
Kinetic parameters for the reduction of cytochrome b5 variants by His8-
cytochrome b5 reductase®

Substrate Vinax: (87) Ko (bM)  V/K, (uM™'s™") R
HisS-MBP-ﬂ-cytbSb 84 + 18 542 17+7 0.975
His8- cytb5-sd® 25+5 5+2 5+£2 0.977

# Reactions were performed as indicated in Material and methods.
° Fusion protein from expression with pVP56K (Fig. 1A).
¢ cytb5 soluble domain from expression in pVP55A (Fig. 1C).

ultracentrifugation gradient, while the denaturing electro-
phoresis gel shows the proteins present in the different
fractions from the gradient. Near quantitative proteolysis
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Fig. 6. Coomassie-stained denaturing gel electrophoresis showing the time
and concentration dependence of proteolysis of His§-MBP-fl-cytb5 in the
presence of TEV protease to release fl-cytbS. (A) The TEV protease was
present at ratio of 1:10 relative to His§-MBP-fl-cytb5. (1) Is His§-MBP-fl-
cytb$, (2) is His8-MBP, (3) is TEV protease, and (4) is fl-cytb5. (B) TEV
protease to His8-MBP-fl-cytb5 ratio of 1:50. (C) TEV protease to His8-
MBP-fl-cytb$ ratio of 1:100.

of fl-cytbS was obtained. Moreover, the lipid containing
fractions contained a significant fraction (~25-50%) of
the total released fl-cyt5. His§-MBP did not associate with
the liposomes.

Fig. 7C shows a comparable liposome incorporation
experiment performed with His8-cytb5-sd, which lacks
the requisite membrane anchor. In this case, no incorpora-
tion of cytb5-sd into the vesicle fraction was observed.

Discussion
Vector platform

Vectors pVP55A and pVP56K are part of a platform
developed in the Protein Structure Initiative to support
high-throughput structural biology studies [24]. The modu-
lar design allows systematic variation of promoters, select-
able markers, fusion tags, and patterns of either in vivo or
in vitro proteolysis of the fusion proteins. The vectors also
allow high-fidelity transfer of cloned and sequence-verified
genes between different expression contexts for bacterial
and wheat germ and insect cell-free translation. In this
case, we investigated His8- and His8-MBP as vehicles for
expression and purification of the monotopic membrane
protein human cytochrome b5 retaining the functionally
significant membrane anchor domain.

Auto-induction

Studier introduced auto-induction to high-throughput
structural biology [38]. This powerful approach is based
on bacterial diauxic growth in the presence of glucose
and lactose. Some principles uncovered on the use of
auto-induction with the vector platform described here
are reported elsewhere [28]. In our previous work on the
use of lactose as an inducer of recombinant protein expres-
sion, we found that this approach can lead to high-level
incorporation of iron into iron-containing proteins [39].
We postulated that this favorable result arose from the
slow onset of recombinant protein expression and contin-
ued cellular metabolism allowed by lactose-derived induc-
tion. This would contrast with the strong disruption of
cellular growth and metabolism enforced by batch addition
of IPTG.

When auto-induction was used to express the soluble
forms of cytb5, whether as a domain alone or as a fusion
to MBP, an increased accumulation of cellular heme was
revealed by the intense red color of the harvested cells.
We assumed that this would also correspond to a unitary
stoichiometry of heme in the expressed cytb5, and indeed,
this was true for cytb5-sd, which could be purified by Ni
IMAC with a high level of heme incorporation. In contrast,
expression of the insoluble His8-fl-cytb5 or a short time
induction of soluble His8-MBP-fl-cytb5 with IPTG did
not stimulate heme incorporation.

These findings are both consistent with the concept that
auto-induction allows a smooth transition of the expres-
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sion host from an un-induced to induced state under con-
trol of natural metabolic processes [28,38,39]. In this case,
the need for increased heme biosynthesis was apparently
signaled by accumulation of a soluble heme binding pro-
tein, but not by expression of an insoluble variant. With
soluble expression, the auto-induction process permitted
the transcription and translation of the natural biosyn-
thetic genes needed to increase heme content. This is
remarkably different from the diversion of many important
cellular functions initiated by the batch addition of IPTG,
and correspondingly, a lowered prospect for obtaining
heme incorporation.
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Given the favorable aspect of heme incorporation given
by auto-induction, it was vexing to observe that the desired
membrane anchor was not present in a substantial fraction
of the protein purified. Since intact fl-cytbS was obtained
from the short time IPTG induction and TEV protease
treatment of His8-MBP-fl-cytb5, we have concluded that
no cryptic TEV protease recognition site is present in
His8-MBP-fl-cytb5. Therefore, the observed heterogeneity
must have arisen from in vivo events associated with the
continuation of many cellular processes during the longer
time required by auto-induction. At this point it is not pos-
sible to conclude whether the truncation arises from partial
degradation of an mRNA or from proteolysis of the fusion
protein. Nevertheless, this discovery signals a caveat in the
use of auto-induction for high-throughput studies, and an
obvious approach to address this variability would be to
continue the practice of evaluating multiple approaches
for bacterial expression screening prior to deciding on the
best method for scale-up [25,40-43].

Purification of fl-cytb5

Several procedures for the expression, solubilization,
and incorporation of heme into fl-cytb5 expressed in
E. coli have been developed. These require solubilization
of the precipitated protein from bacterial membranes by
addition of chaotropes and detergents, refolding of the sol-
ubilized proteins, heme incorporation, and further purifica-
tion steps [21,44].

In this work, we show how expression of His8-MBP-fl-
cytb5 for a short time with IPTG induction gives rise to
a fully soluble fusion protein that can be purified to homo-
geneity without the use of detergents and without the
requirement for refolding the protein. A part of this work,
we tested whether amylose affinity chromatography could
be used to purify His§-MBP-fl-cytb5 and possibly avoid
loss of heme. However, this method gave a considerably
less pure protein preparation after a single step with signif-
icant protein loss and furthermore did not address the low

Fig. 7. Incorporation of fl-cytb5S into phospholipids vesicles. (A) A
schematic representation of the liposome floating experiment. The open
circles represent the liposomes and the solid black circles represent
proteins, including His8-MBP-fl-cytbS and fl-cytbS and TEV protease.
Protein bound to the liposome will migrate to the interface between buffer
and 30% Accudenz, while unbound proteins will remain in the 40%
Accudenz layer. (B) Alignment of scintillation counting results (detects
[PHJ-1,2-dipalmitoyl phosphatidylcholine added as a tracer to the
liposome preparation) of the fractions collected from top to bottom from
the liposome floating experiment with a Coomassie-stained denaturing
gel. Lanes 1-3 contain the liposomes and fl-cytb5 (4). His§-MBP and TEV
protease did not bind to liposomes. In control experiments (not shown),
His8-MBP-fl-cytb5 was also bound to liposomes in the absence of TEV
protease. Lanes 8-10 contain residual His§-MBP-fl-cytb5 (1), His8-MBP
(2), TEV protease (3), and unbound fl-cytb5 (4). (C) Alignment of
scintillation counting results ([*H] lipid) with Coomassie-stained denatur-
ing gel for exposure of cytb5-sd to liposomes. Cytb5-sd (5) did not bind to
liposomes.
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heme incorporation in fl-cytb5 obtained from IPTG induc-
tion. Due to these experimental deficiencies and also due to
the higher cost of the amylose resin, Ni IMAC and in vitro
heme reconstitution emerged as the best option for purifi-
cation of the His8-MBP-fl-cytb5 obtained from IPTG
induction.

His8-MBP-fl-cytb5 was found to be a suitable substrate
for soluble cytb5R and the V/K values for the fusion
protein and cytb5-sd alone differed by only ~3-fold
(Table 5). The mechanism of electron transfer between
cytb5 and cytbSR is not clearly understood, but recent
reports suggest that the interaction and electron transfer
between cytb5 and its partners occur via a dynamic docking
mechanism in which a large ensemble of weakly bound pro-
tein-protein configurations contribute to binding, but only a
few are productive in electron transfer [45-47]. The minor
differences in V., observed for His8-MBP-fl-cytb5 and
cytb5-sd may represent differences in this docking process
leading to the productive electron transfer complex.

In situ delivery of monotopic membrane proteins to liposomes

Several elegant experiments have shown that fl-cytb5
spontaneously associates with cellular membranes [48,49].
This natural property was exploited in order to use His8-
MBP-fl-cytb5 as a delivery vehicle for incorporation into
biologically relevant membrane environments (in this case,
a synthetic liposome). The results of Fig. 7 show that while
fl-cytb5 liberated by proteolysis could be effectively trans-
ferred into the liposome, cytb5-sd lacking the membrane
anchor could not. Optimization of the ratio of liposome
and time for membrane insertion should allow higher level
of capture of the released fl-cytb5. This in situ delivery
method proceeds directly in the presence of the desired
liposome, and is not complicated by the presence of addi-
tional detergents. Bulk proteolysis in a rapid manner is also
facilitated by the availability of gram quantities of highly
active TEV protease obtained from an alternative use of
this vector platform and auto-induction [25].

Other control experiments showed that His§-MBP-fl-
cytb5 would also associate with the liposome fraction in
the absence of TEV protease. Two conclusions can be
made from this observation: 1) the cytb5 membrane anchor
might be used as a C-terminal fusion to facilitate spontane-
ous association of other proteins with a membrane frac-
tion, which has recently been shown in cell-free
translation reactions [50]; and 2) proteolysis of His8-
MBP-fl-cytb5 may occur either in solution or as the mem-
brane-associated complex.

Utility

fl-cytbS is used in a number of important enzymatic
reactions as a specific electron donor (Table 1). The
method described here allows controlled introduction of
this protein into membrane environments possibly contain-
ing medically relevant enzymes such as stearoyl-CoA A9

desaturase or several involved
metabolism.

There are also numerous other monotopic integral mem-
brane proteins known [51,52], including examples such as
full-length cytbSR, peptidoglycan glycosyltransferases (N-
terminal membrane anchors, [16,53]), cyclooxygenase-2,
prostaglandin H2 synthase-1 (internal sequences and sec-
ondary structures serving as the membrane anchor,
[54,55]), monoamine oxidase B, fatty acid amide hydrolase
(C-terminal membrane anchors, [56,57]), and many others.
For those proteins that have a C-terminal membrane
anchor, the potential use of His8-MBP as a carrier for
the full-length, otherwise insoluble protein, and the poten-
tial for in situ transfer into a biological membrane environ-
ment for further studies is an attractive topic for more
thorough investigation. The concept that an N-terminal
membrane anchor may also serve as the linker region
between a solubilization tag and the desired monotopic
membrane protein is also an intriguing possibility. In the
vector format described here, proteolysis of a properly con-
structed fusion protein might release a hidden N-terminal
membrane anchor to allow controlled association to

proceed.

cyt P450s in drug
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