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„My brain says I'm recieving pain 

A lack of oxygen From my life support 

My iron lung" 

Radiohead 
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Aims of the thesis 

Aim A: To investigate [59Fe] heme uptake and its subsequent intra-

cellular utilization in heme binding protein complexes by developing 

erythroid cells. 

Aim B: To investigate protein-protein interactions in purified brush 

border membranes (BBM) by blue native electrophoresis (BN PAGE) 

and to test the suitability of the method for the separation and char-

acterization of BBM zinc binding protein complexes. 
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Materials and methods 
Materials and methods A 

[59Fe] hemin synthesis 

[5''Fe] Hemin was synthesized by the nonenzymatic incorporation of 
59Fe (59FeCI3, HCI solution, specific activities 20- 40 mCi/mg; New 

England Nuclear, PerkinElmer, Boston, MA, USA) into protoporhyrin 

IX (PPIX) (Calbiochem, San Diego, CA, USA) under anaerobic con-

ditions. Fifty microliters of PPIX in a pyridine (Sigma-Aldrich, St. 

Louis, MO, 

USA) stock solution (6 mg/mL) was added to 450 mL of glacial acetic 

acid (Lachema, Neratovice, Czech Republic) at 60°C under a nitro-

gen atmosphere. Thioglycolic acid (0.25 mL; Sigma-Aldrich) was 

added into the HCI solution containing 30 mg of 59Fe and the result-

ing mixture was immediately injected into the prepared PPIX solution 

and held at 60 С for 30 min under a nitrogen atmosphere. Air was 

bubbled through the reaction mixture for 1.5 h at room temperature. 

The mixture was then transferred into 20 mL of ether and washed 6 

times with 30 mL of 1 M HCI in order to remove the remaining proto-

porphyrin and iron. The ether fraction was dried overnight under a 

stream of gaseous nitrogen. Dried [59Fe] hemin was dissolved in 200 

mL of DMSO (Sigma-Aldrich) and the solution was stored at 4'C. 

The purity of the product was verified by thin layer chromatography 

on silica gel plates using aether:acetic acid:- methanol (20:3:2) mo-

bile phase at room temperature. Labeling and extraction efficiency 

ranged from 92-95%. 
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Cell culture and [59Fe] hemin cell labeling 

MEL cells (line 707) were grown in RPMI 1640 medium (Gibco, Invit-

rogen, Carlsbad, CA, USA), supplemented with 10% fetal bovine 

serum (GIBCO, Invitrogen) under a 5%C02 atmosphere. Erythroid 

differentiation of the cell culture was induced by adding hexamethy-

lene-bis acetamide (Sigma- Aldrich) to the final concentration of 5 

mM. Cells were harvested after 4 d of induction. Induced cells were 

washed 3 times with 50 mL of PBS (pH 7.4) and collected by cen-

trifugation (10 min, 18006g, 4°C). Cells were resuspended in 1mL of 

PBS (pH 7.4) at room temperature, adjusting the cell density to 

16108/mL. Forty microliters of [59Fe] hemin stock solution in DMSO 

(100 pmol of hemin) was then added and cells were incubated for 30 

min at 37'C without agitation. After centrifugation (5 min, 30006g, 

4°C), the labeling solution was discarded. The cells were washed 

twice in 10 mL of PBS and consecutively lysed in 1 mL of buffer 

composed of 1.5% Triton X-100, 10 mM HEPES and 0.14 M NaCI 

supplemented with EDTA-free protease inhibitor cocktail (Roche, 

Penzberg, Germany) according to the manufacturer's instructions. 

The lysis was performed at 15°C, to increase the solubility of mem-

brane proteins and to disrupt the detergent resistant membrane ar-

eas (lipid rafts). The lysate was cleared by centrifugation (15 min, 16 

0006g, 15°C) and the resulting supernatant was diluted with 0.1% 

Triton X-100, 20mM HEPES, pH 8.0 buffer to the final volume of 5 

mL. 
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Flow protein liquid chromatography 

Anion exchange liquid chromatographic separation was performed at 

room temperature using the medium-pressure BioLogic HR system 

(Bio-Rad, Hercules, CA, USA). In these 

studies, 5 mL of labeled cellular lysate was loaded onto the Mono Q 

HR 5/5 column (Pharmacia Biotech, New Jersey, USA) equilibrated 

with 0.1% Triton X-100 and 20 mM 

HEPES, pH 8.0. Proteins and protein complexes trapped on the col-

umn were eluted with a linear gradient of sodium chloride from 0-1 

M NaCI (flow rate 1 mL/min). The elution of 59Fe-labeled proteins 

was monitored by a radioactivity flow detector for gamma emitters 

(Gabi Star, Raytest, Straubenhardt, Germany). A total nine radioac-

tive fractions were collected, concentrated and desalted using Micro-

con microfilter units with a 5000 nominal molecular weight (NMWL) 

cut-off (Millipore, Billerica, MA, USA). The final protein concentration 

was measured by the Bio-Rad protein assay reagent using a Pye 

Unicam PU 8600 spectrophotometer (Bio-Rad) at 595 nm. 

Native electrophoresis and gel processing 

Concentrated radioactive fractions were separated on a linear gradi-

ent (3-12%) polyacrylamide gel in the presence of the nonionic de-

tergent Triton X-100, in Tris-glycine buffer as previously described [1, 

2]. External cooling was set to 15°C. The separation onHoefer 

SE600 glass plates proceeded for 4 h at a constant current of 55 

mA. After electrophoresis, the gel was sandwiched between two cel-

lophane foils (soaked and washed four times in 200 mL of double 

distilled water) and vacuum dried for 3 h at 40°C. The dried gels 
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were exposed to the storage phosphorimaging screen (Fuji imaging 

plate BAS-IP-MS 2025) for 24 h and then scanned on a Fuji phos-

phorimager FLA 2000 (Fuji, Cypress, CA, USA). The resulting digital 

radiogram was analyzed using Aida software (Raytest). 

Tryptic digestion and MS analysis 

Detected radioactive protein bands were excised from the dry gel. 

The gel slices were rehydrated, cellophane removed, cut into small 

cubes and sonicated for 10 min with 20 mM DTT, 50 mM Tris-CI, pH 

8.5 in 50% acetonitrile (ACN) to achieve reduction of cysteine 

residues. Proteins were alkylated with 15% acrylamide in 50mMTris-

HCI,pH8.5 for 40 min at room temperature. The gel pieces were suc-

cessively sonicated for 10 min in ACN, water, 50% ACN and dried in 

a Savant SpeedVac® concentrator (TeleChem, Sunnyvale, CA, 

USA). Dry gel pieces were reconstituted in cleavage buffer contain-

ing 0.01% 2-mercaptoethanol, 0.1 M 4-ethylmorpholine acetate, 1 

mM CaCI2, 10% ACN and sequencing grade trypsin (50 ng/mL; 

Promega, Madison, Wl, USA). Digestion was carried out overnight at 

37°C. Resulting peptides were extracted by the addition of 40%ACN 

and 0.5% TFA. Extracted peptides were dried in a SpeedVac®, solu-

bilized in 20 mL of 5% ACN/ 2% acetic acid and desalted using Zip-

Tip C18 (Millipore). Desalted and concentrated peptides were loaded 

onto a capillary column (id 100 mm) packed with 10 cm of MAGIC 

C18 reversed-phase resin (Michrom BioResources, Auburn, CA, 

USA). After 10 min of equilibration in solvent A (5% ACN, 0.5% 

acetic acid in water) the peptides were separated and eluted with a 

linear gradient of solution В (95% ACN, 0.5% acetic acid.) ranging 
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from 0%-35% В for 100 min and from 35%-100% В for 20 min. The 

column was connected with an ion trap mass spectrometer LCQ 

DECA (Thermo-Finnigan, San Jose, CA, USA). Positive full scan 

spectra were collected over the mass range of 350-2000 Da. Each 

full scan was followed by the MS/MS scan from the top three ions. 

Dynamic exclusion was enabled with two repeat counts and repeat 

duration lasting 3 min. Tandem mass spectra were interpreted with 

SEQUEST software (ThermoFinnigan) and the data were finally 

compiled with the DTA Select and Contrast software [3]. Spectra 

were searched against a database created by extracting rat, mouse, 

swine and human entries from the non-redundant database down-

loaded from the NCBI ftp site. All hits were validated manually. The 

criteria taken into account were: continuity of b- or y-ion series, good 

signal-to-noise ratio, y-ions corresponding to proline should be in-

tense, unassigned intense fragments should correspond either to 

loss of one of two amino acids from one end of the peptides or to 

doubly- and triply-charged ions with neutral loss. Other features tak-

en into consideration were specific cleavage at aspartic acid as well 

as losses of water (form S, T, D, E), ammonia (from N, Q, K, R), and 

of CH3SOH from the oxidized methionine. 

Materials and methods В 

Cells and BBM preparation 

Mouse intestines were obtained from three male BALB/c mice of 3 

months age, fed on a standard diet. Animals were fasted for 24 h 

and euthanized. The duodenum and proximal 10 cm of jejunum were 

dissected, flushed with ice-cold PBS and placed inside out on wood-
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en sticks. Surface enterocytes were scraped down gently into ice-

cold PBS and sedimented at 1000 g for 10 min (Hettich Universal 

16R). Intestinal BBMs were prepared by calcium precipitation and 

differential centrifugation as previously described [4]. Enterocytes 

(85% pure and 80% viable as estimated by trypan blue exclusion 

test) were homogenized with Dounce homogenizer (15 strokes with 

a tight fitting pestle) in BBM buffer (20 mL/g of tissue, 50 mM manni-

tol, 2 mM Tris-HCI, pH 7.5) supplemented by protease inhibitors 

(Complete mini, Roche, 1 tabl/10 mL of the buffer). Solid CaCI2 was 

added to a final concentration of 10 mM to the homogenate; the ho-

mogenate was stirred for 2 min and allowed to settle down for 30 

min at 4°C. Suspension was spun down at 30006g (Hettich Universal 

16R) for 15 min. Supernatant was finally spun down at 27 0006g for 

30 min (Heraus Suprafuge 22) to collect the BBM fraction. 

Radiolabeling of BBM with 65Zn 

BBM were radiolabeled with 65Zn to visualize zinc-containing protein 

complexes. 65ZnCh was purchased from DuPont NEN (Lacomed 

s.r.o., Czech Republic). Specific activity of 65ZnCI2 solution in 0.5 M 

HCI was 132.744 mCi/mg, concentration was 53.09 ng Zn/mL. Iso-

lated BBM (20 mg total protein) were resuspended in 1 mL of PBS 

and incubated with 2 mCi of 65ZnCI2 for 10 min at 37°C, followed by 

the removal of nonspecifically bound 65Zn by double wash with 50 

mL of ice-cold PBS. 
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Blue native electrophoresis and native Western blotting 

BBM (20 mg total protein) were solubilized in a lysis buffer contain-

ing 300 mL of 750 mM aminocaproic acid, 50 mM Bis-Tris, pH 7, and 

60 mL of 10% dodecylmaltoside at 4'C. The buffer was supplement-

ed with protease inhibitors cocktail (Complete mini, Roche 1 tabl/5 

mL). After 10 min on ice, the suspension was centrifuged for 15 min 

at 14 000 rpm (Eppendorf centrifuge 5402), 4°C. Shortly before load-

ing the samples on the gel, 30 mL of 5% Coomassie brilliant G (Sig-

ma) stock solution in 50 mM aminocaproic acid (Sigma) was added 

into the supernatant to produce a detergent/Coomassie ratio of 4:1 

(g/g). BBMs were separated on a linear gradient (4-20%) polyacry-

lamide gel (29:1 acrylamide/b/s-acrylamide stock solution) in 15 mM 

Bis-Tris, 50 mM Tricin (pH = 7.0) as previously described [5]. Gels 

were 16 cm x 18 cm sized, with thickness of 1.5 mm. Blue native 

electrophoresis was run at 100 V, after 1 h the voltage was in-

creased to 500 V, with current limited to 15 mA. External cooling was 

set to 5 C. The separation on Hoefer SE600 (Amersham) proceeded 

for 8 h. Gels were then stained with Coomassie brilliant G (Sigma). 

For purposes of native blotting, the amount of Coomassie brilliant G 

in cathode buffer was lowered from 0.02 to 0.002% (g/g) and after 1 

h it was replaced with Coomassie free cathode buffer. Proteins were 

transferred onto Hybond-P membranes (Amersham, YA0490) using 

semidry Western blotting system SEMI-PHOR TE77 (Hoeffer) at a 

constant voltage of 20 V for 1 h. Coomassie free cathode buffer was 

used as a transfer solution.Membranes were blocked in blocking so-

lution containing PBS, 5% low fat milk (Friesland, Czech Republic), 

0.05% Tween-20 (Sigma). For the detection of aminopeptidase N we 
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used goat polyclonal anti-aminopeptidase N (dilution 1:500, Santa 

Cruz, sc-6995). Membranes were incubated with antibodies for 1 h 

in incubating and washing solution (IWS) containing PBS, 0.05% 

Tween-20 (Sigma), then washed four times for 10 min with IWS. 

Membranes were then probed for 1 h with donkey anti-goat IgG-

HRP (dilution 1:35 000, Santa Cruz, sc-2020) in IWS, and then 

washed four times for 10 min with IWS. Aminopeptidase N blots 

were visualized as described in following section. 

Immunoprecipitation and immunodetection 

Preparation of Protein G beads with covalently linked antibody 

Fifty microliters of Protein G beads (Sigma, P-4691) were mixed with 

100 mL of rabbit polyclonal Aminopeptidase N antibody (Santa Cruz, 

sc-15360, 200 mg IgG/mL) in a loose slurry and incubated at room 

temperature for 1 h with gentle rocking. Beads were washed twice 

with 0.2 M sodium borate (pH 9.0). After second wash, beads were 

resuspended in 0.5 mL of 0.2 M sodium borate (pH 9.0) and solid 

dimethyl pimelimidate (Sigma, D-8388) was added to bring the final 

concentration to 20 mM. The mixture was incubated for 30 min. Cou-

pling reaction was stopped by washing the beads in 0.2 

Methanolamine (pH 8.0) and 2 h incubation in 0.2 M ethanolamine 

with gentle mixing. Beads were then washed with PBS and equili-

brated with BBM lysis buffer containing 600 mL of 750 mM 

aminocaproic acid, 50 mM Bis-Tris HCI (pH 7.0), and 100 mL of 10% 

dodecylmaltoside (Sigma, D-4641). Less than 5% of the covalently 

linked antibody was released by boiling in SDS loading buffer as 
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seen on SDS gels analyzing dimethylpimelimidate - crosslinked and 

non-crosslinked Protein G/Aminopeptidase N antibody beads. 

Analysis of anti-aminopeptidase N immunoprecipitate 

BBM pellet was solubilized in 600 mL of 750 mM aminocaproic acid, 

50 mM Bis-Tris HCI (pH 7.0) and 100 mL of 10% dodecylmaltoside 

(Sigma, D-4641) at 4°C. Suspension was cleared by 15 min centrifu-

gation at 4°C at 14 000 rpm (Eppendorf centrifuge 5402). The super-

natant was mixed with previously prepared anti-aminopeptidase N-

coupled Protein G beads and incubated for 1 h at room temperature 

with gentle mixing. Beads were washed four times with excess of 

BBM lysis buffer and PBS. After final wash the immunoprecipitated 

proteins were stripped from the beads by the addition of 50 mL of 2 x 

SDS loading buffer (0.5 M Tris-HCI (pH 6.8), 4.4% w/v SDS, 20% v/v 

glycerol, 2% v/v 2-mercaptoethanol, and Bromophenol blue) at 85'C. 

Extraction step was repeated three times. Extracts were pooled and 

loaded on 4-20% Tris-Glycine gel (Invitrogen, EC60252BOX) with 

total protein concentration ranging 8-20 mg. SDS electrophoresis 

was run on Novex Mini Cell (Invitrogen) at the constant voltage of 

110 V for 2 h. Proteins separated by SDS electrophoresis were 

transferred onto Hybond-P membranes (Amersham, YA0490) using 

semidry Western blotting system SEMI-PHOR TE77 (Hoeffer) at a 

constant current of 90 mA/gel for 1 h. Membranes were blocked in a 

blocking solution containing PBS, 5% low fat milk (Friesland), 0.05% 

Tween-20 (Sigma). For the detection of aminopeptidase A, mem-

brane was incubated with goat polyclonal anti-aminopeptidase A (di-

lution 1:500, Santa Cruz, sc-18065) for 1 h in IWS containing PBS, 

12 

0.05% Tween-20 (Sigma), then washed four times for 10 min with 

IWS. Membranes were then probed for 1 h with donkey anti-goat 

IgG-HRP (dilution 1:35 000, Santa Cruz, sc-2020) in IWS, and then 

washed four times for 10 min with IWS. For the detection of sucrase 

isomaltase, we used rabbit anti-rat sucrase isomaltase IgG (dilution 

1:3000) kindly provided by Dr. Kwo-yih Yeh (Louisiana State Univer-

sity Health Sciences Center, New Orleans, USA). Membrane was in-

cubated and washed in the same way as in the case of aminopepti-

dase A membrane. As a secondary antibody for the chemiluminis-

cence detection of sucrase-isomaltase, we used mouse anti-rabbit 

IgG-HRP (dilution 1:5000, Santa Cruz, sc- 2357). Chemiluminiscent 

substrate system LumiGLO (KPL, 54-61-01) was used for detection 

of all probed proteins. Chemiluminiscence signal was detected using 

Amersham Hyperfilm™ ECL™ (AP Czech). 

Proteolytic digestion and sample preparation 

Stained protein bands were cut from the gel and washed several 

times with 10 mM DTT, 0.1 M 4-ethylmorpholine acetate (pH 8.1) in 

50% ACN. After complete destaining, the gel was washed with water, 

shrunk by dehydration with 50% ACN and reswollen again in water. 

Next, the gel was partly dried using a SpeedVac concentrator, and 

then reconstituted with cleavage buffer containing 0.01 M 2-mercap-

toethanol, 0.1 M 4-ethylmorpholine acetate, 10 M ACN, 1 mM CaCI2, 

and sequencing grade trypsin (Promega, 50 ng/mL). Digestion was 

carried out overnight at 37°C, the resulting peptides were extracted 

by the addition of 40% ACN and 1 % TFA (Sigma). Extracted pep-

tides were dried in a SpeedVac®, solubilized in 20 mL of 5% ACN/2% 
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acetic acid, desalted using ZipTip C18 (Millipore), and subjected to 

mass spectrometric analysis. 

Mass spectrometric analysis 

Tryptic peptide mixture was applied on the PepMap™ - C18 column, 

0.3 mm x 250 mm, 300A (LC packings, NL) and separated using 

gradient elution: 35 min from 5% ACN/0.5% acetic acid to 20% 

ACN/0.4% acetic acid, 90 min from 20% ACN/0.5% acetic acid to 

40% ACN/0.4% acetic, acid and 15 min from 40% ACN/0.5% acetic 

acid to 95% ACN/0.4% acetic acid at flow rate 4 mL/min. The column 

was connected to an LCQ DECA IT mass spectrometer (Thermo-

Quest, San Jose, CA, USA) equipped with a nanoelectrospray ion 

source. Spray voltage was held at 1.2 kV, tube lens voltage was 10 

V. The heated capillary was kept at 1507C with a voltage 32 V. Colli-

sions energy was kept at 42 U and the activation time was 30 ms. 

Collisions were done from the first intense ion in each chromato-

graphic peak, every two scans were accumulated. Positive-ion full 

scan and СЮ mass spectra were recorded. Full scan spectra were 

acquired over m/z range 350-1600. Spectra were searched with the 

SEQUEST software against the database created by extracting rat, 

mouse, swine, and human entries from the database downloaded 

from the NCBI ftp site. For spectra from a multiply charged peptide, 

an independent search was performed on both the 21 and 31 mass 

of the parent ion. The search parameters were as follows: no en-

zyme specificity; mass errors 2 Da for precursor and 0.8 Da for frag-

ment ions; possible modifications: 116 Da for Met and Trp and 157 

Da for Cys. SEQUEST results were automatically processed with the 
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DTASelect and Contrast software [3] using the following criteria: 

XCorr values were 1.6 for singly charged, 1.8 and 2.7 for doubly and 

triply charged peptides, respectively; lowest DCn was set to 0.05; 

maximum Sp ranking was 450, minimum sequence length was five 

amino acids, and maximum sequence length was 30 amino acids. 

This filtering is not stringent enough to automatically remove all 

false-positive hits but it retains true hits albeit with lower scores. 

Such cases include cleavages at proline and formation of doubly and 

triply charged ions with neutral loss. All hits were finally validated 

manually. The criteria taken into account were: continuity of b- or y-

ion series, good S/N, y-ions corresponding to proline should be in-

tense, unassigned intense fragments should correspond either to 

loss of one of two amino acids from one of the end of the peptides or 

to doubly and triply charged ions with neutral loss. Other features 

taken into consideration were specific cleavage at aspartic acid as 

well as losses of water (from S, T, D, E), ammonia (from N, Q, K, R), 

and of CH3SOH from the oxidized methionine. For identifications 

based on the single peptide (this includes also cases where 21 and 

31 of the same mass, oxidized Met or in-source fragments were 

found) only the fully tryptic peptides with continuous series of b- or y-

ions and with higher scores (over 2.6 and 3.5 for doubly and triply 

charged peptides, respectively) were retained. The number of trans-

membrane helixes was predicted using SOSUI software application 

(http://sosui.proteome.bio.tuat.ac.jp/sosuiframeO.html) [6]. 
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Results 
Results A 

Here we present a new native 2-D separation technique combining 

native chromatography with native electrophoresis and its 

application for separation and identification of intact protein 

complexes. We have demonstrated the potential of this method 

through identification of heme protein complexes in red blood cells. 

The aim of this study was to investigate [59Fe] heme uptake and its 

subsequent intracellular utilization by developing erythroid cells. We 

focused our attention on the distribution and binding of radioactive 

heme by various cellular proteins and protein complexes. Murine 

erythroleukemia cells (MEL) were metabolically labeled with [59Fe] 

hemin and cellular lysates were separated by ion-exchange 

chromatography. Eluted chromatographic fractions containing 

radioactivity were collected and further separated by native 

electrophoresis in presence of a non-denaturing detergent (Triton X-

100). 

Composition of protein complexes labeled with [59Fe] heme was 

analyzed by LC-MS/MS. Using this 2-D separation, we identified 

several novel heme-containing multi-protein complexes. 

We initially attempted to apply the technique of blue native 

electrophoresis for the native and non-denaturing separation of 

[59Fe] heme labeled proteins. However, we found that radiolabeled 

heme was displaced from hemoproteins by the relatively 

hydrophobic Coomassie blue R250 dye during electrophoresis. 

Displaced [59Fe] heme caused vertical smearing of the radioactive 
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signal (results not shown). Blue page native electrophoresis was 

therefore not suitable for our purposes and alternative procedures 

were needed to achieve efficient native complex separations. 

We developed a novel combination of liquid chromatography with 

native electrophoresis for separation of protein complexes. Ion 

exchange chromatography was performed in the presence of the 

nonionic detergent Triton X-100 to enable separation of detergent-

soluble membrane proteins and protein complexes. In addition to a 

conventional UVdetector, a chromatographic column was coupled to 

a gamma radiochemical detector enabling the selection of protein 

fractions containing radiolabeled proteins (see elution profile on 

Fig.10). 



Figure 10. Chromatogram of MEL cellular lysates 
(4.16 mg protein) separated on MONO Q anion-exchange column, eluted in presence 

of detergent -Triton X-100 (0.1%) by linear gradient of NaCI concentration (0-1 M , 

flow rate 1 mL/min). The radioactive signal of 59Fe in eluate was monitored by a gam-

ma detector. Radioactive fractions (18-26) were collected. 

Prot»omict 2006. 5. 3*0-350 

Fractions 

— % of 1M NaCI — Counts per second ICPS] 

The radioactive signal could originate either from intact [59Fe] heme 

incorporated into hemoproteins or from 59Fe released from the heme 

by intracellular heme oxygenase and subsequently transferred into 

metalloproteins [7]. Each of the nine collected radioactive fractions 

contained only between 0.5-2.8% of the initial protein amount (4.16 

mg) applied on the chromatographic column. 

As the second separation step, we employed native 

polyacrylamide gradient electrophoresis in the presence of the 

detergent Triton X-100. This method offers efficient separation of 

water- and Triton X-100-soluble proteins and multi-protein 

complexes [1, 2]. Furthermore, its combination with sensitive 

autoradiography, enables detection and quantification of femtogram 
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amounts of 59Fe [8]. To visualize radioactive bands and to identify the 

composition of multiple protein components by LC-MS/MS we dried 

the gels between sheets of cellophane foil under mild temperature 

conditions. Autoradiography revealed 13 distinct bands representing 

[59Fe] heme containing protein complexes marked A to M (Fig.11A). 

All bands detected on radiograms were excised from the dried 

original gels and subjected to a tryptic digestion. 

In total we identified 33 proteins (Table 1). Autoradiographs 

and images of Coomasie blue stained native gels of identical 

samples were aligned and showed the presence of a highly 

consistent and corresponding band pattern (Fig.11B). After analysis 

the proteins were assigned to four individual novel heme-binding 

protein complexes (Complex I—IV). The presence of several identical 

proteins in bands with similar electrophoretic mobility led us to the 

following hypothesis. We propose that all 13 detected bands 

represent different stages of dissociation and isoforms of four 

individual multi-protein heme containing complexes (complex l-IV) 

(Fig.12). Complexes I and II (represented by bands A-B and C-D 

respectively) undergo gradual loss of subunits caused by increasing 

salt concentration during the elution step of chromatography. The 

decreased molecular weight of the complex results in higher 

electrophoretic migration velocity and an obvious shift of band В 

relative to band A and D to C. We suggest bands E-H represent 

molecular variants or isoforms of a third multi-protein system -

complex III, which also partially dissociates due to the increased 

ionic strength during elution as represented by shifted bands l-L. 



Complex IV, represented by band M, migrates as a single band 

without any signs of salt induced dissociation. 

Fig.11 Native electrophoretic separation of radioactive frac-

tions 18-26. 
Concentrated chromatographic fractions containing radioactivity (50-110 mg protein 

per lane), were separated by native gel electrophoresis using gradient (3-12%) poly-

acrylamide gels and detergent Triton X-100. (A) Dried gels were exposed to the stor-

age phosphorimaging screen (Fuji imaging plate BAS-IP-MS 2025) for 24 h and then 

scanned on a Fuji phosphorimager FLA 2000. All 13 radioactive bands (A-M) were 

cut from the gels and proteins present were identified by LC-MS/MS. Identified pro-

teins were assigned to four individual heme-binding protein complexes (complex I -

IV). (B) To visualize all migrating proteins gels were stained with colloidal Coomassie 

blue. Comparison of the stained gels with radiograms confirmed that bands A-M rep-

resent distinctly migrating bands with protein content high above the background. 

A Fractions 
18 19 20 21 22 23 24 25 26 

В Fractions 
18 19 20 21 22 23 24 25 26 
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Fig. 12 Hypothetical schemes of four identified heme-binding 

protein complexes. 
(A) Complex I, Hb - hemoglobin;'Prx I - peroxiredoxin I; Prx II - peroxiredoxin II; PPI 

- peptidylprolyl isomerase B; IAP - integtrin-associated protein; Int - integrin; ROS -

reactive oxygen species. (B) Complex II, Ft - ferritin; Prx I - peroxiredoxin I. Prx II -

peroxiredoxin II; Hox - heme-oxygenase; ATPs - ATP synthase; ROS - reactive 

oxygen species. (C) Complex III, Hb - hemoglobin; Prx I - peroxiredoxin I; Prx II -

peroxiredoxin II; CA II - carbonic anhydrase II; NDK - nucleoside diphosphate kinase; 

MD - cytosolic malate dehydrogenase; AAT - aspartate amino transferase; ROS -

reactive oxygen species. (D) Complex IV, NAC - nascent polypeptide-associated 

complex; Prx IV - peroxiredoxin IV; Prx II - peroxiredoxin II; HSP 2 - heat shock 

protein 2; HSP 110 - heat shock protein 110; ALAD - delta aminolevulinic acid 

dehydratase; ATPs - ATP synthase; PDI - protein disulfide isomerase. 

COMPLEX I 
В 

COMPLEX II 

MEMBRANE 

COMPLEX I I I D COMPLEX IV 

MD 

н с о ; 

САП COj-
Г AAT 

Ó V - J m ' B n n m < I r О 

»• ROS 
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Table 1 Summary of proteins identified by LC-MS/MS 

Protein nu rw * Peptide sequence и No. of identified 
peptides 

NCBIno. 

Complex I 
Alpha hemoglobin IGGHGAEYGAEALER 3 8181284 
Hemoglobin bete-1 chein IB1I IMejor! KVNSOEVGGEALGR.L 11 4504349 
Hemoglobin bete 2 cheln (B2! (Minor 1 R YFDSFGDLSSASAIMGNPK.V 7 21596521 
Humen Hemoglobin delte chein R.LLWYPWTOR.F 3 4504351 
G protein bete subuntt like R.LWDLTTGTTTR.R 4 475012 
Aldolase A protein K.GILAAOESTGSIAK.R 2 28595 
Peroxiredoxin 1 IHBP 231 R.OITINOLPVGR.S 3 16923958 
Trensketoiase R SVPMSTVFYPSDGVATEKA 2 11066098 
Peptidylprofyl isomer ese В {cyclophifin B! K.TVDNFVALATGEK.G 2 4758950 
Integr In-associated protein K.ISVSDUNGIASLK.M 1 W54382 
Ubiquilin 1 isoform 2 R.NPEISHMLNNPDIMR.O 1 22726191 
Peroxiredoxin 2 (Thioredoxin peroxidase 1) EGGLGPLNIPILADVTK 3 12846252 
Alpha hemoglobin MFASFPTTK 2 8481284 
Hemoglobin bete-1 chain (Bl) (Major! KVNSOEVGGEALGR.L 7 4760590 
Hemoglobin bete 2 chain IB2I {Minor! R.YFDSFGDLSSASAIMGNPKV 2 21595521 
Peroxiredoxin 1 {HBP 231 R LVOAFQFTDK H 2 16923968 
Peroxiredoxin 2 {Thioredoxin peroxidese 1) SAPOFTATAWDGAFK 3 12846252 

Complex II 
ATPsynthase. beta polypeptide К VLDSGAPHQPVGPETLGR.I 13 4502296 
Peroxiredoxin 1 {HBP 23) R KEGGLGPLNIPILADVTK.S 3 12837636 
Peroxiredoxin 2 {Thioredoxin peroxidase 1) R.GLFDDAK.G 12846252 
Rho GDP dissociation inhibitor 1 R VAVSADPNVPNVIVTR.L 21759130 
Ferritin light chain 1 K.NLNOALLDLHALGSAR T 1 6753914 
Stress-induced phosphoprotein 1 R.LAYINPOLALEEK.N 1 13277819 
ATP synthase, beta polypeptide R.DOEGODVLLFIDNIFR.F 4502295 
Peroxiredoxin 1 {HBP 23) R.KEGGLGPLNIPLLADVTK.S 3 12837636 
Ferritin light chain 1 К NLNOALLDLHALGSAR T 1 6753914 
Peroxiredoxin 2 {Thioredoxin peroxidase 1) R.GLFDDAK.G 12846252 

Complex IH 
Alpha-hemoglobin K.LRV0PVNFK.- 1 8481284 
Hemoglobin bete-1 chain IB11 (Major) R YFDSFGDLSSASAIMGNAK.V 4 12832113 
Hemoglobin bete-2 chain <B2) {Minor! R.YFDSFGDLSSASAIMGNPKV 21595521 
Human Hemoglobin delte chain R.LLWYPWTOR.F 4504351 
Carbonic anhydrase II KAVOQPDGLAVLGIFLKV 1 4557395 
Cytosolic aspartate aminotransferase K.IANDNSLNHEYlPtLGLAEFR.S 11 6754034 
Peroxiredoxin 1 {HBP 23) R LVOAFQFTDK.H 16923968 
Heme binding protein. p22 HBP R.IPNQFQCSPPAPSDESVKIEER.E 1 4886904 
Sialic acid synthase K VLVTIEEDDTVMEESVESHS К 16716467 
Malate dehydrogenase, cytoplasmic K.ELTEEKETAFEFLSSA- 2 15100179 
Nucleoside diphosphate kinase R TFIAIKPDGVOR.G 1 1703290 
Adenylate kinase 2 R LEAYHTOTTPLVEYYR.K 8392883 
Alpha hemoglobin KLRVDPVNFK.- 1 8481284 
Hemoglobin bete-1 chein IB1I {Major! R YFDSFGDLSSASAIMGNAK.V 12832113 
Hemoglobin bete-2 chain IBZ) {Minor! R.YFDSFGDLSSASAIMGNPKV 1 21595521 
Human Hemoglobin delte cheh RLLWYPWTOfi.F 2 4504351 
Carbonic anhydrase II К AVOOPDGLAVLGIFLK V 2 4557395 
Cytosolic aspartate aminotransferase K.IANDNSLNHEYLPILGLAEFR.S 9 6754034 
Peroxiredoxin 1 {HBP 23I R.LVQAFOFTDK.H 2 16923968 
Malate dehydrogenase, cytoplasmic K.ELTEEKETAFEFLSSA- 2 15100179 
Nucleoside diphosphate kinase R.TFIAIKPDGVQR.G 2 1703290 
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Table 1 continued 

Band Protein name Peptide sequence w No. of identified 
peptides 

NCBI no. 

Alpha-hemoglobin K.LRTVDPVNFK.- 1 8481284 

Hemoglobin bete-1 chain IB1I {Major! R. YFDSFGDLSSASAIMGNAK.V 12832113 

Hemoglobin bete-2 chain (B2I (Minor! R.YFDSFGDLSSASAIMGNPKV 1 21595521 
Human hemoglobin delta chain R.LLWYWIÍTOR.F 4504361 

Cytosolic aspartate aminotransferase K.IANDNSLNHEYLPILGLAEFR.S 14 6754034 

Malate dehydrogenase, cytoplasmic R.VLVTGAAGQIAYSLLYSIGN.G 7 15100179 

G Peroxiredoxin 1 IHBP 23! R.OITtNDLfVGR.S 16923968 

Peroxiredoxin 2 {Thioredoxin peroxidase 1! К SLSQNYGVLK.N 12848252 

Carbonic anhydrase 1! KAVQQPDGLAVLG1FLK.V 4557395 

Sialic acid synthase K.VGSGDTNNFPYIEK.T 16716467 

Aldose reductase K.TOVSNFNPLOIER.I 1 3046247 

Nucleoside diphosphate kinase R.TFIAIKPDGVOR.G 2 17 03290 

Alpha-hemoglobin KLRVDPVNFK.- 1 8481284 

Hemoglobin bete-1 chain IB11 (Major! R.YFDSFGDLSSASAIMGNAK.V 12832113 

Hemoglobin beta 2 chain (B2) {Minor! R.YFDSFGDLSSASAIMGNPKV 1 21595521 

Human hemoglobin delta chain R.LLWYPWTQR F 1 4504351 

Cytosolic aspartate aminotransferase K.IANDNSLNHEYLPILGLAEFR.S 16 6754034 

H Malate dehydrogenase, cytoplasmic K.DLDVAVLVGSMPR.R 15100179 

Peroxiredoxin 1 IHBP23) R.0IT1NDLPVGR.S 16923958 

Peroxiredoxin 2 (Thioredoxin peroxidase 11 K.SLSONYGVLK.N 12846262 

Sialic acid synthase K.GSDHSASLEPGELAELVR S 16716467 

Polyubiquitin K.TfTXEVEPSDTIENVKA 1 2627129 

Ubiquitin-coniugating enzyme E2N R.LLAEPVPGIKA 2 16758810 

Alpha-hemoglobin K.LRVDPVNFK.- 1 8481284 

Hemoglobin bete-1 chain IBt l {Major! R. YFDSFGDLSSASAIMGNAK.V 12832113 

Hemoglobin bete-2 chain {B2> (Minor! R.YFDSFGDLSSASAIMGNPKV 1 21595521 

Peroxiredoxin 1 {HBP 23) R.OITINDLPVGR S 7 16923958 

1 Malate dehydrogenase, cytoplasmic K.DLDVAVLVGSMPR.R 15100179 

Peroxiredoxin 2 {Thioredoxin peroxidase 1! K.FVEGLPINDFSR.E 12846252 

Nucleoside diphosphate kinase R TFIAIKPDGVOR.G 1703290 

Alpha-2-mACroglobulin receptor-associated K.IQEYNVLLDTLSR.A 1 1703290 

protein precursor 

Alpha-hemoglobin K.LRVDPVNFK.- 1 8481284 

Hemoglobin bete-1 chain (Bl l (Major! R.YFDSFGDLSSASAIMGNAK.V 12832113 

Hemoglobin bete-2 chain IB2! (Minor) R YFDSFGDLSSASAIMGNPK.V 1 21595521 

J Peroxiredoxin 1 IHBP 23) R.OITINDLIVGR.S 16923958 

Malate dehydrogenase, cytoplasmic K.FVEGLPINDFSR.E 1 15100179 

Peroxiredoxin 2 (Thioredoxin peroxidase 1! K.FVEGLPINDFSR.E 12846252 

Nucleoside diphosphate kinase R.TFIAIKPDGVOR.G 1703290 

Alpha-hemoglobin KLRVDPVNFK.- 1 8481284 

Hemoglobin bete-1 chain IBl! (Major! R.YFDSFGDLSSASAIMGNAK.V 4 12832113 

К Peroxiredoxin 1 IHBP 231 R.OITINDtPVGR.S 16923958 

Peroxiredoxin 2 (Thioredoxin peroxidase 11 K.SLSONYGVLK.N 12846252 

Nucleoside diphosphate kinase K.FLQASEDLLKi 1 20912830 

Hemoglobin beta-1 chein (Bl! (Major! R YFDSFGDLSSASAIMGNAK.V 12832113 

Hemoglobin bete-2 chain (B2l (Minor) R.YFDSFGDLSSASAIMGNPKV 1 21595521 

L Peroxiredoxin 1 IHBP 23) KATAVMPDGOFK.D 12 16923958 

Peroxiredoxin 2 (Thioredoxin peroxidase I I К SLSONYGVLK.N 2 12846252 

Malate dehydrogenase, cytoplasmic K.FVEGLPINDFSR.E 1 15100179 
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Table 1 continued 

Band Protein name • Peptide sequence ь No. of identified 
peptides 

Complex IV 
Hemoglobin bete- l chain (B1) (Major! 
Human hemoglobin delta chain 
Peroxiredoxin 4 (Prx-IV) 
Peroxifedoxin 2 (Thioredoxin peroxidase 1) 
Heat shock protein, 110 kDa 
Heat shock protein 2 
Nascent pofypeptide-associsted complex alpha 

chain 
ATP synthase, beta polypeptide 
De!ta-aminol«vulinic acid dehydratase 
Protein disulf ide isomerase 

R.YFDSFGOLSSASAIMGNAK.V 
R.LLWYFWTQR.F 
R.QITINDLPVGR.S 
K.SLSQNYGVLK.N 
К IEDTENWIYEDGEOOPK.Q 
R-AREEEINADLFR.G 
SPASDTYIVFGEAK 

K.VLDSGAP1K1PVGPETLGR.I 
K.DEOGSAADSEDSPTIEAVR.l 
R.U'OEEEMTK.Y 

3 
10 

1 

a) Proteins known to contain heme or iron are in bold 
b) Only one exemplary peptide sequence is presented for proteins wi th mulitiple identified peptides 

12832113 
4501351 
5463549 
12846252 
13777753 
13435696 
20867687 

2623222 
3642647 
6981324 

Results В 

Identification and characterization of functional protein complexes in 

BBM are the crucial steps toward the conclusive view of the physiol-

ogy of absorption, revealing the protein-protein interaction networks 

that determine the function of intestinal digestive and absorptive ap-

paratus. The choice of proper solubilization and separation method 

is an essential factor in the identification of hydrophobic membrane 

protein complexes. 

Intestinal brush border membranes are also of particular 

importance in maintaining Zn2* homeostasis. Besides putative zinc 

carriers [9] they contain several zinc binding intermembrane 

enzymes involved in peptide digestion [10-12]. 

We decided to adopt BN PAGE to characterize the native 

protein complexes in murine intestinal BBM and to test the suitability 

of the method for the separation and characterization of non-

25 

covalent zinc binding protein complexes. Enterocyte BBM purified by 

calcium precipitation have a rather uniform size and shape and are 

well suited for transport studies. Isolated vesicles are mostly oriented 

right side out as confirmed by sucrase activity assay and by electron 

microscopy. 

BN-PAGE of isolated BBM resulted in visualization of 23 

distinct bands (Fig.13a). Protein composition of all identified bands 

was determined by LC-MS/MS. A total of 105 proteins were 

identified. Accounting for the occurrence of several proteins in more 

than one band, 55 individual proteins were identified, among them 

several peptidases, enzymes of carbohydrate metabolism, ion 

channels, membrane transporters, cytoskeletal proteins, 

chaperones, and regulatory enzymes (Fig.14). Radiograms revealed 

the presence of total zinc binding proteins were identified in 4 bands 

migtaringin the upper part of the gel (bands 1-4) (Fig. 13c). 

Using co-immunoprecipitation we have shown that zinc bind-

ing enzyme aminopeptidase N interacts with another zinc containing 

enzyme aminopeptidase A and also with enzyme sucrase-isomaltase 

(Fig. 15). Another zinc binding enzyme A/-acetylated-alpha-linked 

acidic dipeptidase was identified in protein complex represented by 

band 3. Bands 1-4 thus likely represent different zinc binding diges-

tive protein supercomplexes in BBMs. A summary of identified pro-

teins is shown in Table 2. 
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Fig.13 Native electrophoretic separation of BBM 

(a) Blue PAGE separation of isolated BBMs on 4-20% gradient gel. To visualize the 

majority of migrating protein bands after electrophoretic separation, gels were addi-

tionally stained with Coomassie brilliant G (Sigma), (b) Immunoreactivity of aminopep-

tidase N on Western blot made from BBM lysate blue native electropherogram. (c) 

Radiogram of "Zn-labeled BBMs. Isolated BBMs were resuspended in 1 mL of PBS 

and incubated with two mCi of "ZnCI2 for 10 min at 37°C. 

Proteomics 2007, 7, 121-129 

a b e 
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Fig.14 Functions of BBM proteins identified by LC-MS/MS. 
A total of 55 individual proteins were identified in the BBM isolated by calcium precipi-

tation. 

Cell adhesion 
Metabolic enzymes 

Chaperones 5% Carbohydrate 
7% \ ) digestion 

Membrane 
transporters 

21% 
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Fig.15 Co-immunoprecipitation of aminopeptidase N-associated 

proteins. 
Anti-aminopeptidase N immunoprecipitate was prepared from BBM lysate as de-

scribed in Materials and methods B, run on SDS gel and blotted to Hybond-P mem-

brane. Separate lanes were cut from the membrane and probed with anti-sucrase iso-

maltase (lane a) anti-aminopeptidase A (lane b) antibodies. Immunoreactivity was vi-

sualized using peroxidase-labeled secondary antibodies and chemiluminiscence de-

tection. 

H 181.8 kDa 

82.2 к Da 

48.8 kDa 

25.9 kDa 

14.8 kDa 
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Table 2 Summary of proteins identified by LC-MS/MS 

Вand Identified proteins Gi Peptkle sequence Peptide» Trane-
matched membrane 

helixes 

1 "eg bp protein 7 513 694 VSQHGSDWIETDFGIR 9 0 
Meltese-glucoamylase 28 52 3 399 QFLLGPAFLVSPVLEPNAR 3 1 
Sucrase isomaltase 6981 538 YTLLPFLYTLFYR 3 1 
Aminopeptidase N 13 52 9 377 TPDQIMELFDSrTVSK 8 1 

2 -eg bp protein 7 513 694 VNGVIMAIPVYIAGGR 9 
Aminopeptidaee N 13 529 377 FSSEFELOOIEOFK 14 1 
Malta se glucoanrylase 28 523 399 WGGHWIGDN TAAWDO.GK 2 1 

3 -eg bp protein 7 513 694 VNGVIMALPVYLAGGR 17 
N-*cetyleted-a!pha-linked acidic 13 929 070 HGWGVLVYTDPGDINDGK 2 1 

dipeptidese 
Aminopeptidase N 13 529 377 TPDQIMELFDSITYSK 21 1 
Endopeptidase-2 6 67 8 862 ISEFEDVIGQR 2 1 
NWK ATPase alpha 16 307 541 GVGIISEGNETVEDIAAR 6 
Aminopeptidase A 26 327 323 SSFIDDAFALAR 2 

4 "egbp protein 7 513 694 VSOHGSDWIETDFGLR 15 
Aminopeptideee N 13 529 377 QDTTSTIIS1ASNVAGHPLVWOFVR 15 1 
NWK ATPase beta 54 130 GVGIISEGNETVEDIAAR 4 1 
Valosin-containing protein 26 326 751 K.NAPAIIFIDE LDAIAPK.R 2 

5 KSA preproantigen 13 54 2 838 ESPYDHQSLQTALQEAFTSR 3 
Na/K ATPase alpha 16 307 541 SPOFTNENPLETR 5 
Na/K ATPase beta 54 130 SYEAWLNUR 2 1 
.дситев glycosylceremiriase 126 428 EEYNNPUYVTENGVSR 4 
Sodium glucoce cotranf porter 1 6681 727 K.MTKEEEEAMK.L 1 14 

6 Na/K ATPase alpha 16 307 541 MSINAEDWVGDLVEVK 9 
NVK ATPase bet. 54 130 SYEAWLNUR 2 1 
Actio- like protein 3 47 116 573 DITYFIOOLIR 3 1 
PEPT1 11 078 526 SSNLDFGSAYTWIR 2 13 
(SA preproantigen 13 542 838 VNGEPLDtDPGOTLIYWDEK 3 2 

7 Na/K ATPase alpha 16 307 541 GVGIISEGNETVEOIAAR 12 
CSA preproantigen 49 457 512 TQNDVDIADVAYYFEK 2 
CD9 20 380 033 AMIVFQSEFK 2 4 
Actirvalpha 12 852 068 SYEIPDGOVITIGNER 3 0 

8.9 Villin 26 388 975 MVDDGSGEVQVWR 23 0 
Microsomal triglyceride transfer 15215 161 GLILLIDHSQDIQLOSGLK 26 0 

protein 
Alpha actinin-4 26 346 759 TINEVENQILTR 10 0 
'rotein disulfide-isomer ase 38 197 382 HNQLPLVIEFTEQTAPK 11 1 

10 Villin 26 388 975 IEDUELVPVESK 7 0 
Microsomal triglyceride transfer 15215 161 YDVSFITDEVK 20 0 

protein 
'rutein disulfide-Isomerase 38 197 382 VLVGANFEEVAFDE К 9 1 
Sodium-dependent neutřel amino 45 822 266 RIPSLDELEV1EKE 2 12 

acid transporter 

11 Villin 26 388 975 ATSLNSNDVFILK 15 0 
KHK MOUSE Ketohexokinase 6016435 TIILYDTNLPDVSAK 1 0 
Actin like 8 850 209 KSYELPOGOV1TIGNER 3 0 

12 Villin 26 388 975 AAISDSWEPAAK 9 0 
Actin like 8 850 209 KSYELPOGQVITIGNER 5 0 

13 Actirvalpha 12 852 068 DSYVGDEAQSK 6 0 
HSP70 3 461 866 RIINEPTAAAIAYGLDKG 3 0 

v 2007 WHEY-VCH Vettog GmbH & Co KGriA Weinheini www.ptoteomics-journeLcom 
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Table 2 continued 

Band Identified proteins Gi Peptide sequence Pepndee 
matched 

Trans-
membrane 
helixes 

Trafficking protein particle complex 61 477 744 YPIKHGIITNWDNMEK 2 1 
protein 2 

Ezrin 12 832 989 EVWYFGLQYVDNK 2 0 
11 Annexin IV 1703 319 SETSGSFEDALLAIVK 10 0 

Plaetin-1 (l-plastin) lintestine- B5 988 577 MINLSEPDTIDER 1 0 
Gpecific plaetin) 

Actin-bete 40 225 338 DLYANTVLSGGTTMYPGIADR 1 0 
15 Annexin IV 1 703 319 ENDOVVSEDLVQODVODLYEAGELK 6 0 

Protein dieulfide-isomerese A3 26 353 794 DU.TAYYDVDYEK 2 1 
precursor 

Cadherin 17 9 790 073 VPSDGLFLIGEYEGK 1 2 
16 Actio-alpha 12 852 068 EITALAPSTMHK 4 0 

Carboxylesterase 2 precursor 'CE-21 26 329 245 LGVLGFFSTGDOHAK 3 1 
Laminin receptor 12 846 904 AIVAIENPADVSVISSR 2 0 
Guanine nucleotide binding 13 384 618 SOPLLMGIPTSENPFK 2 0 

protein G protein 
Serum albumin 26 34 1 396 LGEYGFQNAILVR 2 0 

17 Caireticulin 6 680836 GQTLWOFTVK 2 0 
Carboxylesterase в 19 354 488 MIPAVVDGEFLPK 6 1 
Actirv alpha 12 852 068 EITALAPSTMK 5 0 
Actin-gemma 809 581 VAPEEHPVLLTEAPLNPK 2 0 
Progesterone binding protein 2 801 793 FYGPEGPYGVFAGR 1 1 

18 Actin alpha 12 852 068 DSYVGDEAQSK 7 0 
Laminin receptor 12 846 904 SALSGHIETV1LGLLK 4 0 
Actin-gemma 809 561 VAPEEHPVllTEAPLNPK 2 0 
Protein disulfide-isomerase 38 197 382 HNOLPLVIEFTEOTAPK 8 1 
Membrane associated progesterone 2 801793 FYGPEGPYGVFAGR 1 1 

binding component 
Galectin 4 3 335 393 VAYNPFGPGOFFDLSIR 4 0 

19 Actin-alpha 12 852 068 SYELPOGQVITIGNER 5 0 
Caireticulin 6 680 838 KPEDWOEEMDGEWEPPVIONPEYK 3 0 
Actin gamma 809 561 VAPEEHPVLLTEAPLNPK 2 0 
Protein disulfide-isomeraee 38 197 382 HNOLPLVIEFTEOTAPK 6 1 
Annexin IV 26 328 509 GLGTDEDAIIGILAYR 5 0 
Annexin A13 12 841 399 ATFOAYOILIGK 3 0 

20 Carboxylesterase 2 21 704 206 SHAPVYFYE FOHPPSYF К 12 1 
Guanine nucleotide binding protein 11 093 957 KGHNGWVTOIATTPOFPDMILSASRD 1 0 

beta aubunit 2 
Annexin IV 26 328 509 GLGTDEOAIIGILAYR 16 0 
Annexin A13 12 841 399 GMGTDEAAIIE VLSSR 2 0 
Caireticulin 6 680 836 IDNSQVESGSLEDOWDFLPPKK 5 0 
ribosomal protein S24 34 866 231 KDVNFEFPEFOL 2 0 
1 Membrane-associated progesterone 2 801 793 FYGPEGPYGVFAGR 1 1 

binding component 
Chloride intracellular channel 24 211 557 KGWFNVTTVOLKR 1 0 

protein 5 
Actirv alpha 12 852 068 SYELPOGQVITIGNER 1 0 

21 Cofillin 12 861 068 EILVGDVGOTVDOPYTTFVK 2 0 
Debtr in 9790 219 EILVGDVGAT1TDPFK 1 0 
Prolillin 26 389 590 TFVSITPAEVGVLVGK 4 0 
Carboxylosterasa 2 21 704 206 LGVLGFFSTGDOHAR 3 1 
Cyclophilin A 12 84 6 2 44 FEDENFILK 2 0 

v 2007 «TLEY-VCH Vertag GmbH S Co KGoA. Wemheim www.proteomics-ioumal.com 
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Table 2 continued 

Band Identified proteins Peptide sequence Peptides Trans-
matched membrai 

helixes 

Cell division control protein 42 
ho mo log 

Galectin-2 
Anterior gradient protein 2 homolog 

precursor 
Sodium-hydrogen exchanger 

regulatory factor 
Ezrin 
ATP-binding cassette subfamily G 

member 3 
Annexin A13 
Annex in IV 
Galectin 4 
Annexin V 
Galectin 2 
Ubiquitin precursor 
Galectin 2 
Gaetrotropin 

26 342 014 KNVFDEAILAAIEPPEPKK 

20 381 452 RLGHSOLHYISMGGIQISSFKL 
27 662 826 RIVFVDPSLTVRA 

5 732 682 RLLWDPETDERL 

56 126 OPLTLSNELSQAR 
26 342 274 RLSNISGIMKP 

12 841 399 GMGTDEAAIIE VLSSR 
26 328 509 GLGTDEDAIIGILAYR 
3 335 393 VAYNPFGPGQFFDLSIR 
49 168 528 RETSGNLEQLL LAWKS 
20 381 452 IT1TFQDKDFK 
12 849 189 KTITLEVEPSDTIENVKA 
20 381 452 IT1TF0DKDFK 
8 393 346 LVEISTIGD/TYER 

The number of transmembrane helixes was predicted using SOSUI software application (httpj'.'soeui.proteome.bio.tuat.ac.jcvsoeui-
frame0.html) 124). Proteins with predicted transtnembrane domains are marked gray. 
Full version of the Table 1 with sequences of all identified peptides and scores is available as online supporting material. 

Conclusions 

Conclusions on aim A 

• Newly identified heme binding complexes I—IV represent four 

different snapshots of hemoglobin metabolism and provide new 

insights into the process of hemoglobin synthesis. 

• Association of peroxiredoxins with hemoglobin in three of the 

four complexes analyzed suggests a stable and universal 

interaction. Peroxiredoxins may provide hemoglobin with 

protection against oxidative damage from the moment of its 

assembly, throughout its life span in the cell. In addition to an 
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antioxidant function, peroxiredoxins could supply hemoglobin 

synthesis with heme or function as chaperones for heme 

incorporation into hemoglobin. 

• The presence of ALAD in a protein complex with ATP synthase 

and hemoglobin (complex IV) lends support to its contemplated 

proteasome inhibitory role. 

• Identification of the two heat-shock proteins belonging to HSP70 

family suggests participation of these molecules in the folding of 

globin chains. 

• Finally, the presence of nascent polypeptide-associated complex 

in one functional complex with globin chains is consistent with its 

postulated role in cotranslational moderation of globin folding. 

• Our novel method of native 2-D separation offers a mild and 

non-denaturing separation of intact protein complexes. This 

method can be used in diverse arrangements with both low 

molecular and high molecular weight ligands, radioactive or not. 

The method presented is fully compatible with mass 

spectrometric protein identification and may find broad 

applications in the study of various native protein complexes. 

Conclusions on aim В 

• Our study is the first application of BN-PAGE technique for the 
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native separation of intestinal BBM protein complexes. 

• In conclusion, BN-PAGE proved to be an effective tool for 

separation of membrane protein complexes contained in 

intestinal BBM. The BN-PAGE separation technique has the 

potential to be expanded from mitochondria to other membrane-

bound compartments. 

• The presented technique maintains the protein complexes in 

native form, capable of binding metal cofactors, as shown by the 

presence of 65Zn in newly identified metalloprotein complexes 

composed of several intestinal peptidases isolated from zinc-

radiolabeled BBM. BN-PAGE can notably help in the efforts of 

biochemistry and physiology to investigate the structure and 

function of novel membrane proteins and to accelerate the 

discovery of more effective drugs, targeted to new membrane 

receptor proteins which form the drug-targeted boundary 

between cells and their environment. 

Publications in support of this thesis 
Babusiak M. Man P. Petrák J. Vvoral D. 

Native proteomic analysis of protein complexes in murine intestinal brush border 

membranes. Proteomics. 2007 Jan;7(1):121-9. 

Impact factor: 6.088 

Provaznikova D. Peslova G. Marinov I. Babusiak M. Vvoral D. Fuchs О. 

11 



The Increased Expression of SnoN and Undetectable Levels of Important Cell cycle 

Regulators, Proteins p2lWa,1 'c"" and p27K,p' as Probable Causes of the Resistance of 

ML-2 Cells Proliferation to Transforming Growth Factor-(3ETA1. 

New Research on Signal Transduction ISBN 1-60021-379-0 

Editor: Bruce R. Yanson, © 2006 Nova Science Publishers, Inc. 

Babusiak M. Man P. Sutak R. Petrák J. Vvoral D. 

Identification of heme binding protein complexes in murine erythroleukemic cells: 

study by a novel two-dimensional native separation - liquid chromatography and 

electrophoresis. Proteomics. 2005 Feb;5(2): 340-50. 

Impact factor: 6.088 

Fuchs Q. Babusiak M. Vyoral D, Petrak J. 
Role of zinc in eukaryotic cells, zinc transporters and zinc-containing proteins. Review 

article. Sb Lek. 2003; 104(2): 157-70. 

Vvoral D. Babusiak M. Fuchs O. Petrák J. 

Native electrophoretic separation and femtomolar detection of 65Zn-containing 

proteins by storage phosphorimaging. J Biochem Biophys Methods. 2003 Aug 

29;57(2):177-82. 

Impact factor: 1.201 

Manuscripts in preparation 
Ternes N. Sturm B. Babusiak M. Goldenbera H. Vvoral D. Scheiber-Mojdehkar B. 

Cellular uptake and release of ferric-pyrophosphate by macrophages and liver 

parenchyma cells in vitro 

Babusiak M. Babusiakova E. Richardson D. Halada P. Vyoral D. 

Proteomic analysis of iron binding protein complexes in erythroid mitochondria. 

34 

Acknowledgements 
Special thanks to Emilia and all of my family, my supervisor Daniel 

Vyoral, Robert Šuťák, Jirka Petrák, good people of UHKT and magic 

city of Prague. 

References 

[1] Vyoral D, Petrak, Biochim Biophys Acta, 1998 Jun 22;1403(2):179-88. 

[2] Vyoral D, Petrak J et al., Biol Trace Elem Res, 1998 Mar;61(3):263-75. 

[3] Tabb DL, McDonald WH et al., J Proteome Res, 2002 Jan-Feb;1(1):21-6. 

[4] Kessler M, Acuto О et al., Biochim Biophys Acta, 1978 Jan 4;506(1): 136-54. 

[5] von Jagow, G., Schágger, H. (Eds.), A Practical Guide to Membrane Protein 

Purification, Academic Press, New York, 1994, pp. 86-103. 

[6] Mitaku S, Ono M et al., Biophys Chem, 1999 Dec 13;82(2-3):165-71. 

[7] Granick JL, Sassa S, J Biol Chem, 1978 Aug 10:253(15):5402-6. 

[8] Vyoral D, Petrak J, Anal Biochem. 1998 Jun 15;260(1): 103-6. 

[9] Tacnet F, Lauthier F et al., J Physiol. 1993 Jun;465:57-72. 

[10] Hirose J, Iwamoto H et al., Biochemistry, 2001 Oct 2;40(39): 11860-5. 

[11] Hirose J, Kamigakiuchi H et al., Arch Biochem Biophys, 2004 Nov 1;431(1):1-8. 

[12] Vanderheyden PM, Demaegdt H et al., Fundam Clin Pharmacol, 2006 

Dec;20(6):613-9. 

11 


