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An Examinationof Heart Proteinsby Two-DimensionalElectrophoresis
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and Alberto ReposslnP

We examined specimens from explanted human hearts by
two-dimensional electrophoresis.The protocolselected in-
cludes: (a) solubilizationof the sample in a urea-detergent
mix; (b) charge fractionationin the presence of urea and
nonionicdetergent on a pH 4-10 immobilizedpH gradient;
(c) size fractionation on a polyacrylamide concentration
gradient in the presence of sodium dodecyl sulfate;and (c
stainingwith silver nitrate. The method is sensitiveenough
for analysisof biopsiesin the 1-3 mg range (wet tissue).We
saw, for explanted hearts, variations in the protein pattern
with the site of sample dissection.Resultsare presentedfor
11 explanted human hearts: one control organ and 10
pathological samples. The recorded pathologies included
dilatative cardiomyopathy (six cases), valvulopathy (one
case), ischemiccardiopathy(two cases), and graft rejection
(one case). The patterns for whole extracts as well as for
cytoplasmic proteins and myofibril components are com-
pared. Extensive iiidividual variability was observed both
between control and pathological cases and among the
abnormalsamples.

AdditIonal Keyphrases: organ transplants heart disea-
se - intra-individualvariation

Heart transplantation is now being done at eight cardiolo-
gy units in Italy. This prompted a research effort by several
groups (1) to study the pathological conditions that eventu-
ally necessitate transplantation, especially dilatative car-
diomyopathy, the most frequent of such disorders and one
whose etiology is still largely unknown. We undertook to
map heart proteins by 2-D (two-dimensional) gel electropho-
resis (2). With this procedure as many as 1000 of the most
abundant gene products in a given tissue extract can be
detected (3), as can qualitative and quantitative differences
between a control pattern and one representing the diseased
state (4).

This report deals with the technical assessment of the
protocol we have adopted in our investigation. It includes as
a first-dimension separation a charge-fractionation step
performed by isoelectric focusing (IEF), not with convention-
al carrier ainpholyte (CA) buffers in thin polyacrylamide
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rods but with immobilized pH gradients (IPG) (5) in fiat gel
slabs. [We call this procedure “IPG-DAiT,” by analogy with
the “ISO-DALT” acronym proposed by the Andersons (6)].
Advantages of this modification include: full control of the
gradient shape and width (7); little influence from the
volume and the ionic composition of the sample (8); and,
most important, extremely high reproducibility of spot
position (9), within and between batches.

The procedures for 2-D protein mapping detailed in this
paper have been applied to analysis of heart specimens from
nine patients undergoing heart transplantation between
November 1985 and July 1986. These cases exempli1r three
different pathologies: dilatative cardiomyopathy, valvulo-
pathy, and ischemic cardiopathy. In one case, the grafted
heart had been rejected.

We report here our results, presenting the whole protein
pattern after high-resolution analysis. We processed sepa-
rately the components from two cellular compartments
(myofibrils and cytoplasm) and have assessed the extent of
contamination from residual blood. Examples of individual
variability among the samples-both in a qualitative and in
a semiquantitative sense-are given.

Materials and Methods

Samples

In tote explants: The apex was removed and the ventricles
were cut open along the fore edges of the septum. The
dissected organ was laid on a board and the walls were
punched through with a cutting-rim cylinder, 1 cm in
diameter. Eleven specimens were collected from each organ,
as follows: left and right ventricle, front, upper and lower,
and back, upper and lower; septum, upper and lower; and
papillar muscle. After a 5-mm rinse in isotonic saline, the
samples were transferred to plastic containers chilled in
liquid nitrogen. Table 1 lists some clinical data for nine of
the patients whose explanted organs were analyzed in the
present study. The recorded pathologies included dilatative
cardiomyopathy (six cases), valvulopathy (one case), isch-
emic cardiopathy (two cases). Before surgery, all patients
were treated with inotropic, vasodilatatory, diuretic, antiar-
rhythmic and, in some cases, anticoagulant drugs, either
orally or by infusion (cases I and J). Patient D had to
undergo a second transplantation eight months after the
first surgery; the excised graft was designated case L. A
normal heart (K) was explanted from a 46-year-old man,
dying from cranial trauma, upon evidence of clinical death.
The organ was maintained for 4 h according to standard
protocols (10) in provision for grafting, then stored at -20 #{176}C
for 8 h before processing. In all cases specimens were
sampled as described above; organs E-F, I-J, and L-M were
dissected just after their explant, organs A-D-without
thawing-after storage at -80 #{176}Cfor up to two months.

Biopsies: Needle biopsies (1-3 mg) were taken with a
Standford biotome through the inner jugular vein from the
right ventricle of grafted hearts one week after surgery
(during routine immunological checks).
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23 d 18 IV 0.16 500 18 10 17
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9Graft from a 23-year-old man who died from cranial trauma; graft was removed fromrecipientD eight months after transplant as heart failure developed.

Table 1. Clinical and AnatomIc-Pathological Data for 11 Heart Samples
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ProteinExtraction

Total protein: Tissue was homogenized in urea-detergent
mixture, essentially according to Giometti et al. (11): 50-
100 mg (or the whole biopsy) was homogenized for 3 mm at
full speed (ca. 24 000 rpm) in an ice-water bath with an
Ultraturax T25 apparatus (Ika Labortechnik, Taufen,
F.R.G.). The extraction medium included, per liter 9 mol of
urea, 20 g of carrier ampholytes for IEF in the pH range 8-
10.5 (Pharmacia, Uppsala, Sweden; final pH = 9.5), 40 g of
Nonidet P40 surfactant, 10 g of dithiothreitol (11), 2 mmol of
phenylmethylsulfonyl fluoride, 20 tmol of Pepstatin A (4-
aminomethylheptanoic acid, a pepsin inhibitor), and 2 mmol
of benzanudine (all from Sigma Chemical Co., St. Louis,
MO) (12). The buffer-to-tissue ratio was 8 (or higher); small
samples were extracted once, then centrifuged for 20 mm at
100000 x g (55 000 rpm) with the TLA 100.2 fixed-angle
rotor in a TL100 centrifuge (Beckman Instruments, Palo
Alto, CA) at 2#{176}C.Larger samples were treated 3 mm with
one half of the buffer volume, and centrifuged 15 ruin at
3000 x g; each pellet was rehomogenized for 1 mm with the
remaining buffer, then centrifuged again at low speed. The
pooled supernates were then centrifuged at 100 000 X g, as
above, and stored at -80 #{176}Cin 50- to 100-4 aliquots.

Buffer-soluble proteins: To extract soluble proteins, we
used a procedure similar to the one for the solubilization of
total protein, except that the extraction medium contained
only diluted carrier ampholytes and protease inhibitors.

Myofibrils: The purification scheme was performed ac-
cording to Solaro et al. (13), with about 3 g of tissue per
sample (B, D, K). Material was pooled from both the left and
right atria; the front wall of the left ventricle was also
extracted. Solubilization was then in urea-detergent, as
above.

Two-Dimensional Eiectrophoresis

lst-d: Proteins were first fractionated by charge by IEF,
either in the presence of carrier ampholytes or on immobi-
lized pH gradients (IPGs). For the former the pH range was
3-11, for the latter 4-10 [either linear (14) or nonlinear (7);
in a few cases, we used pH ranges of 4-7 and 5-10(15)]. For
both experiments the polyacrylamide matrix was T% = 3,

= 4 (16), the slab thickness was 0.7 mm, and the gel

contained 8 mol of urea and 20 g of Nonidet P40 per liter.
The run lasted overnight at 2500 V for 1PGs, with 10 g/L
carrier ampholytes in the 3-10 range used as the electrodic
solutions (17). In all, about 5000 V x h was delivered in CA-
IEF (maximum voltage 2500 V). For silver staining we
applied 25 4 per lane (40 4 for Coomassie Blue staining)
near the anode on Paratex pads (LKB, Bromma, Sweden;
no. 1850-901); the temperature was 12#{176}C.From each slab
we obtained eight to 12 individual gel strips, 6-7 mm wide,
3-5 mm apart; they were cut apart before the run for the
IPG assays, afterwards for conventional IEF.

2nd-d: The strips from the lst-d were processed as de-
scribed elsewhere (18), to remove most of the neutral
detergent. Fractionation according to molecular size was
then run in the presence of SDS on a 75-175 gfL polyacryl-
amide gradient, with the discontinuous buffer system of
Laemmli (19). Further details on the IPG-DALT procedure are
given in references 20 and 21.

Staining: After fixation with a solution of 1 mL of
formaldehyde, 500 mL of ethanol, and 499 mL of water per
liter, we stained the protein pattern with either silver
nitrate (22) or 2 g/L Coomassie Blue R250 (Serva, Heidel-
berg, F.R.G.) in acetic acidlethanollwater (1/3/6 by vol).

Crossed immunoelectrophoresis

Immunoelectrophoresis of normal human serum (pooled
from 50 Red Cross male donors, ages 41-50 years) and of
buffer-soluble heart proteins was performed according to
Clarke and Freeman (23). The agarose medium was buff-
ered with a barbitallglycine/Tris solution, according to
Weeke (24). The antisera against whole human serum
proteins and against albumin were from Dako, Copenhagen,
Denmark. To decrease protein trailing, we allowed the heart
sample to diffuse and be completely absorbed into the gel
before starting the lst-d electrophoresis. We then sealed the
empty well with a drop of agarose sol (25).

Results

Technical Aspects

lst-d: IPG vs CA -JEF. The best site for sample application
was tested both for CA-IEF and for IPGs. Cathodal applica-



FIg. 2. Isoelectric fractionation of heart proteins, urea extracts from
pathological and control (K) lower front left ventricles and from purified
ventricular myofibrils from thecontrol (MFVK) run on a nonlinear pH4-
10 IPG

CLINICALCHEMISTRY, Vol.33, No. 11, 1987 2013

tion always resulted in pronounced streaking of the alkaline
bands and incomplete protein mobilization; the latter was so
severe for CA-IEF (not shown) that the resulting pattern
should be considered meaningless. When comparing the
results obtained with an anodal sample application, for
either 1PG or CA-IEF, we found that no protein was lost at
the application point with the former, but a vertical streak
of precipitated material developed in the latter. This find-
ing-plus the more general considerations mentioned earli-
er-motivated our selection of IPOs as support for lst-d
runs. With IPGs, varying the concentrations of the buffering
monomers (/3av = 0.5 to 3 mmol L’ pH’) in the presence of
different concentrations of CAs (5 to 20 g/L in the IPG slab),
as proposed by Hochstrasser et al. (26), could resolve the
same number of spots (not shown).

Staining: Coomassie Blue vs silver nitrate. We observed
strong differences in relative stainability for several spots,
which suggests caution about quantifring mass on the basis
of results with general protein stains.

Sample size. To extend its applicability to diagnostic
procedures-both for assessing disease states and for follow-
up after surgery-we needed to scale down the protocol, at
the step of sample preparation, for use with samples the size
of typical biopsies (1-3 mg). Figure 1 shows the protein
pattern after 2-D from a 2.5-mg specimen (obtained one
week after organ graft) homogenized with 1004 of buffer.
All major proteins can be detected, albeit with reduced
intensity, and no loss of material is evident at the applica-
tion point, as is sometimes the case when proteins are slowly
removed from too large a sample. Taking into account the
possibility of further enhancing the protein staining by
recycling into silver nitrate (27), we consider the sensitivity
of the method to be fully adequate for the proposed applica-
tion.

Biological Aspects

Total proteins. Figure 2 shows the protein patterns for
several heart samples, one control (K) and 10 pathological
cases, after IEF on a nonlinear pH 4-10 IPG. All specimens
were dissected from the front wall of the left ventricle. The
technical quality of the separation-no precipitation at the
application point, and the straight and neat migration of the
bands-makes obvious some qualitative and quantitative
differences among the various samples.

Fig. 1. 2-D electrophoresis ofa 2.5-mg biopsysampletakenfromthe
right ventricle of a transplanted heart one week after the heart graft

The letters identifyingthe different samples and the symbols for the vanous
diagnosisare as in Table 1

To evaluate the extent of such variations among samples,
we fractionated the same samples in IPG-DALT. For increased
resolution, we ran the lst-d on both a 4-7 (Figure 3) and a
5-10 (Figure 4) pH gradient, and compared the results for
the control with those for a pathological pattern. In Figures
3 and 4 the major differences between the control and
pathological samples, e.g., presence/absence, relative inten-
sity, position, either for single spots or clusters, are marked
by arrowheads. Each Figure also displays several small
close-up panels from several gels, depicting some of the
individual variations among the pathological samples.

Buffer-soluble proteins. To dissect the whole pattern of
proteins into specific compartments, we extracted separate-
ly the soluble proteins, the myofibril components, and
membrane receptors (work in progress).

An alkaline, low-molarity buffer (such as 20 gIL carrier
ampholytes) is expected to dissolve cytoplasmic proteins as
well as extract residual blood. To sort out the relative
contributions of the two classes of proteins, we subjected the
heart extract (from the control) and normal human serum
(not shown) to the same analytical conditions. Aside from
albumin an4 transferrin, no serum component was detected
in the stained pattern for the control. The extent of serum
contamination varied by about twofold between specimens
A through D (dissected from a frozen organ) and the other
specimens (obtained just after heart explant); serum compo-
nents thus correspond to 1/20 to 1/60 of the whole heart’s
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protein content (i.e., the contamination amounted to 2%-
5%).

By immunoelectrophoresis, we could identify albumin,
transferrin, immunoglobulins, prealbumin, aj-antitrypsin,
and haptoglobin in heart tissue. Figure 5 shows that their
proportions differ from the ones in control serum, as demon-
strated by crossed immunoelectrophoresis (23) of sample
volumes adjusted to contain the same amount of(immunore-
active) albumin [as evaluated by electroimznunodiffusion
(28)1. Asymmetrical peaks [or arcs, by the immunoelectro-
phoresis procedure of Grabar and Williams (29)1 are com-
mon in the heart-extract pattern.

As for the cytoplasmic components, their qualitative and
quantitative variability among different samples was al-
most of the same order of magnitude as that for total
proteins (not shown).

Myofibrils. Myofibril components were purified from both
atria and from the left ventricle of three hearts (B, D, and
K), as described by Solaro et al. (13). The acidic components
of the solubilized material were then focused on a pH 4-7
IPG (Figure 6c), and the stained pattern was quantified by
densitometry with a laser scanner (UltroScan; LKB). The
relative intensities of the various bands-as marked along
each lane-appear very similar for the three samples. To
help identify the relevant spots in a 2-D pattern, Figure 6 (a,
b) shows their position after IPG-OALT (lst-d on a pH 4-7
gradient).

Anatomical variations. Figure 7 compares the maps of
heart proteins extracted from eight specimens dissected at
different locations on the organ. Although the general
pattern is obviously constant, some qualitative and quanti-

Fig. 3. 2-D mapping by II’G-oT of heart proteins (lst-d on a 4-7 pH
range)
Urea-detergentextractshornleft ventricles:(a) control; (t pathologicalsample,
case A [proteinsdisplaying qualitative and quantitativedifferencesfrom the
controlate marked with anow1ieads; (c compositeof panels from different
pathologicalmaps,showingdifferencesfrom (l, the correspondingareasfrom
(bl beingdenotedby identicalcapitalletters(in white in c

tative changes are visible among the different samples
(arrows). Thus the anatomical site of the dissection must be
strictly controlled.

Influence of the extent of fibrosis. Figure 8 pictures maps of
the acidic proteins (pH range 4-7, upper panels) and the
basic proteins (pH 5-10, lower panels) extracted from speci-
mens having various degrees of fibrosity. The application
volumes of the samples were adjusted to contain identical
protein loads.

DIscussion

The n’G-DALT technique allows for a neat resolution of
hundreds of major spots in the heart 2-D pattern; the zone-
position reproducibility in the maps is extremely good (19).

For this work, we ran the lst-d isoelectric focusing on
horizontal gel slabs to improve the reproducibility of the
procedure: samples are run side by side on the same matrix,
and the gel may be supported on plastic (e.g., Ge1BondPAG;
Marine Colloids, Rockland, ME) to assure stability of the
migration dimensions. Moreover, one can load samples
anywhere along the pH gradient and more easily check for
the completion of protein migration from the application
point (within the gel strip); 1st- to 2nd-d interfacing is also
greatly simplified (30).

IPGs can be prepared containing additives (e.g., urea and
detergents), either directly upon gel polymerization (17) or
by reswefling a dry, empty gel in an appropriate solution of
additive (31,32). Both procedures have been tried; although
the former gave somewhat better resolution (less trailing of
the alkaline spots, data not shown), we routinely applied the
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Fig. 4. 2-0 mapping by IPO-DALT of heart proteins (lst-d on a 5-10 pH range)
Otherdetails as in Rg. 3, exceptthat the pathologicalsamplein ( is case J

latter, which allows one to cast in advance batches of
homogeneous slabs.

The results we present imply only a preliminary, mostly
qualitative evaluation of the information provided by 2-D
protein mapping of the specimens. By visual inspection, at
least 50 spots (or clusters thereof) appear to vary between
the samples. For instance, in Figure 4c, panels from gels D-
E vs I-L demonstrate a shift in p1, panels A1-2-3 the absence
of some spots, and panels B and C quantitative differences in
comparison with a reference map. Such variability may be
caused by genetic polymorphism, histological heterogeneity,
or some pathological condition of the organ.

Genetic polymorphism. Knowledge of the degree of vari-
ability in the population at large would require analysis of a
large number of control hearts. In addition to obvious
drawbacks, it is considerably difficult to obtain normal
organs dissected under the same conditions as the pathologi-
cal cases. A parallel study with animal models (swine) is
thus underway to monitor the decay of the tissue compo-
nents with time, which should demonstrate whether autop-
sy specimens would be suitable “control” samples.

Histological heterogeneity. The protein pattern varies with
the site of sample dissection. However, an additional factor
may influence the results, i.e., the degree of fibrosity of the
specimen. For instance, specimens I and J had no (or
negligible) fibrosis, but B and E were affected up to 40-50%.
More important, the degree of fibrosis varied widely for
adjacent areas (e.g., 15% in the upper front left ventricle vs
50% in lower front left ventricle of case B). The data
presented above show that, indeed, many spots vary their
relative concentration in specimens with different degrees of
fibrosis.

Pathology. We expect to be able to correlate alterations in
the protein pattern with altered functions for pathologies
(e.g., infarction) that massively involve only one portion of
the organ (in such a way that effects from genetic polymor-
phism or sample heterogeneity may be neglected or compen-
sated for). For the other pathologies, we await quantitative
data, such as those provided by computer-assisted image
analysis, and a larger data base.

Previous reports on the protein alterations in dilatative
cardiomyopathy imply an altered ratio between different
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Fig. 5. Crossed immunoelectrophoresis of bufer-soluble heart proteins (from control case K, panel a) in comparison with the pattern for normal
human serum (panel b)
Antiserumagainstwhole serum proteinssupplementedwith antiserumagainstalbumin.The topsof thefaintestimmunoprecipitatesare maskedby affowheads
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types of myosin heavy chain in the affected atria (33, 34).
Our selection of the ventricles as the main research sub-
ject-forced by the surgical technique for heart transplanta-
tion-doesn’t allow us to correlate our present data with the
published ones (33, 34).

Our data on the ventricle myofibrillar components are in
contrast with the results presented by Hirzel et al. (35).

Fig. 6. 2-D patternof the acidic components of purifiedmyofibsilsfrom
atria (a) and ventilde (b) of heart K, with 1st-dnnona4-7pH
gradient; (c isoelectric fractionation of the acidic components of
purifiedmyofibrils from attia (A) and loft ventricle ( of hearts K, 0, B
(see Table 1)
Thenumbersabe theventriclelanes( referto the relativepercentageof each
band as quantifiedby laserdensitometry

With purified myofibrils we see no major differences (Figure
6) between pathological samples (dilatative cardiomyopa-
thy, valvulopathy) and control samples. We stress that our
experiment involved purified material, that the solubiliza-
tion of the specimen was complete, and that no precipitation
is seen in our IPG at the application point. In only one case
(J; see panel ji in Figure 3c) did the total protein map show
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RVFL

an anomalous spot in the region of the myosin light chains.
This cannot, however, be identified with an atrial-type
polypeptide (as Hirzel et al. suggested), as shown by compar-
ison with the purified material illustrated in Figure 6a.

In conclusion, we made the following critical findings:
With typical sample loads, about 400 spots can be ob-

served in the map of heart proteins when the pattern is
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silver-stained; only about 90 major spots can be detected
after Coomassie stain. The relative intensities of several of
the spots vary widely with either staining procedure.

#{149}Direct extraction into a solvent homogeneous with the
lst-d separation medium (i.e., in urea-Nonidet) is prefera-
ble to detergent exchange after solubilization with SDS-as
already discussed (21)-for the following reasons: (a) to
respect IPG compatibilities (18); (b) in agreement with the
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NEPHGE (36) or BASO-DALT (37) procedures, to which our
lst-d procedure, by its anodal sample application, is akin; (c) -

by analogy with the results of Giometti et al. (11) who, with
a comparable sample (skeletal muscle), observed essentially
identical patterns after either extraction procedure; (d) to
minimize artifacts from incomplete solubility in the final
solvent, both as background streaking and as spurious
banding (21).

#{149}The details of the protein pattern will change as the site
of sample dissection varies; for comparable results all speci-
mens should thus be obtained from the same area. e.g., the
front wall of the left ventricle.

#{149}The sensitivity achieved by the silver-staining proce-
dures makes it possible to apply the proposed technique
even to biopsies (or portions thereof) as small as 1-2 mg.
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