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High-molecular-weight proteins often blot onto nitrocellulose membranes poorly following sodium dodecyl sulfate–polyacrylamide gel electrophoresis, resulting in low levels of detection on immunoblots, and
hence difficulty in analyzing rare proteins. Moreover,
optimizing conditions for the transfer of high-molecular-weight proteins to nitrocellulose frequently results
in the inefficient transfer or loss of lower molecular
weight proteins. This problem is particularly vexing
during the analysis of large proteins which may be
processed to one or more smaller biologically active
forms. Using radiolabeled protein standards and phosphorimaging technology, we have quantitated the efficacy of many different protein gel electrophoresis
and blotting protocols. Here we report novel gel and
blotting conditions which significantly improve the
transfer and retention of high-molecular-weight proteins, without sacrificing the efficient transfer of lower
molecular weight proteins. Using this newly described
procedure, we have detected a rare 500-kDa protein
in immunoblots which was previously not detectable
with any of the commonly used blotting procedures.
Since the improved conditions offer increased sensitivity across a spectrum of protein sizes, they should
be widely applicable. q 1997 Academic Press

The electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets, initially described by Towbin (1), has enjoyed widespread use as
a valuable tool in the field of protein research. One
application of particular import has been the subsequent employment of antibody probes directed toward
the nitrocellulose-bound proteins. Variously termed
immunoblotting, protein blotting, or ‘‘Western’’ blotting
1
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(2), the methodology of this application has changed
little since it was originally introduced for use with
urea- or SDS2-containing polyacrylamide gels (1). Numerous attempts to improve the original protocol have
focused on increasing the amount of protein transferred to and retained on the nitrocellulose sheet, particularly when dealing with either very small or very
large proteins. The observation that small proteins
tend to move through the nitrocellulose, with only a
fraction of the total amount actually binding, led to an
analysis showing that nitrocellulose with smaller pore
sizes was more effective in retaining small proteins (3).
More recently, Too et al. describe the use of gelatincoated nitrocellulose for the quantitative retention of
small proteins (4). Conversely, investigators analyzing
large proteins have often sought to increase the efficiency of transfer by enhancing the degree of protein
migration out of the gel during the transfer, using techniques ranging from disruption of the gel matrix to
partial proteolytic digestion of the proteins prior to
transfer (5–7). These examples highlight two major
factors influencing the efficiency of protein blotting: the
elution efficiency of a protein out of a given gel matrix
and the efficiency of binding by the membrane. Improvements in one area often appear to be gained at
some cost in the other; methanol has been reported to
increase the binding capacity of nitrocellulose, perhaps
through hydrophobic effects (8), but it may decrease the
elution efficiency of large proteins by partially ‘‘fixing’’
them in the gel (for review, see 9).
Recently, our efforts to study a large (ca. 500 kDa)
membrane protein were stymied by our inability to detect the protein on immunoblots. Suspecting that this
reflected a poor elution efficiency from the gel, we embarked on a systematic study of some of the parameters
2
Abbreviations used: TEMED, N,N,N*,N*-tetramethylenediamine;
SDS, sodium dodecyl sulfate.
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commonly employed during denaturing SDS–polyacrylamide electrophoresis and protein immunoblotting. Using radiolabeled proteins and phosphorimaging
analysis, we were able to quantitate transfer efficiencies under many different conditions, including those
commonly used for electrophoresis on a Laemmli-type
gel (10) followed by protein blotting (11, 12). Our results show that the main determinant of protein blotting efficiency rests not in the ability of proteins to exit
a Laemmli-type gel during blotting, but rather in the
efficiency of protein binding to the nitrocellulose blotting membrane. By altering the composition of the
buffer used during the blotting step, we were able to
increase the retention on nitrocellulose of most proteins
tested. Most importantly, when this modified blotting
buffer was used in combination with the gel system
described by Fairbanks et al. (13), we found a significant
increase in the overall blotting efficiency of proteins,
over a wide range of protein sizes. For the 200-kDa
myosin heavy chain, the amount of protein transferred
was almost fourfold more than that obtained using
more conventional conditions. Moreover, the use of this
new combination of gel system and modified buffer allowed us to detect a high-molecular-weight protein in
the 400- to 500-kDa range that had not been detected
previously using a wide variety of existing gel preparation and blotting procedures. Thus, we believe that the
conditions described here for SDS–polyacrylamide gel
electrophoresis, followed by blotting to a nitrocellulose
membrane result in the highly efficient transfer of protein from the gel to the membrane, are widely applicable to proteins of diverse sizes and are particularly
useful for detecting low-abundance, high-molecularweight proteins.
MATERIALS AND METHODS

SDS was purchased from Bio-Rad (Hercules, CA).
C-labeled molecular weight markers were obtained
from GibcoBRL (Frederick, MD). Ammonium persulfate, EDTA (ethylenediaminetetraacetic acid), glycerol,
glycine, HCl, sodium acetate, glacial acetic acid, methanol, and TEMED (N,N,N*,N*-tetramethylenediamine)
were purchased from Fisher Scientific (St. Louis, MO).
Trizma base (tris[hydroxymethyl]aminomethane), acrylamide, and N,N*-methylene-bis-acrylamide were purchased from Sigma Chemical Co. (St. Louis, MO). The
1.2-mm cellulose acetate membrane was purchased
from M.S.I. (Westborough, MA). The nitrocellulose
used was BA-85 from Schleicher and Schuell (Keene,
NH). Gels were poured in a Mighty Small SE 245 Gel
Caster (Hoefer Scientific Instruments, San Francisco,
CA) using a gradient former. Electrophoretic separation was achieved using a Mighty Small II SE-250
(Hoefer Scientific Instruments, San Francisco, CA).
Blotting procedures were carried out using a Mini14
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Genie (Idea Scientific, Minneapolis, MN) wet transfer
blotting apparatus with 10 1 15-cm plate electrodes.
Polyacrylamide Gel Electrophoresis
Gel preparation. Analytical gels (80 1 80 1 1 mm)
consisted of either a 5 to 20% (w/v) gradient resolving
gel coupled to a 4% (w/v) stacking gel, prepared as described by Laemmli (10), or 3.3 to 15% (w/v) gradient
gels using buffers described by Fairbanks et al. (13).
Since we were primarily interested in high-molecularweight proteins, we cast gels using a 50:1 ratio of acrylamide:bisacrylamide in all experiments. All gels were
stored at room temperature overnight to ensure complete and consistent polymerization.
Laemmli gels. The resolving portion of these gradient gels consisted of 5% (w/v) acrylamide, 375 mM Tris–
HCl (pH 8.8), 0.1% (w/v) SDS, 5% (v/v) glycerol, 0.15%
(w/v) ammonium persulfate, 0.2% (v/v) TEMED as the
upper gradient mixture and 20% (w/v) acrylamide, 375
mM Tris–HCl (pH 8.8), 0.1% (w/v) SDS, 15% (v/v) glycerol, 0.06% (w/v) ammonium persulfate, 0.18% (v/v)
TEMED as the lower gradient mixture. The stacking
gel was composed of 4% (w/v) acrylamide, 125 mM Tris–
HCl (pH 6.8), 0.1% (w/v) SDS, 0.1% (w/v) ammonium
persulfate, 0.12% (v/v) TEMED. The gel running buffer
contained 25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS.
Gels were run at 100 V, 20 mA for approximately 3 h,
until the dye front reached the bottom of the gel.
Fairbanks gels. The Fairbanks gel buffers were
used to cast gradient gels essentially as described by
Wang et al. (14). The upper gradient mixture consisted
of 3.3% (w/v) acrylamide, 11 stock buffer (below), 5%
(v/v) glycerol, 1% (w/v) SDS, 0.15% (w/v) ammonium
persulfate, 0.2% (v/v) TEMED; the lower gradient mixture consisted of 15% (w/v) acrylamide, 11 stock buffer,
15% (v/v) glycerol, 1% (w/v) SDS, 0.06% (w/v) ammonium persulfate, 0.18% (v/v) TEMED. A 101 stock
buffer consisting of 400 mM Tris base, 200 mM sodium
acetate, and 20 mM EDTA was prepared and adjusted
to pH 7.4 with glacial acetic acid. Gels were run at 55
V, 21 mA, in 11 stock buffer with 1% (w/v) SDS, for
approximately 3 h until the dye front reached the bottom of the gel.
Protein sample and preparation. The mixture of
seven 14C-labeled proteins obtained from GibcoBRL
contained lysozyme (14.3 kDa), lactoglobulin (18.4
kDa), carbonic anhydrase (29 kDa), ovalbumin (43
kDa), bovine serum albumin (68 kDa), phosphorylase
B (97.4 kDa), and myosin heavy chain (200 kDa). An
aliquot of the 14C-labeled molecular weight markers
was added to an equal volume of 21 sample buffer (for
a final 11 concentration of 75 mM Tris–HCl, pH 6.8,
3% (w/v) SDS, 15% (v/v) glycerol, 5% (v/v) b-mercaptoethanol, 0.0025% (w/v) bromphenol blue), incubated in
a 1007C water bath for 3 min, and centrifuged at

aba

HIGH-EFFICIENCY BLOTTING OF PROTEINS

12,000g just prior to loading. The amount of protein
standard and the sample size were constant for all gels.
Protein Blotting
Blotting buffer composition. Each of the described
blotting procedures utilized one of the following buffers: Buffer 1 (11), 25 mM Tris base, 192 mM glycine,
20% methanol, 0.1% SDS; Buffer 2 (12), 50 mM Tris
base, 380 mM glycine, 20% methanol, 0.1% SDS; or
Buffer 3 (Bolt and Mahoney, this paper), 40 mM Tris,
20 mM sodium acetate, 2 mM EDTA, pH 7.4, 20% (v/v)
methanol, 0.05% (w/v) SDS.
Blotting procedure. Since we were primarily interested in high-molecular-weight proteins, and hence
used a relatively low percentage of acrylamide for the
upper portion of the gradient gel, additional steps were
taken to protect the fragile gels from sticking to the
nitrocellulose. One sheet of cellulose acetate was placed
between each gel and the nitrocellulose when constructing the gel ‘‘sandwich’’ to prevent the low-percentage gel in the upper portions of the gradient from
adhering to the nitrocellulose (described in 14). Exposure of the cellulose acetate on phosphorimager plates
for extended time periods failed to detect any label
bound to these sheets (data not shown). Two sheets of
nitrocellulose were used for each blot; the sheet nearest
the gel is referred to as the ‘‘first sheet’’ in the text and
figures.
Blotting conditions. Gels transferred to nitrocellulose in the presence of Buffer 1 were blotted at either
10 or 20 V. Gels were blotted at 20 V using Buffer 2
and 10 V using Buffer 3. In all cases, gels were blotted
for 2 h, with the entire miniblotting apparatus immersed in ice to cool the unit.
Blot analysis. After blotting, nitrocellulose sheets
were rinsed briefly in deionized water and allowed to
air dry at room temperature. The dried sheets were
loaded in a film cassette with a type BAS-IIIs imaging
plate (Fuji Film Co. Ltd.) for 7 h. The imaging plates
were processed with a FUJIX BAS-1000 Bio-imaging
analyzer, and the processed images were analyzed utilizing the MacBAS v1.0 software on a Power Macintosh
7100. Values reported in Table 1 were obtained by dividing the radiolabeled counts detected, for each size
standard, on the first sheet of nitrocellulose by the total
number of counts detected on the first and second
sheets of nitrocellulose. Values reported in Table 2
were obtained by dividing the radiolabeled counts detected, for each size standard, by the counts detected
using a Laemmli gel and blotting Buffer 1 at 20 V.
RESULTS

A drawback of the original blotting protocol of Towbin (1) is that high-molecular-weight proteins are
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transferred very poorly, a condition which is remedied
considerably by the addition of 0.1% SDS to the blotting
buffer (11). Nevertheless, it is still often difficult to
achieve quantitative transfer of proteins over a diverse
range of sizes. This is particularly problematic when
analyzing large proteins which may be processed to
smaller biologically active forms. In an effort to improve detection of high-molecular-weight proteins
without sacrificing the transfer and retention of lowmolecular-weight proteins, we tested many different
procedures for the electrophoretic separation and subsequent blotting of proteins to membrane filters. The
results described here demonstrate the efficiency of
protein transfer from two types of gradient polyacrylamide gels, as described by Laemmli (10) and Fairbanks et al. (13, see Ref. 14 for review), using different
combinations of gel and blotting systems. Following the
electrophoretic separation of seven 14C-labeled protein
standards, ranging in size from 14.3 to 200 kDa, the
protein bands in each type of gel were transferred to
nitrocellulose membranes using the blotting buffers described in two published and widely used transfer protocols (11, 12) and the new blotting buffer described in
this paper (see Materials and Methods). After blotting,
the amounts of each of the radiolabeled proteins bound
to the nitrocellulose and remaining in the gel were
quantitated with a phosphorimager. In all cases, two
sheets of nitrocellulose were employed during the blotting procedure so that we could determine how much
protein, if any, passed through the first sheet of nitrocellulose during blotting and bound to the second sheet.
Although we were particularly interested in the efficient transfer of large (ca. 200 kDa and above) proteins,
our goal was to achieve the highest level of transfer
of all protein bands from the gel matrix to the first
nitrocellulose sheet.
The results obtained using a Laemmli-type gradient
gel and Buffer 1 (see Materials and Methods), with
a transfer voltage of 20 V, are shown in Fig. 1A. An
examination of the gel following the blotting protocol
showed that essentially all the proteins had exited the
gel under these transfer conditions (data not shown).
For the protein markers between 14.3 and 29 kDa,
most of the protein bound to the first sheet of nitrocellulose. For the proteins between 43 and 97.4 kDa, a significant amount of protein passed through the first
sheet of nitrocellulose, with as much as 38–43% of the
transferred counts binding to the second sheet (Fig. 1A,
Table 1). The passage of proteins through the first sheet
of nitrocellulose could be taken to indicate that the
binding capacity of that sheet had been reached in the
regions of the protein bands. However, decreasing the
transfer voltage to 10 V (Fig. 1C) demonstrated that
this was not the case. A 10-V potential difference across
the electrodes using blotting Buffer 1 was not sufficient
for all the protein to blot out of the gel by the end of

aba

188

BOLT AND MAHONEY
TABLE 1

Fraction of Radiolabeled Protein Detected on the First of Two Sheets of Nitrocellulose
Blotting buffer
Protein size
(kDa)

Buffer 1
(20 V)

Buffer 1
(10 V)

Buffer 2

Buffer 3

Laemmli gel

14.3
18.4
29.0
43.0
68.0
97.4
200.0

0.80
0.87
0.97
0.57
0.62
0.62
1.00

0.64
0.71
0.93
0.53
0.62
0.69
0.89

0.85
0.93
1.00
0.52
0.65
0.68
1.00

1.00
1.00
1.00
0.94
0.98
0.97
1.00

Fairbanks gel

14.3
18.4
29.0
43.0
68.0
97.4
200.0

0.40
0.58
0.89
0.44
0.53
0.58
0.57

0.27
0.43
0.85
0.33
0.46
0.48
0.53

0.56
0.68
0.98
0.44
0.54
0.60
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00

the 2-h blotting period (data not shown), and fewer
total 14C counts corresponding to each marker protein
were transferred to the first nitrocellulose sheet. Nevertheless, significant amounts of protein were already
passing through the first sheet of nitrocellulose and
binding to the second sheet (Fig. 1C). Indeed, Table 1
shows that for the four markers between 14.3 and 43
kDa, the proportion of the total transferred counts that
bound to the first membrane sheet during the 10-V
transfer actually decreased in comparison to results of
the 20-V transfer. Interestingly, the 29- and the 200-

kDa protein markers bound best to the first nitrocellulose sheet at either voltage, suggesting that protein
size is not the major factor determining which proteins
pass through the first nitrocellulose membrane during
transfer.
Another widely used buffer is similar to blotting
Buffer 1, but contains a higher concentration of electrolytes (12). We tested this buffer (blotting Buffer 2), under the voltage conditions where essentially all of the
proteins were transferred out of a Laemmli gel, to determine whether the increased concentration of electro-

TABLE 2

Relative Amounta of Radiolabeled Protein Detected on the First of Two Sheets of Nitrocellulose
Blotting buffer
Protein size
(kDa)

Buffer 1
(20 V)

Buffer 1
(10 V)

Buffer 2

Buffer 3

Laemmli gel

14.3
18.4
29.0
43.0
68.0
97.4
200.0

1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.67
0.66
0.79
0.50
0.55
0.64
0.50

0.96
1.08
0.90
1.04
1.27
1.09
0.92

1.40
1.13
0.72
1.96
1.85
1.49
0.38

Fairbanks gel

14.3
18.4
29.0
43.0
68.0
97.4
200.0

0.26
0.42
0.72
0.40
0.59
0.64
0.67

0.10
0.19
0.54
0.27
0.42
0.49
0.43

0.90
1.05
1.66
0.99
1.65
2.38
1.23

1.31
1.29
0.98
3.38
3.59
3.80
1.98

a

Normalized to amount detected using a Laemmli gel and blotting Buffer 1 at 20 V.
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FIG. 1. Quantitation of 14C-labeled proteins blotted onto nitrocellulose under different conditions. 14C-labeled proteins were electrophoresed
in gradient gels prepared according to either Laemmli or Fairbanks (see Materials and Methods). After blotting, the radioactive counts
bound to a sheet of nitrocellulose nearest the gel (first sheet) or a second sheet immediately behind the first sheet (second sheet) were
quantitated using a phosphorimager. The proteins bands quantitated are lysosyme (14.3 kDa), lactoglobulin (18.4 kDa), carbonic anhydrase
(29 kDa), ovalbumin (43 kDa), bovine serum albumin (68 kDa), phosphorylase B (97.4 kDa), and myosin heavy chain (200 kDa). Error bars
indicate one standard deviation. The gel system, blotting buffer, and blotting conditions are as follows (see also Materials and Methods):
(A,C,E,G) Laemmli gel system, (B,D,F,H) Fairbanks gel system. (A,B) Blotting Buffer 1, 20-V transfer voltage; (C,D) Blotting Buffer 1, 10V transfer voltage; (E,F) Blotting Buffer 2; (G,H) Blotting Buffer 3.
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lytes affected the efficiency of protein blotting to the
nitrocellulose. Our results show that, at a transfer voltage of 20 V, there was little improvement gained in
blotting efficiency by using Buffer 2 (Fig. 1E) compared
to Buffer 1 (Fig. 1A). Moreover, both Buffers 1 and 2
resulted in a fairly large proportion of the proteins in
the size range of 43–97 kDa passing through the first
sheet of nitrocellulose and binding to the second sheet
(Fig. 1, Table 1). This result is in keeping with the
results of others who have reported that modification
of the electrolyte concentration in the blotting buffer
has little effect on transfer yields (15).
While discontinuous gels prepared according to
Laemmli (10) are widely used for separating proteins,
other gel systems have also been used to advantage.
One which has been reported to work well with highmolecular-weight proteins (14) is the system described
by Fairbanks et al. (13). Since our interest in blotting
is the efficient transfer of a high-molecular-weight protein (ca. 500 kDa), we repeated the above experiments
using a Fairbanks gradient gel and blotting Buffers 1
and 2. Because Fairbanks-type gels do not contain a
stacking gel, the percentages of acrylamide used to
pour the gradient gel were chosen so that the separation of the protein bands closely mimicked the separation we achieved using the Laemmli gel system of a 4%
stacking gel and a 5 to 20% resolving gel. Despite lacking a stacking gel to focus the proteins, we did not
detect any loss of resolution in these gels. To the contrary, the resolution of protein standards which cover
a size range from 14.3 to 200 kDa is excellent when
using the Fairbanks-type gradient gels. The results obtained after blotting Fairbanks gels using the conventional blotting buffers provide a marked contrast to
those described above for the Laemmli-type gels.
We detected a decrease, across the entire size spectrum of proteins tested, in the total amount of radioactive protein blotted from Fairbanks gels (Figs. 1B and
1D) as compared to Laemmli-type gels (Figs. 1A and
1C) with Buffer 1 as the blotting buffer. This was the
case at a transfer voltage of 10 or 20 V. Moreover, a
relatively large amount of protein passed from the Fairbanks gel through the first sheet of nitrocellulose and
bound to the second sheet. At 10 V, the amount of protein bound to the second nitrocellulose sheet exceeded
that bound to the first sheet for all protein markers
except those of 29 and 200 kDa (Fig. 1B, Table 1). Even
at 20 V, the retention of protein on the first sheet was
generally less than 60% of the total protein transferred
from the gel, with the exception of the 29-kDa protein.
Thus, the transfer yield is worse for proteins blotted
out of a Fairbanks gel, compared to a Laemmli gel,
when using Blotting Buffer 1.
The situation is slightly improved for Fairbanks gels
when blotting Buffer 2 is substituted for Buffer 1. In
this instance, most proteins transferred from the gel
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onto the first sheet of nitrocellulose (Fig. 1F) about as
well as they did under similar conditions using Laemmli gels (Fig. 1E). In fact, using Buffer 2 at a transfer
voltage of 20 V, the total amount of protein blotted from
Fairbanks gels slightly exceeded the total amount of
protein blotted from Laemmli gels. However, a significant proportion of most protein markers passed from
the Fairbanks gel through the first sheet of nitrocellulose and adhered to the second nitrocellulose sheet (Fig.
1F, Table 1).
All of the results above indicated that significant improvements in blotting efficiency could be obtained if
more protein bound to the first sheet of nitrocellulose,
instead of passing through it. Under the commonly
used conditions we tested as described above, relatively
large amounts of protein pass through the first sheet
of nitrocellulose, even when the binding capacity of that
sheet is not reached (cf. Figs. 1A and 1C, and 1B and
1D). If binding conditions could be altered such that
more protein bound to the first sheet of nitrocellulose,
the result should be an increase in blotting efficiency.
We thus experimented with different blotting buffers
and found that significant improvements in blotting
could be realized using a buffer formulation (blotting
Buffer 3) based on the running gel buffer composition
used in the Fairbanks gels. When Laemmli gels were
blotted using Buffer 3, a surprisingly low amount of
protein was detected on the second sheet of nitrocellulose (Fig. 1G, Table 1). With the exception of the 29and 200-kDa proteins, more protein blotted from a
Laemmli gel onto the first sheet of nitrocellulose using
Buffer 3 than using Buffers 1 or 2 (Table 2).
The best overall results, however, were obtained
when we tested blotting Buffer 3 with the Fairbanks
gels. As shown in Fig. 1H, high amounts of all the
proteins were blotted from Fairbanks gels onto the first
sheet of nitrocellulose. Moreover, across the entire size
range of proteins tested, no protein was detected on
the second, backing sheet of nitrocellulose. For the
18.4-kDa protein and those markers between 43 kDa
and 200 kDa, the total amount of protein on the first
nitrocellulose sheet was greater than under any other
gel system and blotting buffer combination tested (Fig.
1, Table 2). For the 14.3-kDa protein, Buffer 3 gave
better results than Buffers 1 or 2, and the amounts of
14.3-kDa protein blotted from Laemmli or Fairbanks
gels using Buffer 3 were roughly equivalent (Table 2).
Thus, as summarized in Table 2, the combination of the
Fairbanks gel system with blotting Buffer 3 appears to
offer a roughly two- to fourfold increase in the ability to
blot medium-sized to large-molecular-weight proteins
(43–200 kDa), while allowing proteins as small as 14.3
and 18.4 kDa to blot at least as well as is obtainable
with the present widely used methods.
Using the Fairbanks gel and blotting Buffer 3 combination followed by immunolabeling, we have success-
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fully detected a ca. 500-kDa protein which was previously undetected using a wide variety of gel and
blotting combinations (data not shown). Since virtually
no protein appears on the second membrane when using the Fairbanks gels in combination with blotting
Buffer 3 (Fig. 1H), it appears that the increase in the
blotting efficiency of the proteins results from an increase in the ability of the nitrocellulose membrane
nearest the gel to bind and retain proteins in the presence of Buffer 3, compared to Buffers 1 or 2. Thus, this
procedure may be most useful for others attempting to
detect middle- to high-molecular-weight proteins of low
abundance.
DISCUSSION

We have compared several blotting protocols that are
in widespread use for their ability to quantitatively
transfer proteins from a polyacrylamide gradient gel
to a nitrocellulose sheet. Our trials were driven by the
need to detect a high-molecular-weight protein that we
were unable to detect using any of the conventional
methods. In the course of our experiments, we identified a combination of gel system and transfer buffer
composition which allowed us to detect, with antibodies, rare, high-molecular-weight proteins which were
undetectable by any other methods tested (data not
shown). Here, we document that the use of a Fairbanks
gel system (13), and a novel blotting buffer allows efficient transfer of proteins spanning a wide range of molecular weights. Using these conditions, significantly
greater amounts of protein bound to one sheet of nitrocellulose, and extremely low (or no) amounts of protein
appear to pass through the nitrocellulose to a second
backing sheet. The entire procedure including blotting
takes no longer than the time it takes to prepare, run,
and blot a Laemmli type gel, with the added advantage
that the Fairbanks type gels offers equal resolution
without the need to pour a separate stacking gel.
The binding of proteins to nitrocellulose is not particularly well understood. While it has generally been ascribed to hydrophobic effects (8), little is known about
how the actual binding of proteins to nitrocellulose is
influenced by such variables as pH, ion concentration,
detergent concentration, etc. Recently, Bhavsar et al.
(16) demonstrated that binding of a protein band to
nitrocellulose could be enhanced by the presence of additional proteins in the same region of the gel as the
band of interest. While this ‘‘carrier effect’’ is poorly
understood, it illustrates the degree of uncertainty surrounding the actual molecular interactions which occur
between proteins and nitrocellulose. The passage of
proteins through the first sheet of nitrocellulose and
onto a second backing sheet of nitrocellulose, as is observed in the typical Laemmli/Buffer 1 blot (Fig. 1A),
suggests that the binding capacity of the first sheet of
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nitrocellulose is exceeded in the regions of the protein
bands. However, our results show that the first sheet
of nitrocellulose is quite able to bind additional protein,
in the presence of a different buffer (Figure 1H). Thus,
while the passage of proteins through a sheet of nitrocellulose is often taken to indicate that the nitrocellulose is saturated in the region of the protein band(s),
the term ‘‘saturated’’ is a relative one, depending in
part on the composition of the transfer buffer. We suspect that Laemmli gels do not blot quite as well in the
presence of Buffer 3 (Fig. 1G), compared to Fairbanks
gels (Fig. 1H), due to the effects of the buffer that is
contained within the Laemmli gel itself.
In comparing the blotting efficiencies of various systems, care must be taken in comparing the amount of
radioactivity remaining in the gel, as opposed to the
amount of radioactivity blotted onto the nitrocellulose.
In our experiments, we observed that the gel matrix
quenched the 14C signal to a substantial degree (data
not shown). This can result in overly optimistic estimations of the percentage of total protein which is successfully blotted, particularly if attempts are made to compare the amount of protein blotted onto nitrocellulose
to a ‘‘starting amount’’ present in a control lane that
was subjected to electrophoresis but then fixed and
dried. A ratio of blotted protein to protein in the unblotted gel lane will overestimate the amount of protein
blotted, due to the quenching of the radioactivity in the
dried gel. This can be observed if gel strips are removed
at various periods during the electroblotting procedure,
dried, and quantitated. A gel slice which is partially
blotted and then dried down will often appear to have
higher counts than one which is not blotted at all before
drying (data not shown). We interpret this to mean
that in the initial stages of blotting, the bulk of a protein band moves from within the gel matrix, to nearer
the surface of the gel. This results in the apparent paradox of a partially blotted gel displaying higher radioactivity counts than a control unblotted gel, since the
radioactive proteins are less subject to the quenching
action of the matrix. With additional blotting time, the
radioactivity within the gel drops, as the proteins eventually exit the gel. This interpretation is consistent
with the results of Symington et al. (17) and Erickson
et al. (11), who found that transfer of 35S- or 14C-labeled
proteins from a gel to a filter increased the amount
of signal that could be detected by autoradiography.
Because of this, we have not reported our results in
terms of percentage of total protein (or more accurately,
radioactive counts) in the gel that is blotted, but only
in terms of amount of radioactivity present in the first
or second sheet of nitrocellulose.
The concentration of SDS in Buffer 3 is critical. In
the absence of SDS, large proteins typically transfer
poorly at best, irrespective of the transfer buffer.
Hence, for the transfer of large proteins, 0.1% SDS (w/
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v) is usually added to the transfer buffer. We have
found that Buffer 3 works most effectively when only
0.05% (w/v) SDS is used. Indeed, adding SDS to 0.1%
(w/v) markedly decreased the amount of proteins retained on the nitrocellulose (data not shown).
The processing of a large protein to smaller fragments poses a challenge in terms of detecting all of
the relevant fragments on the same Western blot. If
conditions are optimized to visualize the highest molecular weight protein band, then smaller fragments are
frequently lost via passage through the nitrocellulose
sheet. Wang et al. (14) observed that if conditions were
optimized for blotting proteins ú200 kDa, then proteins smaller than 40 kDa were rarely retained to a
significant extent by even several layers of nitrocellulose. Moreover, size is not the sole factor in determining
the transfer efficiency of a particular protein. As we
noted above, certain proteins that we tested blotted
with a relatively high efficiency under many of the conditions tested. Clearly, individual protein composition,
in addition to size, affects transfer and/or binding efficiency. However, we found our novel conditions effective for transfer of all the proteins tested, ranging in
size from 14 to 200 kDa. In this respect, the procedure
we describe here offers an enhanced ability to transfer
high-molecular-weight proteins, while retaining significant transfer of the lower molecular weight proteins. As such, it should prove particularly useful
where it is desirable to visualize protein bands of diverse sizes on the same blot.
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