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We have developed a reproducible Northwestern (NW) blotting method to identify general
patterns of RNA-binding proteins in total human tissue homogenates and have identified some of
the factors contributing to this reproducibility. Unfractionated homogenates of human brain tissue
were separated by SDS-PAGE, electrotransferred wet to nitrocellulose, and probed with in-vitro-
transcribed labeled RNAs. Approximately ten size classes of RNA-binding proteins were
observed consistently and reproducibly. Although sequence-independent electrostatic RNA-protein
interactions likely contributed to most of the binding, binding to some proteins was shown to be
more dependent on protein conformation: binding was not blocked by preincubation with single-
or double-stranded DNA, nor with poly(A) RNA, but preincubation with tRNA revealed a distinct
subset of RNA-binding proteins. In addition, preincubation with RNA, but not DNA, revealed a
previously undetected RNA-binding protein of approximately 90 kDa. The NW blotting method
described here can be used to reveal tissue-specific differences in RNA-binding patterns. = 1993

Academic Press, Inc.

RNA in living cells is often associated with, or bound to, proteins. A major advance in the
analysis of protein-nucleic acid interactions occurred in 1980, when Bowen et al. (1) established a
method to detect protein-DNA interactions by binding labeled DNA to proteins which had been
separated by SDS-PAGE and transferred to nitrocellulose ("Southwestern blotting"); they
extended this procedure to protein-RNA binding ("Northwestern blotting") by demonstrating
protein binding to 125]-labeled Rous sarcoma virus RNA (1).

Most applications of NW blotting have been performed on purified proteins and RNA (2-7).
There are few examples of the application of NW blotting to detect interactions between specific
proteins and mature mRNAs, even though these interactions are important in the translational
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control of gene expression (8-11), and even fewer examples of the use of the NW method to detect
generalized protein-mRNA interactions. One reason for this is that the NW blotting procedure as
currently described is difficult to apply in a more generalized manner, as the application of this
method to search for RNA-binding proteins in the context of a population of hundreds or
thousands of proteins is usually confounded by high backgrounds and lack of reproducibility.

It was an aim of this work to provide a more reproducible method to identify general patterns
of RNA-binding proteins in unfractionated human tissue, and to explore and identify some of the
factors contributing to this reproducibility.

MATERIALS AND METHODS

Tissue preparation

Fibroblast and lymphoblast cell lines were obtained from the tissue repository of the National
Institute on Aging. Brain (temporal cortex) samples were a kind gift of Dr. P. Gambetti
(CaseWestern Reserve University). Approximately 500 mg of tissue or cells were washed in PBS
and then dispersed in 5 volumes of suspension buffer (100 mM NaCl, 10 mM Tris-HCI, pH 7.5,
1 mM EDTA, 1ug/ml aprotinin [Sigma] and 100 ug/ml PMSF [Sigma]) with a homogenizer. An
equal volume of 2 x SDS gel-loading buffer (100 mM Tris-HCl, pH6.8, 200 mM DTT, 4% SDS,
0.2% bromophenol blue, and 20% glycerol) was added immediately and the sample was boiled for
10 minutes and stored in -70°C. The protein concentration was determined as described (12).

SDS-PAGE and electrotransfer

Electrophoresis of proteins (approximately 100 pg/lane) was carried out using SDS-
polyacrylamide gels (2.6% crosslinking) as described (13). After the electrophoresis, the gel was
equilibrated in transfer buffer (25 mM Tris-HCI, pH 8.3, 192 mM glycine, and 20% methanol) for
30 min and the proteins were then electrotransferred onto a nitrocellulose membrane (Bio-Rad)
(14). After electrotransfer the proteins were allowed to renature by washing the membrane in
binding buffer (10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 1 mM EDTA, and 1x Denhardt’s
solution) at 4°C for at least 1 hour.

In vitro transcription of cloned plasmid DNAs

Clone pHB4.4 is a partial-length human amyloid B precursor protein (APP) cDNA clone
encoding 2110 nt of APP mRNA sequences derived from the 5' end of the APP gene, extending
from nt -61 to +1794 (numbering of Ref. 15), and including a 225-nt insertion of the "extra-exon"
domain (16) between nt-865 and nt-866. Clones pAPPS.11 and pAPP5.1 are partial-length cDNA
clones encoding APP mRNA sequences derived from the 3' end of the APP gene, extending from
nt 1933-3208 and 866-3208, respectively. Clone pAPP6.3 contains a nearly-full-length APP
c¢DNA 3510 bp in length, extending from nt -47 to +3208 and including the 225-nt extra exon
domain. Clone pPGAM-B contains a 1.8-kb full-length human PGAM-B cDNA (clone
pPGAMB.FL in Ref. 17).

Plasmid DNA was purified by alkaline lysis (18) and was linearized by restriction
endonuclease digestion, treated with RNAseA, and then extracted with phenol/SEVAG for three
times prior to ethanol precipitation. 32P-labeled RNA was prepared by in vitro transcription (19)
from these DNA templates. Briefly, 2 pug of template DNA was incubated with 50 mCi of [a.-
32PJGTP (3000 Ci/mmol; DuPont-New England Nuclear), 0.5 mM each of CTP, ATP, and UTP,
and 7.5 units of T3 or T7 RNA polymerase (Promega) in transcription buffer (20 mM Tris-HCI,
pH 7.5, 3 mM MgCl;, 1 mM spermidine, 10 mM DTT, and 30 units RNAsin) at 37°C for 20
min, followed by a cold chase with 0.5 mM GTP for 40 min. After digestion with 10 ng RNAse-
free DN Ase for 30 min at 37°C, the RNA product was purified by phenol/SEVAG extraction and
two ethanol precipitations, and checked for integrity by electrophoresis through a formaldehyde-
agarose gel (20). Specific activities were typically 5 x 108 cpm/ug.

19



Vol. 191, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

RNA-protein binding

Approximately 1x108 cpm radiolabelled RNA probe was added to 10 ml binding buffer and
incubated with the nitrocellulose filter containing the transferred proteins at the indicated
temperature for 1 hour. The filter was then washed with the same buffer twice for 5 min and the
dried nitrocellulose membrane was exposed to X-ray film for autoradiography.

RESULTS

General pattern of RNA-binding to human brain tissue proteins

Using the protocol described above, we probed human brain tissue (temporal cortex)
homogenates separated by SDS-PAGE with in-vitro-transcribed sense-orientation APP mRNA
derived from pHB4.4. We reproducibly observed a general pattern of RNA binding proteins
which differed from the pattern of total proteins as revealed by silver staining (not shown),
consisting of approximately 10 size classes of proteins that bound the probe strongly (denoted a-j
in Fig. 1A), plus numerous more weakly-binding bands. On 10% polyacrylamide gels, we
observed bands migrating at positions corresponding to approximately 103, 94, 76, 72, 50, 47, 40,
38, 35, and 21 kDa (Fig. 1A, lane 1). On 15% gels, we observed bands located at 35.5, 33.5, 32.5,
22,20, 9, and 8.5 kDa (Fig. 1A, lane 2); the larger-sized proteins did not transfer well from these
gels. The intense signal derived from region "j", located at 20-22 kDa, may be due to RNA
binding to histone H1, which is in this size range.

Effect of monovalent and divalent cations

We incubated the filters in binding buffer containing 50 mM NaCl alone, or in buffer
containing 50 mM NaCl plus 200 mM KCl, 10 mM MgCl; or 10 mM CaCl;. Sodium ion alone
gave the best result (Fig. 1B); both 200 mM KCI and 10 mM MgCl; reduced RNA-binding
significantly, while 10 mM CaCl; increased the background signal severely, to the point of
obscuring the signal when the autoradiogram was exposed for a length of time identical to that
used with the other buffer conditions. The effect of NaCl concentration on the efficiency of RNA
binding was concentration-dependent: as the NaCl concentration was increased from 50 to 100 to
200 mM, binding decreased successively (Fig 1C); KCl in the same concentration range showed a
similar effect (data not shown). The RNA-binding was also inhibited in a concentration-dependent
manner upon addition of MgCl» at 1, 5, and 10 mM (Fig 1D).

Effect of temperature

We compared binding at room temperature (22°C) and at physiological temperature (37°C);
little difference in the binding pattern was observed (Fig. 1E). Based on these results, our standard
NW binding protocol for all the subsequent experiments was performed in binding buffer
containing 50 mM NaCl (see Methods) and with all incubations performed at 22°C. The addition
of tRNA to the binding buffer is considered optional where appropriate (see below).

Effect of different RNA probes
In order to determine whether the general RNA binding pattern we observed was sequence-
dependent, we compared the NW blots using sense and anti-sense APP RNA probes transcribed
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Fig. 1. NW blotting of brain proteins probed with labelled sense-strand APP RNA transcribed
from clone pHB4.4 (see Fig. 3A). A. The pattern of RNA-binding proteins separated on 10% and
15% SDS-polyacrylamide gels. Approximately 10 size classes of RNA-binding proteins (denoted
"a-j" here and in the subsequent figures) were observed. B. Effect of cations (KCl, MgCly, CaCly;
concentrations in mM) in the standard binding buffer; the buffers with Mg** and Ca** had no
EDTA. C. Effect of increasing NaCl concentration (mM) in the standard binding buffer. D. Effect
of increasing MgCla concentration (mM) in the standard binding buffer (no EDTA present). E.
Effect of temperature of binding (standard conditions). Molecular weight standards {Amersham)
in this and the following figures are indicated at the side, in kDa.

from clone pHB4 .4 (Fig. 2A). Similarly, in order to determine whether RNA secondary structure
played a role in the generalized binding pattern, we compared the pattern obtained with the sense-
orientation APP RNA probe derived from pHB4.4 with that obtained using the sense-orientation
of the PGAM-B gene (Fig. 2A). In both cases, we observed no significant differences in the
binding patterns relative to the sense-orientation APP RNA probe used initially (Fig 2B).
Fundamentally identical blotting patterns were obtained when we probed the filter with APP
subregional RNAs transcribed from the pAPPS.11, pAPPS.1, and pAPP6.3 clones (Fig 2C).

Effect of nucleic acid blocking agents

We also compared the RNA binding in the buffers containing 100 pg/ml each of single-
stranded DNA (sonicated salmon sperm DNA boiled for 10 min), double-stranded DNA
(unboiled sonicated salmon sperm DNA), poly(A) RNA, and yeast tRNA. No significant effects
were observed when binding was performed in the presence of single-or double-stranded DNA
(Fig. 3). However, in the presence of yeast tRNA in the binding buffer (Fig. 3, lane 5) the signal
derived from most of the proteins was strongly suppressed, with a concomitant increase in the
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Fig. 2. Use of different probes in NW blotting (standard conditions). A. Maps of the cDNA
clones (identified at the left of each map) used as sources of the RNA probes. The flanking solid
lines denote the Bluescribe vector. The small vertical boxes denote T3 (open boxes) and T7 (solid
boxes) promoters flanking the cDNA insert (large open boxes). The top 4 clones show segments
of the APP cDNA, containing the A4 (hatched box) and extra exon (shaded box) domains of the
human B-amyloid protein precursor gene; the polyadenylation signal is denoted by the horizontally
hatched box. The bottom map denotes the human PGAM-B ¢cDNA. Restriction enzymes used for
linearizing the plasmids to prepare templates for in vitro transcription are shown (A, Apal, B,
BamHLI, E, EcoRV, X, Xbal). B. NW blotting with APP sense (s) and anti-sense (as) RNA
transcribed from clone pHB4.4 and with sense RNA transcribed from pPGAM-B. C. NW
blotting with sense-orientation APP subregion RNA probes.

signal from the few remaining "unsuppressed" bands (e.g. bands b, i, and j). In addition, one extra
band located at approximately 90 kDa, which had displayed a weak signal under the standard
conditions, was now revealed (arrow in Fig. 3). Preincubation with poly(A) RNA did not suppress
any binding, but, like tRNA, also revealed the new binding protein.

RNA-binding pattern of proteins derived from different human tissues
Protein homogenates from human brain, heart, kidney, lung, and liver were compared for
their RNA-binding properties. The general RNA-binding patterns were remarkably similar among
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Fig. 3. NW blotting (standard conditions) in the presence of nucleic acids. Preincubation with 100
pg/ml each of heat-denatured sonicated salmon sperm DNA (ss), undenatured sonicated salmon
sperm DNA (ds), poly (A) RNA, and yeast total tRNA (lanes 2-5, respectively) is compared to
binding in standard conditions without preincubation in the presence of added nucleic acids (lane
1). Arrow denotes a 90-kDa band revealed upon preincubation with RNA.

Fig. 4. NW blotting (standard conditions) of protein homogenates from different human tissues,
using the sense-orientation of APP RNA transcribed from pHB4.4 as probe.

these extensively differentiated tissues (Fig. 4). Only a few RNA-binding proteins were found to
be specific to, or overexpressed in, any one tissue (see, for example, the patterns in heart or lung).
Overexpression of 50- and 72-kDa RNA-binding proteins (bands "¢" and "e") was also evident in
the EBV-transformed lymphoblasts relative to the general pattern observed in the other tissues.

DISCUSSION

We have modified the NW blotting procedure to provide a reproducible method to detect
generalized RNA-binding proteins in tissue homogenates. We have found that the tissue has to be
as fresh as possible (i.e. either used directly or frozen at -70°C and thawed just prior to use; re-
freezing of thawed samples should be avoided), and the homogenized sample has to be treated
with SDS and denatured as soon as possible in order to prevent protein degradation.
Electrotransfer must be performed "wet” (14). We found that semi-dry transfer not only produced
poor transfer of large protein molecules, but also diminished the RNA-binding capability of those
proteins that were transferred. We suspect that semi-dry transfer causes excessive heating of the
samples, and also inhibits renaturation of the transferred proteins, even during the subsequent
renaturing step. The proteins must be allowed to renature as much as possible by washing the filter
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in binding buffer for at least 1 hour at 4°C. Moreover, the RNA probe must be free of
unincorporated nucleotides and must be undegraded.

The RNA-binding affinity of these proteins was greatly diminished by increased
concentrations of both monovalent (i.e. Nat and K+) and divalent (i.e. Mg*+ and Ca**) cations,
and there was also no apparent sequence-specificity to the binding. We conclude that most of the
RNA-binding detected by the blotting method described here depended on electrostatic
interactions. This is not inconsistent with the fact that the binding properties of many regulatory
RNA-binding proteins are apparently highly sequence-specific. It is likely that a large group of
RNA binding proteins exist which have little or no sequence specificity (i.e. electrostatic binding
only), many of which presumably play a constitutive (housekeeping) role in the cell. Such proteins
would likely be more stable and more abundant than sequence-specific regulatory RNA-binding
proteins, and hence would be more easily detected in a generalized NW blotting protocol.

RNA binding could not be blocked by preincubation with poly(A) RNA, nor with single- or
double-stranded DNA. However, preincubation with tRNA, which has significant secondary
structure (as opposed to poly(A) RNA, which has both low complexity and little, if any, secondary
structure), was able to block binding of the probe in a protein-specific manner. In other words,
tRNA blocked the binding to most, but not all of the blotted proteins, and the strength of the signal
derived from those proteins which were not blocked was enhanced. We suspect that the
enhancement of signal was due to an increase in the effective concentration of free probe in the
binding buffer. These results indicate first, that most of the binding in the NW protocol described
here is RNA-specific, and second, that the binding to some (but certainly not all) of the target
proteins is dependent to a significant degree on RNA secondary structure. The reduction in the
number of RNA-binding protein bands in the presence of added tRNA was significant enough to
warrant the incorporation of tRNA in the NW protocol when a more defined picture of the RNA-
binding pattern in a tissue is desired.

In practice, because most RNA-binding proteins in a tissue can be blocked by increasing the
amount of cation or by adding tRNA, it should be possible to "titrate out” the majority of
nonspecific binding proteins and inhibit most background binding so as to highlight specific
binding proteins of interest. Thus, although the NW method has been used mainly for the analysis
of purified proteins, we believe that specific RNA-binding proteins may also be observable
reproducibly in total tissue homogenates. For example, preincubation of the filter with either
poly(A) RNA or tRNA revealed a specific band migrating at approximately 90 kDa (Fig. 3). This
result may have been due to the fact that this 90-kDa protein bound the probe RNA only when a
specific protein conformation was achieved upon incubation with the high concentration of
blocking RNA. In other words, the blocking RNA caused a [cooperative?] change in conformation
of the 90-kDa protein that increased its ability to bind the probe RNA. It is not known at present
whether the "presentation” of the 90-kDa band depends on either the specific type of RNA used
for preincubation or the specific RNA used as the probe. Nevertheless, the identification of a
specific "RNA-dependent” RNA-binding protein exemplifies the type of analysis that can be done
on total tissue homogenates using the NW protocol described here.

In NW blotting of proteins from different sources, several tissue-specific RNA-binding
proteins were distinguished from the general binding pattern (Fig. 4). We note that the tissue-
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specific differences in the RNA-binding patterns as observed by autoradiography did not
correspond to differences in the abundance of proteins in any one tissue as observed by silver-
staining of the gel (data not shown). Thus, our NW protocol is capable of identifying even low-
abundance RNA-binding proteins, in spite of the presence of highly abundant tissue-specific
proteins in the homogenate (e.g. myosin in heart or albumin in liver). The observation that some
RNA-binding proteins were overexpressed in EBV-transformed lymphoblast cells suggests that
the transition of a cell from the normal to the transformed phenotype may involve the altered
expression of these proteins (see, for example Ref. 21).

ACKNOWLEDGMENTS

We thank Dr. P. Gambetti (Case Western University, Cleveland, OH) for the brain tissue
samples, the Cell Repository of the National Institute on Aging for providing cell lines, C.T.
Moraes for critical comments, and J. Rogers for expert technical assistance. This work was
supported by grants from the National Institutes of Health (NS28828 and AGO08702), the
Muscular Dystrophy Association, the Aaron Diamond Foundation, and a donation from Libero
and Graziella Danesi, Milano, Italy.

REFERENCES
1. Bowen, B., Laemmli, U. K. and Weintraub, H. (1980) Nucl. Acids Res. 8, 1-20.
2. Gerke, V. and Steitz, J. A. (1986) Cell 47, 973-984.

Tazi, J., Alibert, C., Temsamani, J., Reveillaud, 1., Cathala, G., Brunel, C. and Jeanteur, P.

(1986) Cell 47, 755-766.

Schenkel, J., Sekeris, C. E., Alonso, A. and Bautz, E. K. (1988) Eur. J. Biochem. 171, 565-

569.

Luban, J. and Goff, S. P. (1991) J. Virol. 65, 3203-3212.

Inoue, K., Hoshijima, K., Sakamoto, H. and Y, S. (1990) Nature 344, 461-463.

Houman, F., Diaz-Torres, M. R. and Wright, A. (1990) Cell 62, 1153-1163.

Rouault, T. A., Hertze, M. W, Caughman, S. W., Hartford, J. B. and Klausner, R. D. (1988)

Science 241, 1207-1210.

Rouault, T. A., Hentze, M. W, Haile, D. J., Harford, J. B. and Klausner, R. D. (1989) Proc.

Natl. Acad. Sci. USA 86, 5768-5772.

10. Koeller, D. M., Casey, J. L., Hentze, M. W., Gerhardt, E. M., Chan, L. N_, Klausner, R. D.
and Harford, J. B. (1989) Proc. Natl. Acad. Sci. USA 86, 3574-3578.

11. Hertz, M. W., Rouault, T. A., Harford, J. B. and Klausner, R. D. (1989) Science 244,

12. Bradford, M. M. (1976) Anal. Biochem. 72, 248-254.

13. Laemmli, U. K. (1970) Nature 227, 680-685.

14. Towbin, H., Staehlin, T. and Gordon, J. (1979) Proc. Natl. Acad. Sci. USA 76, 4350-4354.

15. Kang, J., Lemaire, H.-G., Unterbeck, A., Salbaum, J. M., Masters, C. L., Grzeschik, K.-H.,
Beyreuther, K. and Muller-Hill, B. (1987) Nature 325, 733-736.

16. Kitaguchi, N., Takahashi, Y., Tokushima, Y., Shiojiri, S. and Ito, H. (1988) Nature 331, 530-
532.

17. Sakoda, S., Shanske, S., DiMauro, S. and Schon, E. A. (1988) J. Biol. Chem. 263, 16899-
16905.

18. Birnboim, H. C. and Doly, J. (1979) Nucl. Acids Res. 7, 1513-1523.

19. Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). Molecular Cloning: A Laboratory
Manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor.

20. Lehrach, H., Diamond, D., Wozney, J. M. and Boedtker, H. (1977) Biochemistry 16, 4743-
4751.

21. Stoler, D. L. and Manly, K. F. (1989) J. Cell. Physiol. 141, 111-118.

Ee

XN

Nt

25



