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Sample sonication after trichloroacetic acid
precipitation increases protein recovery
from cultured hippocampal neurons, and
improves resolution and reproducibility in
two-dimensional gel electrophoresis

Protein precipitation with TCA followed by acetone washing is frequently used to clean
samples before 2-DE. However, the difficulty in solubilizing TCA-precipitated proteins
causes some variability in 2-D gels and makes it difficult to detect some proteins. In
this work we show that sonication of the samples, after TCA precipitation followed by
elution in sample buffer, increases total protein recovery, and improves reproducibility
and matching ratios between gels when analyzed by specialized software.
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1 Introduction

The mammalian proteome comprises several million dif-
ferent proteins [1]. Their resolution in 2-D-SDS-PAGE is a
great effort requiring fractionation [2] and building of
cybergels from zoom IEF gels [3]. Although an improved
resolution is achieved with these gels, a higher degree of
reproducibility is also required [4] in order to allow a quick
matching of the gels by the algorithms available [5] and to
speed up the analysis.

Protein samples to be analyzed by 2-DE should be free
from salts and other compounds that interfere mainly
with IEF, such as nucleic acids and lipids [6]. This may be
achieved by various means, including TCA precipitation
followed by acetone washing, which was identified as
one of the best protocols [7]. The main problem asso-
ciated with TCA precipitation is the solubilization of the
pellet. A chemical approach was previously used to
solubilize TCA-precipitated proteins [6]. In SDS-PAGE,
proteins are solubilized using a combination of chemical
(SDS and DTT) and physical (sample heating) methods.

However, samples used in 2-D-SDS-PAGE cannot be
heated in order to avoid protein modifications induced
by urea.

In this work we have tested a combination of methods for
sample cleaning and solubilization, using protein precipi-
tation with TCA, followed by sonication in a buffer con-
taining urea, thiourea, CHAPS, and DTT. Our results show
that sample sonication after precipitation with TCA
increases total protein recovery from cleaned samples
and improves the reproducibility between gels.

2 Materials and methods

2.1 Preparation of samples from rat
hippocampus

Adult Wistar rats were sacrificed and the hippocampi
were removed. The hippocampi were then sonicated [8,
9] in 50 mM Tris-HCl pH 7.3, 1 mM DTT, chymostatin
(1 mg/mL), leupeptin (1 mg/mL), antipain (1 mg/mL), pep-
statin A (1 mg/mL), and 0.1 mM PMSF, and the resulting
suspension was divided into two equal samples. In each
case soluble proteins were isolated in the supernatant
resulting from ultracentrifugation at 126 0006gav [9], for
1 h at 47C. Proteins in the pellets (S126) were resus-
pended in 10% w/v TCA whereas soluble proteins were
precipitated by adding 100% w/v TCA, to a final con-
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centration of 10% [6, 8, 9]. TCA-precipitated fractions
were frozen and thawed, in order to improve precipitation,
and centrifuged at 14 0006gmax for 15 min at 47C [6].
Pellets were washed with ice-cold acetone, maintained at
2207C, vortexed every 20 min, for 1 h, and centrifuged at
14 0006gmax, for 15 min at 47C [6, 8, 9]. Proteins were
solubilized for 2 h in 2-D-sample buffer (6 M urea
(Amersham Biosciences, Carnaxide, Portugal),
1.5 M thiourea (Sigma, Sintra, Portugal), 3% CHAPS
(Amersham Biosciences USB Chemicals), and
60 mM DTT (Amersham Biosciences)), and sonicated or
not, using a 3 mm stepped microtip (#630-0422) with a
Vibra Cell system (Sonics & Materials, Danbury, CT).
Nonsonicated samples were vortexed for 2 min after dis-
ruption of the pellet with a pipette tip. Protein quantifica-
tion was performed using the 2D-Quant kit (Amersham
Biosciences). IPG Buffer (1.5%, pH 4.5–5.5 or pH 5.5–6.7)
was added to the samples prior to IEF (Amersham Bio-
sciences).

2.2 Hippocampal cultures and radiolabeling
experiments

E18 hippocampal neurons were cultured as previously
described [10]. After 7 days in culture, cells were starved
from methionine and cysteine for 30 min, and 35S-radi-
olabeled amino acids (Redivue Pro-mix, 7.5 mCi/mL,
Amersham Biosciences) were then added. After 12 h of
incubation the cells were washed with PBS, scrapped,
and sonicated in 50 mM Tris-HCl pH 7.3, 1 mM DTT, chy-
mostatin (1 mg/mL), leupeptin (1 mg/mL), antipain (1 mg/
mL), pepstatin A (1 mg/mL), and 0.1 mM PMSF. Soluble
proteins were separated from the remaining protein frac-
tion as described in Section 2.1.

2.3 Sonication procedure

Sonication was performed as previously described [9]
with slight modifications. Briefly, samples were kept on
ice and sonicated in six cycles of 10 s, each consisting of
5 s sonication followed by a 5 s break (to keep the sam-
ples at low temperature). Each sonication was performed
with increasing amplitude, starting from zero, and the
amplitude was maintained below 40. Special care was
taken to avoid foaming.

2.4 2-D SDS-PAGE and staining

Two hundred and fifty micrograms of protein was actively
rehydrated for 12 h at 50 V. IEF was performed according
to the manufacturer, with slight modifications: 500 V
(500 V?h step and hold (SH)), 1000 V (1000 V?h SH),

10 000 V (15 000 V?h with linear increase), and final
focusing at 10 000 V during 14 h (SH), using a Protean IEF
cell (BioRad, Amadora, Portugal). Strips were then equili-
brated to SDS (50 mM Tris-HCl pH 8.8, 30% glycerol,
2% SDS, and trace amount of bromophenol blue) for
20 min, in the presence of 10 mg/mL DTT, followed by
another 20 min step in the presence of 25 mg/mL iodoa-
cetamide. The second dimension was performed in a
Protean Plus Dodeca Cell (BioRad), at 3 W/gel for 30 min,
followed by 200 V for 5 h. All the process was performed
at 207C. Gels were silver stained as previously described
[11], dried, digitalized, and analyzed using PDQuest

(BioRad). Gels from radiolabeled samples were dried and
placed in contact with a phosphor screen (Amersham
Biosciences), and the images were subsequently
acquired with a laser scanner (Storm – Amersham Bio-
sciences). Spot intensity in silver-stained gels was nor-
malized to the total intensity in valid spots, using
PDQuest. This normalization procedure is useful when
comparing different gels, wherever possible sources of
sample variation cannot be predicted and there is no
major difference in total spot number. For auto-
radiography images, the results were normalized to the
total intensity in the gel image. This normalization should
be used when there are significant differences between
images. Decisions concerning the normalization proce-
dure were taken based on the recommendations of the
PDQuest software manual.

2.5 Protein identification

For protein ID 500 mg of protein were applied to IPG gels
for in-gel rehydration, followed by 500 mg by cup-loading.
IEF and second dimension were performed as described
in Section 2.4. Gels were double stained, first with
Ruthenium II bathophenanthroline disulfonate (Sigma)
[12] and then with homemade colloidal Coomassie (Alfa
Aesar, Karlsruhe, Germany) [13]. Spots were picked with
the Bruker Spot Picker system, using a spot cutter with
1.5 mm diameter. Spots were destained (50 mM ammo-
nium bicarbonate, 30% ACN), washed with water, dehy-
drated using a speedvac, and incubated overnight with
3 mL trypsin (Roche, proteomics grade (10 mg/mL in
10 mM ammonium bicarbonate)). Peptides were then
extracted using 10 mL of 50% ACN and 0.1% TFA. Pep-
tide containing solutions were applied on a 384 steel
MALDI target (Bruker) followed by 1 mL matrix containing
standards (50% ACN, 0.1% TFA, 0.3% w/v cyano-4-
hydroxycinnamic acid, 10 pmol/mL bradykinin frag-
ment 1–8 (m/z 904.4861) and 40 pmol/mL adrenocortico-
tropic hormone fragment 18–39 (m/z 2465.1983)). MALDI
Ultraflex from Bruker Daltonics was used for spectra
acquisition, with the software controller Bruker Daltonics
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FlexControl Version 2.2. The instrument, operating in
Reflector Mode, was calibrated using 400 laser shots
accumulated from external standards. Spectra were
acquired using a laser power range of 45–65% and a
detection range of m/z 900–3500. A total of 8650-laser
shots were accumulated for each spot. The spectra
accumulation was done after automatic spectra evalua-
tion, and all spetra analyzed had a resolution higher than
6500 in the range m/z 1200–2700. For spectra processing
the Bruker Daltonics FlexAnalysis Version 2.2 was used,
with SNAP algorithm for detection, Centroid algorithm for
editing, and Savitzky Golay algorithm for smoothing. The
S/N ratio in the spectra analyzed was at least 2.5, and a
quality factor threshold of 50 was selected. Background
peak removal was performed based on the contaminant
peak list provided by Bruker Daltonics, containing Tryptic
autodigest peaks and common keratin fragment peaks. A
local MASCOT Server Version 2.0 was used for protein
identification. Several identification cycles were per-
formed and the most stringent parameters used were the
following: Swiss-Prot/TrEMBL databases, Rattus norve-
gicus, trypsin with zero missed cleavages, carbamido-
methylation and methionine oxidation as fixed and vari-
able modifications, respectively, and 25 ppm error toler-
ance. Identified proteins had at least four peptides below
10 ppm. GO annotations were automatically acquired
and manually processed from EBI (http://www.ebi.ac.uk/
EGO).

3 Results and discussion

2-D gels have proven to be the best way to resolve thou-
sands of proteins in a single gel [1, 14]. The technique has
been improved over the last decades allowing a broad-
range comparison of different proteomes under different
experimental conditions [3, 14, 15]. IEF is very sensitive to
the nonprotein content of the samples, requiring a clean
solution with as little contaminants as possible [6, 14–16].
The increasing number of steps used to prepare these
clean samples has resulted in a decrease in protein
recovery from consecutive steps [17]. This is the case of
TCA precipitation, where solubilization of the pellet
represents a critical step. Centrifugation after sample
solubilization is a common procedure to remove insoluble
material [6, 8, 14]. However, in our experiments we
noticed a significant variability in the size of the pellets
resulting from the solubilization of proteins precipitated
with TCA, even in samples prepared from the same
amount of original tissue. This led us to question the
solubilization capacity of the buffers generally used in this
type of protocol, consisting in 6–8 M urea, 1–
2 M thiourea, 2–4% CHAPS, 50–100 mM DTT, and 0.5–
2% IPG buffer [14, 15, 18–20]. Protein solubilization in

SDS-PAGE is increased by heating the samples in the
presence of SDS. However, in 2-D-PAGE the samples
have to be kept at a temperature below 307C, in order to
avoid protein modifications [21, 22]. Therefore, in this
case, increased solubilization of the samples has been
achieved by extending the incubation period at room
temperature and by vortexing [6].

In order to improve protein recovery and to decrease the
amount of proteins trapped in the insoluble fraction after
TCA precipitation, we have tested the effect of sonication
after elution of proteins in 2-D-sample buffer. After pre-
cipitation with TCA, the protein pellets obtained from the
hippocampal soluble or S126 fractions were sonicated or
not in 2-D-sample buffer. Sonication decreased the size
of the pellets containing insoluble material (Fig. 1), par-
ticularly in the S126 fraction. Quantification of the total
protein content in sonicated and nonsonicated
S126 fractions showed that this physical treatment
increases total protein recovery by 140%, when starting

Figure 1. Increase in protein recovery by sonication.
Proteins from adult rat hippocampi were separated in
soluble and S126 protein fractions by ultracentrifugation.
Proteins were solubilized in 2-D sample buffer and either
sonicated or vortexed for 2 min. (Top) Pellets obtained
after centrifugation to remove nonsoluble material. (Bot-
tom) Protein recovery after quantification using the Amer-
sham’s 2-D Quant Kit. Samples (n = 4) were analyzed
using two-tailed Student’s t-test with 99% confidence
with P ,0.05 (*) (GraphPad Prism, San Diego, CA).
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Figure 2. Sonication increases
protein solubility and spot
resolution. 2-DE of sonicated
and nonsonicated S126 frac-
tions prepared from the rat hip-
pocampus. IEF was performed
in 24 cm pH 4.5–5.5 strips
(Amersham Biosciences) and
the second dimension was per-
formed in 10% SDS-PAGE. Cir-
cles represent new spots in
sonicated samples.

Figure 3. Sonication increases reproducibility and matching ratio. 2-DE of sonicated and nonsonicated S126 fractions
prepared from rat primary hippocampal neuron cultures, labeled with 35S-amino acids. IEF was performed in 24 cm pH 5.5–
6.7 strips (Amersham Biosciences) and the second dimension was performed in 10% SDS-PAGE. Three replicate zoomed
gels (pH 5.6–6.6; MW ,100 kDa) are shown for each condition. Top panel: nonsonicated fraction; bottom panel: sonicated
samples. Comparison between different gels is shown in Table 2 and protein ID in Table 3.

with the same amount of sample. Although sonication
was not so important to increase protein recovery in the
soluble fraction, it also reduced protein trapping in the
pellet and increased the reproducibility of the gels (data
not shown).

The effect of sonication on 2-D-PAGE was investigated in
experiments where the same amount of protein, from
sonicated and nonsonicated hippocampal S126 frac-
tions, was subjected to IEF and SDS-PAGE (Fig. 2). Al-
though the pattern of both gels was similar, gels from
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Figure 4. Increase in protein
solubility and reproducibility
with sonication. PDQuest analy-
sis of the spots contained within
the box limited in black in Fig. 3.
Bars represent relative intensity
of the spots indicated in the
replicate gels (A–C, three bars
on the left; D–F, three bars on
the right).

sonicated samples showed several new spots and a dif-
ferent focusing pattern of some spots (e.g., zoomed area
in Fig. 2). PDQuest analysis of the gels (Table 1) showed
not only an increase in the number of spots in gels
obtained from sonicated samples but also an increase in
the relative intensity of several spots present in both gels.
The increased diversity of spots detected in sonicated
samples was associated with a decrease in relative
intensity of some abundant proteins, the total amount of
protein under the two conditions remaining constant. The
magnitude of several spots was increased by more than
three-fold, clearly showing an increase in the solubility of
these proteins when samples are sonicated.

In order to determine the effect of sonication in the repro-
ducibility of the gels we used extracts prepared from cul-
tured hippocampal neurons incubated with 35S-radio-

Table 1. 2-D gel analysis of the membrane fraction from
sonicated and nonsonicated samples. Gels
from Fig. 2 were analyzed using PDQuest

Sonicated
sample

Nonsonicated
sample

Total number of spots 173 156

New spots 20 3

Number of spots whose
intensity increased when
compared with the other
condition

104 49

Number of spots whose
intensity increased at least
three times when compared
with the other condition

14 4

labeled amino acids. Protein spots separated by 2-D-
SDS-PAGE were detected by autoradiography, which has
a much higher sensitivity than colorimetric or fluorescent
methods of protein staining [23]. Radiolabeling experi-
ments allow the visualization of low-abundance protein
spots and usage of low amounts of protein, thereby
decreasing spot streaking. Three replicate gels from non-
sonicated and sonicated S126 fractions, radiolabeled
with 35S-amino acids (Fig. 3), were analyzed with
PDQuest. After spot detection, gels were automatically
matched without manual editing, and the matching ratio
was calculated (Table 2). The results show that when each
one of the gels prepared from nonsonicated samples was
used as a master the matching ratio with the other gels
prepared from nonsonicated samples varied between 24
and 36%. Similar matching ratios were calculated in
comparison to the gels from sonicated samples (22–
28%). In contrast, much higher matching ratios were
obtained (61–73%) when each one of the gels from soni-

Table 2. Matching ratios between gels prepared from
nonsonicated and sonicated samples. Gels an-
alyzed (A–F) are those shown in Fig. 3. Each row
presents an analysis set (PDQuest) with the
score 100 corresponding to the gel used as
master

% A B C D E F

A 100 31 24 24 26 25
B 31 100 27 22 24 24
C 27 36 100 28 26 28
D 30 29 28 100 61 62
E 43 39 40 70 100 73
F 36 40 36 68 68 100
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cated samples was used as a master and compared with
the others. Interestingly, comparison of these gels with
those prepared using nonsonicated samples still gave
matching ratios between 28 and 43%. The boxed areas in
Fig. 3 clearly show a higher reproducibility in the spots
found in gels from sonicated samples than in those from
nonsonicated samples. Taken together, the results show
that sonication increases reproducibility between gels,
thereby decreasing time spent in manual editing.

Some spots whose intensity changed by more than
75% in the gels prepared from sonicated and non-
sonicated samples were identified (numbered spots in
Fig. 3 and Table 3; see also Fig. 4). The new spots
identified in sonicated samples (Fig. 3) migrated as pre-
dicted based on the molecular mass of the proteins,
indicating that protein degradation does not account for
the differences observed. However, some of the new
spots represent low-abundance proteins that could not
be identified or even seen with the double staining
method used.

4 Concluding remarks

Our work shows that the increase in protein recovery from
TCA-precipitated proteins, using sonication as a physical
approach, in combination with the increase in reproduci-
bility from different gels in different runs, allows a better
software analysis. Sample sonication increases the rate
of matching, decreases the variability of relative spot
intensity between replicate gels, increases the confidence
of statistically applied tests, and decreases time spent in
software manual editing.

This work was supported by FCT and FEDER, Portugal
(Grant POCTI/NSE/46441/2002). Bruno Manadas was
supported by FCT, Portugal. We thank Elisabete Carvalho
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