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Understanding the chemistry of protein modification by formaldehyde fixation and subsequent tissue processing is
central to developing improved methods for antigen retrieval in immunohistochemistry and for recovering proteins from
formalin-fixed, paraffin-embedded (FFPE) tissues for proteomic analysis. Our initial studies of single proteins, such as
bovine pancreatic ribonuclease A (RNase A), in 10% buffered formalin solution revealed that upon removal of excess
formaldehyde, monomeric RNase A exhibiting normal immunoreactivity could be recovered by heating at 601C for 30min
at pH 4. We next studied tissue surrogates, which are gelatin-like plugs of fixed proteins that have sufficient physical
integrity to be processed using normal tissue histology. Following histological processing, proteins could be extracted
from the tissue surrogates by combining heat, detergent, and a protein denaturant. However, gel electrophoresis
revealed that the surrogate extracts contained a mixture of monomeric and multimeric proteins. This suggested that
during the subsequent steps of tissue processing protein–formaldehyde adducts undergo further modifications that are
not observed in aqueous proteins. As a first step toward understanding these additional modifications we have
performed a comparative evaluation of RNase A following fixation in buffered formaldehyde alone and after subsequent
dehydration in 100% ethanol by combining gel electrophoresis, chemical modification, and circular dichroism spectro-
scopic studies. Our results reveal that ethanol-induced rearrangement of the conformation of fixed RNase A leads to
protein aggregation through the formation of large geometrically compatible hydrophobic b-sheets that are likely
stabilized by formaldehyde cross-links, hydrogen bonds, and van der Waals interactions. It requires substantial energy to
reverse the formaldehyde cross-links within these sheets and regenerate protein monomers free of formaldehyde
modifications. Accordingly, the ethanol-dehydration step in tissue histology may be important in confounding the
successful recovery of proteins from FFPE tissues for immunohistochemical and proteomic analysis.
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Formaldehyde fixation and paraffin embedding remains the
standard technique for preserving tissue specimens for
pathological examination and the study of tissue morphology.
Archival repositories now contain millions of formalin-fixed,
paraffin-embedded (FFPE) tissue samples, which provide an
invaluable resource for the retrospective study of disease
progression and response to therapy. In many cases, malig-
nant cells yield unique ‘protein profiles’ when total protein
extracts from such cells are analyzed by two-dimensional
gel electrophoresis or mass spectrometry methods.1–5

Such proteomic studies of malignant tissues have the

potential to provide an important complement to the
genomic analysis of these tissues.6 A severe limitation of
proteomic studies using fresh or frozen tissue is that the
results cannot be related directly to the clinical course of
diseases, particularly those where the time between treatment
and recurrence is long. However, if routinely fixed and
embedded archival tissues could be used for standard
proteomic methods these powerful techniques could be
used to both qualitatively and quantitatively analyze large
numbers of tissues for which the clinical course of disease has
been established.
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Analysis of archival FFPE tissues by high-throughput
proteomic methods has been hampered by the adverse effects
of formaldehyde fixation.2 Formaldehyde–protein adducts,
in addition to both intra- and intermolecular cross-links,
are formed during tissue fixation.7,8 These formaldehyde-
induced modifications reduce protein immunoreactivity and
extraction efficiency, and they may lead to misidentification
of proteins during proteomic analysis.9 Thus, understanding
the chemistry of protein modification by formalin-fixation,
dehydration, and paraffin embedding is central to developing
improved methods for recovering protein from FFPE tissues
for proteomic analysis and to improve antigen-retrieval
methods for immunohistochemistry. Metz et al7,8 have
identified three types of chemical modifications after
treatment of proteins with formaldehyde: (1) methylol
(hydroxymethyl) adducts, (2) Schiff bases, and (3) stable
methylene bridges. Formaldehyde can react with lysine,
cysteine, arginine, tryptophan, histidine, and the N-terminal
amine to form methylol adducts. The methylol adduct can
subsequently undergo a dehydration reaction to form a Schiff
base, which is seen most frequently in lysine and tryptophan
residues. Both methylol and Schiff-base adducts were shown
to form intermolecular cross-links. In addition, the protein
N-terminal amine can be converted to a stable 4-imidazoli-
dinone adduct.8 Intramolecular protein cross-links (methy-
lene bridges) have been reported in both model peptides7 and
whole proteins, such as insulin.8

Previously we have modeled the effects of formaldehyde
fixation of proteins in solution. In these studies, incubation
of 1–6.5mg/ml solutions of ribonuclease A (RNase A) in 10%
aqueous formalin leads to the formation of extensive
intra- and intermolecular cross-links, as observed by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE). Differential scanning calorimetry studies demon-
strated that these cross-links increased the thermal
denaturation temperature of RNase A, whereas optical
spectroscopic studies indicated that formaldehyde fixation
does not appear to significantly alter the protein’s secondary
or tertiary structure.10 Mild heating of the formaldehyde-
treated RNase A solutions at 651C in pH 4 buffer resulted in
almost quantitative reversal of formaldehyde cross-links,
which lead to the recovery of both immunoreactivity and
enzyme function.11

These studies do not address, however, the effects of
further processing on fixed proteins. In a previous study, we
utilized one and two protein ‘tissue surrogates’ to model
FFPE tissues.12 Cytoplasmic proteins, such as lysozyme or
RNase A, at concentrations approaching the protein content
in whole cells, were fixed with 10% formalin to form gelatin-
like plugs. These plugs had sufficient physical integrity to be
processed through graded alcohols, xylene, and embedded in
paraffin according to standard histological procedures.13

Optimal protein extraction from these tissue surrogates
was obtained by combining heat, a detergent, and a protein
denaturant. However, SDS–PAGE analysis revealed that the

reversal of the intermolecular cross-links required high
temperatures (41001C),12 or the application of elevated
hydrostatic pressure at moderate temperatures.14 This
suggests that in fixed, dehydrated, and paraffin-embedded
tissues, protein–formaldehyde adducts undergo further
reactions that are not observed in aqueous solution and
require additional energy to reverse formaldehyde-induced
modifications. As a first step toward understanding these
additional modifications we report here a comparative
evaluation of RNase A following fixation in buffered for-
maldehyde solution alone, and after subsequent dehydration
in 100% ethanol.

MATERIALS AND METHODS
Bovine pancreatic RNase A (type III-A), pyridoxal 50-phos-
phate (PLP), and sodium cyanoborohydride (NaBH3CN)
were purchased from Sigma (St Louis, MO, USA). Aqueous
formaldehyde (37% w/w) was purchased from Fisher Scien-
tific (Fair Lawn, NJ, USA). Absolute ethanol was purchased
from Pharmco-AAPER (Brookfield, IL, USA).

Formaldehyde Fixation and Ethanol Dehydration
Volumes of native RNase A at 4mg/ml in 10mM sodium
phosphate buffer, pH 7.4, were treated for 24 h with an equal
volume of 20% (v/v) phosphate-buffered formalin. The final
concentrations were 2mg/ml protein and 10% formalin in
10mM sodium phosphate, pH 7.4. After incubating over-
night, the formaldehyde-fixed proteins were divided into
equal aliquots. The formaldehyde from half of the 24-h fixed
samples was removed by washing the aliquot five times with
deionized (DI) water in a Microcon YM-3 concentrator
(Millipore, Billerica, MA, USA).

Potassium phosphate (50mM, pH 7.0), was added to the
remaining aliquots (8.3mM, final concentration) and the
protein was precipitated in 10 volumes of ice-cold acetone.
The pellet was washed with 1ml of ice-cold acetone and then
dried under vacuum for 15min. The precipitated, fixed
protein was then incubated under 1ml of 100% EtOH at
room temperature. After 1 h, 24 h, or 1 week, the precipitated
protein was pelleted by centrifugation, and the ethanol was
removed. The air-dried pellets were then resuspended in
10mM potassium phosphate buffer, pH 7.4, or in DI water to
their original volumes.

Trapping of Formaldehyde Adducts with NaBH3CN or
PLP
The final protein concentration of aliquots of 24-h formal-
dehyde-fixed RNase A (with the formaldehyde removed)
or native RNase A was adjusted to 2mg/ml in 20mM
phosphate buffer, pH 7.4. Equal volumes of NaBH3CN in DI
water were added to 50M excess and the pH of the samples
was adjusted to 8.0 with 0.1M NaOH, using a previously
published protocol.15 After incubating at room temperature
for 4 h, the excess NaBH3CN was quenched by adding 2.5%
(v/v) of a 1M HCl solution. Alternately, the native or
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formaldehyde-fixed RNase Awas incubated in the presence of
0.1–10mM PLP for 4 h at room temperature.16 The protein
solutions were then precipitated in 10 volumes of ice-cold
acetone as described earlier and incubated under 1ml
of 100% ethanol for up to 1 week. The NaBH3CN or
PLP-treated RNAse A was resuspended in DI water to final
concentration of 2mg/ml prior to protein recovery.

Protein Recovery
All native, formaldehyde-fixed, and resuspended formal-
dehyde-fixed, ethanol-treated protein samples were added to
an equal volume of a recovery buffer containing 4% SDS in
40mM Tris-HCl, pH 4.0, for a final protein concentration of
1mg/ml. The protein samples were then heated at 1001C for
20min, followed by 601C for 2 h, according to the
antigen-retrieval protocol of Shi et al.17 After protein
recovery, any remaining unsolubilized material was pelleted
at 14 000 g for 20min and the supernatant was saved for
further analysis. The antigen-retrieved RNase A solutions
were then diluted directly into sample buffer and analyzed by
SDS–PAGE with no further heating.

Analysis of Protein Composition
After sample processing, 20ml of each native, formaldehyde-
fixed, and formaldehyde-fixed, ethanol-treated RNase A
preparation was diluted directly into 4� LDS sample buffer
supplemented with 10� sample-reducing buffer (Invitrogen,
Carlsbad, CA, USA) with no additional heat treatment.
SDS–PAGE was performed on precast NuPAGE Bis-Tris
4–12% gradient polyacrylamide gels (1� 80� 80mm) using
2-(N-morpholino)ethanesulfonic acid–SDS running buffer at
pH 7.3 (Invitrogen). Molecular mass standards and the
Coomassie blue-based colloidal staining kit were also
purchased from Invitrogen. Gel images were documented
using a Scanmaker i900 (Microtek, Carson, CA, USA), and
annotated in Adobe Photoshop. The composition of
individual gel lanes was analyzed and percentages were
determined using the Un-Scan-it Gel 6.1 program (Silk
Scientific Corp., Orem, UT, USA).

Spectroscopic Measurements
Circular dichroism (CD) spectra in the near-UV region
(246–350 nm) were acquired from native, formaldehyde-fixed,
and formaldehyde-fixed RNase A incubated in ethanol for
1 week using a 10-mm path length water-jacketed cell. CD
spectra in the far-UV region (180–250 nm) were recorded
using a 0.02-mm path length water-jacketed cell. The CD
spectra were recorded at 241C with a Jasco-715 spectro-
polarimeter equipped with an external water bath (Jasco
Corp., Easton, MD, USA). Each spectrum was an average of
10 measurements taken under identical conditions. The
following settings were used: the scan speed was 50 nm/min,
the bandwidth was 1 nm, the step resolution was 0.2 nm, and
the response time was 8 s. The native, formaldehyde-fixed,
and formaldehyde-fixed, ethanol-precipitated proteins were

reconstituted in 10mM phosphate buffer, pH 7.4, prior to
analysis by CD spectropolarimetry. The ethanol-precipitated
samples were only partially soluble in phosphate buffer.
The formaldehyde-fixed RNase A was analyzed directly in
10% phosphate-buffered formaldehyde. The final protein
concentration of each RNase sample was adjusted to
0.65mg/ml, as determined spectrophotometrically assuming
that the E1%¼ 7.3 at 280 nm.18

RESULTS
Formaldehyde Fixation, Ethanol Treatment, and Protein
Recovery
After fixation in 10% buffered formalin, gel electrophoresis
of 1mg/ml solutions of RNase A showed a mixture of in-
termolecular cross-linked proteins composed of monomeric
(25%), dimeric (21%), trimeric (18%), tetrameric (15%),
pentameric (10%), and hexameric (11%) species (Figure 1,
lane 2). Removal of the formaldehyde did not reduce the
level of cross-linking (data not shown), however, heating
the formaldehyde-fixed sample in 20mM Tris-HCl with 2%
SDS at pH 4 resulted in an almost fourfold increase in
monomeric protein, with approximately 8% of total protein
composed of dimeric protein (Figure 1, lane 3). This is
consistent with previously reported studies of fixed RNAse
at concentrations of 1mg/ml.10,11 To mimic the ethanol-
dehydration step typically performed during the histological
processing of FFPE tissues,19 the formaldehyde-fixed RNase A
was precipitated and incubated in 100% ethanol for 1 h, 24 h,

Figure 1 SDS–PAGE of formaldehyde-fixed RNase A before and after

protein retrieval. Lane M: molecular weight marker; lane 1: native RNase A;

lane 2: formaldehyde-fixed RNase A after the removal of excess

formaldehyde; lane 3: formaldehyde-fixed RNase A sample from lane 2 after

retrieval in 20mM Tris-HCl, pH 4.0, with 2% SDS; lanes 4, 6, and 8:

formaldehyde-fixed RNase A after incubation in 100% ethanol for 1 h, 24 h,

or 1 week, respectively; lanes 5, 7, and 9: 1 h, 24 h, or 1 week formaldehyde-

fixed, ethanol-treated RNase A after retrieval in 20mM Tris-HCl, pH 4.0, with

2% SDS. The RNase A samples were heated at 1001C for 20min, followed by

601C for 2 h.
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or 1 week. SDS–PAGE revealed that the formaldehyde-fixed,
ethanol-treated samples were as highly cross-linked as the
formaldehyde-fixed samples (Figure 1, lanes 4, 6, and 8).
However, after heating in the Tris–SDS recovery buffer at
1001C for 20min, followed by 601C for 2 h, no reversal of the
formaldehyde-induced cross-links was observed (Figure 1,
lanes 5, 7, and 9), with the total protein content corre-
sponding to 26% monomeric, 23% dimeric, 18% trimeric,
14% tetrameric, 11% pentameric, and 8% hexameric species.

Effect of PLP or NaBH3CN on Formaldehyde-Induced
Cross-Links
To further examine the nature and mechanism of the for-
mation of formaldehyde-induced cross-links in RNase A, we
studied the effects of treatment with the reducing agent
NaBH3CN or PLP. Fixed RNase A solutions (2mg/ml) were
dialyzed against 10mM potassium phosphate to remove
excess formaldehyde. The fixed protein solutions were then
treated with 0.1–10mM PLP, which has been shown to
reversibly react with Schiff bases, but may also react with
hydroxymethyl adducts and amine groups.16,20 After 4-h
incubation at neutral pH, the RNase A solutions were
precipitated to remove excess PLP and incubated under
ethanol for 24 h. The small amount of protein dimer present
in the control sample (native RNase treated with PLP and
ethanol; Figure 2, lane 1) is attributable to an impurity in the
RNase from Sigma (Figure 1, lane 1). In the absence of
protein recovery, treatment with PLP did not prevent the

formation of protein oligomers, with total protein content
consisting of approximately 45% monomeric protein
(Figure 2, lanes 2, 4, and 6). However, after heating in 20mM
Tris-HCl with 2% SDS at pH 4, there were greater degrees of
recovery of monomeric protein with increasing concentra-
tions of PLP (Figure 2, lanes 3, 5, and 7), with total protein
content consisting of 70, 81, and 90% monomeric RNase A
for the samples treated with 0.1, 1, and 10mM PLP,
respectively (Figure 2, lanes 3, 5, and 7).

We next treated the formaldehyde-fixed RNase A solutions
with a 50M excess of NaBH3CN, which has been shown to
reduce a wide variety of organic functional groups, including
Schiff bases and hydroxymethyl groups, at neutral pH.15,21,22

SDS–PAGE analysis revealed that formaldehyde-fixed RNase
A reduced with NaBH3CN and then incubated in ethanol
exhibited significantly fewer intermolecular cross-links
(Figure 3, lane 2) than their nonreduced counterparts (Figure 1,

Figure 2 The effect of PLP on the formation of intermolecular cross-links.

Lane M: molecular weight marker; lane 1: native RNase A treated with PLP

and incubated in 100% ethanol for 24 h; lanes 2, 4, and 6: formaldehyde-

fixed RNase A treated with 0.1, 1, and 10mM PLP and incubated under

100% ethanol for 24 h; lanes 3, 5, and 7: samples from lanes 2, 4, and 6,

respectively, after protein retrieval in 20mM Tris-HCl, pH 4.0, with 2% SDS.

The RNase A samples were heated at 1001C for 20min, followed by 601C

for 2 h.

Figure 3 The effect of NaBH3CN reduction on the formation of

formaldehyde-induced cross-links. Lane M: molecular weight marker; lane 1:

native RNase A reduced with NaBH3CN and incubated in 100% ethanol for 1

week; lane 2: formaldehyde-fixed RNase A after reduction with NaBH3CN

and incubation in 100% ethanol for 1 week; lane 3: the sample from lane 2

after protein recovery in 20mM Tris-HCl, pH 4.0, with 2% SDS. The RNase A

samples were heated at 1001C for 20min, followed by 601C for 2 h.
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lanes 4–9), with only monomeric, dimeric, and trimeric
species present. After heating at 1001C for 20min, followed
by 601C for 2 h in 20mM Tris-HCl with 2% SDS at pH 4,
99% of monomeric protein was recovered as visualized by
SDS–PAGE (Figure 3, lane 3).

Effects of Fixation and Ethanol Dehydration on
Secondary and Tertiary Structure
We next examined the structural properties of native,
formaldehyde-fixed, and formaldehyde-fixed, ethanol-treated
RNase A using CD spectropolarimetry. RNase A is in the
aþ b structural class of proteins, with a secondary structure
consisting of one long four-stranded antiparallel b-sheet and
three short a-helixes.23 The solvent-corrected far-UV
spectrum of native RNase A, which is sensitive to the
secondary structure of the protein, is shown in Figure 4a,

profile 1.10 The spectrum exhibits a minimum at B212 nm,
with a broad shoulder centered at B220 nm, which is
characteristic of an aþ b protein conformation. Incubation
of native RNase A in 10% formalin (Figure 4a, profile 3) for 1
week did not significantly alter the secondary structure of the
protein. In addition, non-fixed RNase A incubated under
ethanol for 1 week recovered its native structure after the
ethanol was removed and the RNase A was reconstituted in
phosphate buffer (Figure 4a, profile 2). However, when the
formaldehyde-fixed RNase Awas incubated under ethanol for
1 week and then rehydrated in phosphate buffer (Figure 4a,
profile 4), there was a significant decrease in band intensity,
and the profile changed to one with a single negative peak
around 215 nm. This spectrum is characteristic of an all-b
protein conformation.24 This spectrum was also observed
for native, formaldehyde-fixed, and formaldehyde-fixed,
ethanol-treated RNase A in 80% aqueous ethanol solution
where all three proteins were minimally soluble (data not
shown).

The near-UV CD spectra of RNase A, which is sensitive to
protein tertiary structure, are largely determined by six tyr-
osine residues,25,26 three of which (Tyr25, Tyr 92, and Tyr97)
are buried within the protein interior. The remaining Tyr
residues (Tyr73, Tyr76, and Tyr115) are located on the pro-
tein’s surface. Non-formaldehyde-treated RNase A incubated
in ethanol (Figure 4b, profile 2) or 10% formalin (Figure 4b,
profile 3) for 1 week exhibited no significant changes in their
near-UV CD spectra, as compared to native RNase A (Figure
4b, profile 1). However, there was a 60% decrease in negative
band intensity for the formaldehyde-treated protein after
prolonged exposure to ethanol (profile 4). This relative
decrease may reflect the partial exposure of buried Tyr
residues and/or an increase in the distance between Tyr73
and Tyr115 within the RNase A tertiary structure.25,27 These
changes likely result from the collapse of tertiary structure as
the spectrum is analogous to those seen in molten globule
proteins28 and disordered proteins.24

DISCUSSION
Both native and formaldehyde-fixed RNase A undergo a
structural transition from the native aþ b to a nearly all-b
conformation as ethanol concentration is increased toZ80%.
The transition from the native to an all-b conformation
at high ethanol concentrations is characteristic of most
soluble proteins29–31 and is driven by the disruption of
water structure by ethanol and the associated energetically
unfavorable interaction of ethanol with the peptide
backbone.32 The response of most proteins to this situation is
to form b-sheets to sequester the peptide bonds away from
the solvent while exposing nonpolar side chains to the
alcohol.24 This secondary structural transformation is
typically accompanied by a significant disruption (collapse)
of tertiary structure33 as was observed for RNase A in the
current study. This new protein conformation is further
stabilized by the formation of intermolecular hydrogen bonds

Figure 4 The effect of ethanol on protein structure: far-UV (a) and near-UV

(b) CD spectra of 0.65mg/ml solutions of RNase A. Profile 1: native RNAse A;

profile 2: native RNase A incubated under 100% ethanol for 1 week and

then rehydrated in phosphate buffer; profile 3: RNase A kept in 10%

formaldehyde for 1 week; profile 4: RNase A fixed in 10% formaldehyde,

incubated under 100% ethanol for 1 week, and then rehydrated in

phosphate buffer.
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between geometrically compatible hydrophobic b-sheets,34

which then leads to extensive protein aggregation.30,35 Such
b-sheet aggregates can form in response to a number of
protein structural perturbants, in addition to alcohol, and are
intermediates in the formation of amyloid fibrils by some
proteins, including lysozyme, which, like RNase A exhibits an
aþ b structure in its native conformation.24,35,36 At ethanol
concentrationsZ80%, lysozyme formed amyloid-like proto-
fibrils and exhibited a far-UV CD structure virtually identical
to that observed for formaldehyde-fixed, ethanol-treated
RNase A (Figure 4a), or native RNase in 80% aqueous
ethanol (data not shown).24,35 Consequently, our results
demonstrate that the presence of formaldehyde adducts
neither inhibits nor facilitates the conformational changes
exhibited by RNase A in the presence of ethanol. An
important implication of the above observations is that
formaldehyde-fixed RNase A maintains a high degree of
conformational flexibility despite the presence of intra- and
intermolecular formaldehyde cross-links. Thus, in the case of
RNase A one can conclude that formaldehyde cross-links do
not ‘lock-in’ either secondary or tertiary protein structure.

The protein aggregates formed by exposure of native
RNase A to ethanol were reversible using the protein recovery
conditions described in this study, whereas those formed
by formaldehyde-fixed, ethanol-treated RNase A were only
partially reversible. There are several possible explanations
for this observation. One possible explanation is that the
neutralization of charged amino acids by the formation of
formaldehyde adducts contributes to aggregate formation by
increasing the hydrophobicity of the protein surface. We have
previously shown that formaldehyde treatment lowers the
isoelectric point of RNase A from 9.2 toB7.4.10 Treatment of
formaldehyde-fixed RNase A with NaBH3CN argues against
this interpretation because this reagent reduces formaldehyde
adducts to methyl groups, which further increases protein
hydrophobicity. However, NaBH3CN treatment results in
greater recovery of RNase A monomer (Figure 3), which is
the opposite of what would be expected if the protein
aggregates were stabilized predominantly by hydrophobic
bonding.

Exposure of formaldehyde-fixed RNase A with PLP prior
to ethanol treatment did not reduce the degree of protein
oligomerization seen prior to protein recovery (Figure 2,
lanes 2, 4, and 6). However, progressively more monomeric
protein was recovered with increasing concentrations of PLP
following high-temperature treatment (Figure 2, lanes 3, 5,
and 7). This is interpreted to indicate that the reaction of PLP
with the Schiff base or methylol adducts diminishes the
number of formaldehyde cross-links formed, but does not
inhibit the hydrogen bonding of the b-sheets. In contrast,
reduction with NaBH3CN increased the fraction of mono-
meric protein seen by SDS–PAGE both before and after
protein recovery by high-temperature treatment (Figure 3,
lanes 2 and 3). Reduction of formaldehyde adducts prior to
exposure to ethanol will clearly prevent cross-link formation,

but likely also reduces hydrogen bonding through the
reductive elimination of hydrogen-bond donors, such
as lysine.7

Taken together, the above findings suggest that the cross-
links in formaldehyde-treated RNase A in ethanol are difficult
to reverse because they are largely sequestered within the
intermolecular hydrophobic b-sheets present in the protein
aggregates.

These cross-links may result from the rearrangement of
existing cross-links or by the formation of new cross-links
from latent formaldehyde adducts and formaldehyde-reactive
amino-acid side chains present in the protein’s interior. The
latter may occur because the coplanar orientation of the side
chains in b-sheets may provide a more favorable geometry
for forming formaldehyde cross-links than the a-helix
conformation (unpublished experiments). This conclusion
is further supported by previous findings in which inter-
molecular cross-linking was increased by heating RNase A
above its unfolding transition temperature in the presence of
formaldehyde, indicating that additional cross-links were
formed by previously buried formaldehyde adducts or
formaldehyde-reactive amino-acid side chains.10 An additional
contributing factor is that the dehydrating effects of ethanol
may promote the conversion of methylol adducts to reactive
Schiff-base intermediates that subsequently form cross-links
that are less easily reversed than those formed by methylol
adducts.7

In summary, the present study suggests that the ethanol-
dehydration step in tissue histology is important in
confounding the recovery of proteins from FFPE tissues.
Ethanol-induced rearrangement of protein conformation can
lead to protein aggregation through the formation of large
geometrically compatible hydrophobic b-sheets that are
stabilized by hydrogen bonds, formaldehyde cross-links, and
van der Waals interactions. Such b-sheets would require
substantial energy to induce sufficient hydration to reverse
the formaldehyde cross-links within these sheets and
regenerate protein monomers free of formaldehyde modi-
fications. We have recently demonstrated that this required
energy can be introduced using extremely high temperatures
41001C12 or by the application of elevated hydrostatic
pressure at moderate temperatures.14
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