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INITIAL RESULTS FROM CLEANING SMALL
VERTEBRATE SKELETONS USING THE
ENZYME TRYPSIN

DaviDb W. VoN ENDT,! CHARLES A. R0ss,? AND P. EDGAR HARE?

'Conservation Analytical Laboratory, Smithsonian Institution, Washington, DC 20560, USA
*Department of Vertebrate Zoology, National Museum of Natural History, Smithsonian Institution,
Washington, DC 20560, USA
3Carnegie Institution of Washington, 5251 Broad Branch Road N.W., Washington, DC 20015, USA

Abstract.—We conducted preliminary studies using the proteolytic enzyme trypsin to
accelerate the maceration of a series of small bird skeletons (Aves: Apodidae) and four
dolphin flippers (Mammalia: Delphinidae). Although the results from these studies can be
considered tentative, they indicate that, under the proper conditions, trypsin speeds the
maceration process. Trypsin-accelerated maceration introduces no detectable alteration in
the amino acid composition of the cleaned bone as indicated by amino acid analysis, either
in the hard, compact bone of bird skeletons, or in the more porous, cancellous bone of
dolphins. In addition, amino-acid analysis of a specimen cleaned with a commercial enzyme-
containing detergent indicated that about 75% of its bone protein had been destroyed and
that oxidation of amino acids had occurred. Methionine sulfone (an amino-acid oxidation
product) was identified in the amino-acid chromatogram, and its presence may be used to
indicate whether commercial detergents used to clean bone also contain an oxidizing agent.

Many institutions that maintain osteological collections also maintain active
colonies of dermestid beetles to clean specimens. The maintenance of these col-
onies, as well as the final steps for preparation of the skeletons after cleaning by
dermestid beetle larvae, are time and labor intensive.

Maceration in water is a common practice that has been recommended and
used for many years as a method of removing the remaining muscle from the
skeletons of small, partially cleaned vertebrate specimens. The success of this
method depends on the presence of exogenous protein-degrading enzymes. These
enzymes are produced by airborne microorganisms that grow on the nutrients
released into the water solution as a result of biological activity. Some of the
drawbacks of this technique include the length of time necessary for complete
dissolution of the tissue mass from the bone and the attendant potential for pro-
moting protein hydrolysis. Also, some airborne microorganisms may produce col-
lagenase (a collagen attacking enzyme) that can hydrolyze collagen-based con-
nective tissue and bone protein.

To mitigate both the amount of time and labor used to prepare osteological
material, protein-digesting enzymes have also been used for more than 90 yr to
speed the maceration process (Kerchoff 1934, Luther 1949, Moser 1906). In par-
ticular, the proteolytic enzyme trypsin has been used in the Department of Ver-
tebrate Zoology, United States National Museum of Natural History (USNM),
Smithsonian Institution, for more than 20 yr.

Recently, a large number of uncataloged and partially cleaned avian osteolog-
ical specimens, housed under a variety of conditions for up to 70 yr at the USNM
were sorted and hand-cleaned in preparation for their addition to the permanent
collections. During the hand-cleaning procedure, deterioration or softening of
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bone was observed in a portion of the material. This deterioration was attributed
to the previous use of trypsin as part of the preparation technique.

Noting this deterioration, we decided that efforts should be made to document
osteological preparation methodologies that have been poorly recorded in the past,
and that the use of proteinases as a method for preparing delicate or difficult to
clean skeletal material required further examination. In addition, we wanted to
address some of the long-term chemical effects (safety) of using the proteinase,
trypsin, to accelerate maceration for cleaning research skeletal specimens.

We chose trypsin because: (1) it is active at a relatively neutral pH, (2) it is
inexpensive, (3) it has a rapid hydrolysis rate, (4) it is active at a temperature not
found in collection storage areas, yet easily attainable under laboratory conditions,
and (5) it has been recommended and used in the past as a specimen preparation
technique (Fraser and Freihofer 1971, Mahoney 1973, Taylor 1967).

The maximum hydrolytic activity and stability of trypsin occur at a pH between
7 and 9 and a temperature between 35°C and 50°C. There is a rapid fall in activity
(stability) above 50°C, with deactivation occurring at about 70°C (Anonymous
1990). Consequently, an operational balance must be struck between the speed at
which trypsin hydrolyzes proteins (faster at higher temperatures) and the length
of time during which it retains its activity (longer at lower temperatures).

MATERIALS AND METHODS

Experiments to examine the preferred conditions for trypsin maceration centered on Glossy Swift-
lets, Collocalia esculenta septentionalis (Aves: Apodidae), collected by mist net on 11-12 March 1990
at Naguilian Church, Fuga Island, Babuyan Island Group, northern Philippines. Four pairs of previ-
ously macerated dolphin flippers (two Tursiops truncatus and two Delphinus delphis) were also ana-
lyzed to ascertain whether trypsin maceration could be used to clean cetacean (sea mammal) bones.

Sample Preparation

At the time of collection, the swiftlet specimens were weighed using a Pesola® spring scale capable
of measuring a maximum weight of 10 g. The specimens were tagged, skinned, sexed, eviscerated,
and loosely bound with string before being air dried. Great care was exercised to ensure that no insect
infestation occurred, and that no chemicals came in contact with the carcasses in the field or on their
transport to the Museum.

In the museum, each dried carcass was weighed, without the string and tag, using a Fisher Model
300-D dual range capacity top-loading electronic balance in the 30 g mode with 0.001 g sensitivity.
Carcass weights varied from 0.87-1.59 g, with a mean weight (¥) of 1.2 * 0.12 g (SD). The total
number of weighed specimens was 242. To limit variation in the size of individual samples, we selected
only those carcasses that weighed within one standard deviation of the mean, or 1.08-1.32 g (171
specimens), to serve as the pool from which we drew specimens for the experiments.

The dolphin flippers were cleaned by hand prior to maceration to remove most of the skin, cartilage,
and flesh.

Maceration Methods

Trypsin solutions were made by adding the purified enzyme (Fisher Scientific Co. T-360) to a 0.1-M
potassium phosphate buffer (Gomori 1955) at pH 7.7.

Maceration experiments were conducted in a walk-in freezer that was converted to an environmental
chamber by the installation of a Broan®™ 500 watt (1,707 BTU/hr) fan-forced wall heater. Temperatures
were monitored initially by a 7-day recording hygrothermograph and later optically monitored on a
daily basis using a nonrecording wall-mounted thermometer. Temperatures were recorded in degrees
Fahrenheit (but are reported here in degrees Celsius) and were found to fluctuate by 2°C (x = 1°C)
as the heating system cycled.

Ten series of 10 swiftlets each were macerated either in deionized water or in a buffered trypsin
solution. We varied the amount of solution, the temperature, and the trypsin concentration.
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Table 1. The weight in milligrams of bone samples taken for amino acid analysis.

Sample number

1 2 3 4 5 Mean
Sd 7.01 5.39 12.99 13.83 15.89 11.02
SO 8.82 9.22 9.88 13.40 9.67 10.20
S1 9.93 10.19 8.22 9.94 9.62 9.58
S15 9.90 9.72 11.88 10.83 12.43 10.95
S20 10.79 10.67 9.72 12.16 — 10.98
DO 11.67 11.11 13.85 9.47 — 11.52
D10 9.12 11.08 11.57 12.27 — 11.01

Sd, dermestid-cleaned swiftlet; SO, water-macerated swiftlet; S1, swiftlet macerated using 1 g/L. of
trypsin; S15, swiftlet macerated using 15 g/L. of trypsin; S20, swiftlet macerated using 20 g/L
of trypsin; DO, dolphin macerated in water; D10, dolphin macerated in 10 g/L of trypsin.

Specimens were macerated at three temperatures: 35, 36, and 38°C. However, because of the con-
straints of time and sample size, the volumes of the solutions were not varied within a temperature
regime, the volumes only varied between temperatures. Specimens macerated at 35°C were placed in
300 ml of solution. Trypsin concentrations were either O (deionized water only), 5, or 10 g/L. These
tests were carried out from 28-64 days. Specimens macerated at 36°C were placed in 100 ml of
solution. Trypsin concentrations were either 0, 1, 10, or 20 g/L. This test ended at 112 days if a
trypsin solution was used and at 199 days if the specimens were in water. Specimens macerated at
38°C were placed in 200 ml of solution. Trypsin concentrations were 0, 10, and 15 g/L. These tests
ended after 66 days.

The dolphin flippers were macerated at 38°C in 3-L flasks either in deionized water, or in a 10 g/L
trypsin solution.

Bottles containing the maceration solution were manually agitated by shaking approximately every
other day.

At the end of each maceration experiment (from 1-199 days, depending on maceration conditions),
specimens were categorized as being either clean or not clean. For this study, no attempt was made
to periodically quantify the degree of cleaning or to assign a rate at which the cleaning process
proceeded. Specimens categorized as clean at the end of a given test were completely free of any
adhering soft tissue. Specimens categorized as not clean included those that were unchanged, as well
as those that may have had only a few tendons left attached to the sternum. Dermestid-cleaned
skeletons and deionized water-macerated specimens were used for comparison.

Amino Acid Analysis

Ulnae or parts of ulnaec weighing between 5.4-15.9 mg from 24 swiftlets were placed in 2-ml
screw-cap, Teflon®™-lined, glass vials for hydrolysis. These were ulnae that had been cleaned by
dermestid beetles, macerated in deionized water, or macerated in various trypsin solutions. After
maceration in water or a trypsin solution, samples of approximately 10 mg were taken from one edge
of an ulna of the dolphin specimens and also were placed in 2-ml screw-cap hydrolysis vials. Table
1 contains a summary of the samples and their weights.

Approximately 0.5 ml of 6 N hydrochloric acid was added to each vial. Each sample then was
flushed three times with dry nitrogen gas to exclude oxygen and heated at 150°C for 20 min to
hydrolyze the proteins to their constituent amino acids. After hydrolysis, the hydrochloric acid was
evaporated from the samples under a stream of nitrogen gas. One milliliter of dilute (0.02 N) hydro-
chloric acid then was added to the samples to redissolve the amino acids previously released by
hydrolysis. These solutions were centrifuged to remove any remaining particulate matter.

The approximate amount of calcium present in each sample was estimated as being 75% of bone
weight, and a relative part of the corresponding solution equal to or less than 0.1 mg of bone (25 pg
bone protein) was taken for analysis. This small amount was taken to avoid subsequent deterioration
of amino-acid analyzer column performance caused by calcium-resin binding. Amino-acid analyses
were conducted on a high-performance liquid chromatograph similar to the one described by Benson
and Hare (1975). Of the 18 amino acids commonly found in bone proteins (cf. Rose and Von Endt



54 COLLECTION FORUM Vol. 13(2)

0 510 1 0
100 - A 1004 S oF ~ B
20
w
§80 10 § 80 1015
860 - 8 60
1 r=! 10 20
= 40 510 is S 40
0
20 20 -
0 - - 0
35 36 38° 35° 36" 38°

Figure 1. The mean maceration time in days (MMT: A) to achieve the mean degree of cleaning (B)
in swiftlet ulnae at three temperatures. Trypsin concentrations (in g/L) are the numbers at the top of
each bar.

1984), this analytical method is designed to determine the presence and amount of 15 of these (for
details of the procedure, see Von Endt 1994). As used by us, this method does not record the presence
of the amino acids hydroxyproline, proline, or hydroxylysine. Although indicative of bone collagen,
these three amino acids are reasonably stable (compared to those such as serine and threonine), and
we felt that their presence in our analyses would not have materially contributed to the question of
protein deterioration by the trypsin cleaning method.

RESULTS AND DiISCcUSSION
Maceration Experiments

The data for the swiftlets, grouped by temperature, are presented as mean mac-
eration time per group in Figure 1A and as the percent cleaned in each group in
Figure 1B.

For the specimens macerated at 35°C, the test ended at 64 days with all trypsin-
solution treated specimens categorized as clean, but 40% of the water macerated
specimens were categorized as not clean. Mean maceration time required to
achieve these results per group varied from 28.4 days using 10 g/L trypsin, to
29.7 days using 5 g/L trypsin, to 41.6 days in water (Fig. 1).

For specimens macerated at 36°C, mean maceration time of the trypsin group
at a concentration of 1 g/L. was 48.9 days with all the specimens recorded as
being clean. Mean maceration times of trypsin groups at concentrations of 10 g
and 20 g/L. were 72.0 and 79.7 days respectively, with 50% of the specimens
categorized as clean at the end of 112 days. For the water-macerated group, mean
maceration time was 100.9 days with one specimen considered not clean after
199 days (Fig. 1).

For specimens macerated at 38°C, mean maceration time ranged from 25.4 days
for the water-only groups with all the specimens categorized as clean, to 43.4
days (10 g/L trypsin) with 70% of the specimens considered clean at the end of
66 days, to 35.9 days (15 g/L trypsin) with 70% of the specimens recorded as
clean at the end of 66 days (although one specimen was clean at the end of 5
days) (Fig. 1).

The dolphin flippers in the 10 g/L trypsin solution were designated as clean at
the end of 1 day; the water-macerated flippers also were clean, but at the end of
7 days.
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The maceration data described above indicate that water (enzymes from air-
borne microorganisms) works to some degree, but it can take a significantly longer
time than trypsin-enhanced maceration. At 35°C, the average maceration time for
water cleaning was 41.6 days, but even at the end of 64 days, 40% of the spec-
imens were still categorized as not clean. At 36°C, the mean maceration time for
cleaning in water was 100.9 days, with 95% of the specimens considered clean
at the end of 199 days. At 38°C, all specimens were categorized as clean in an
average time of 25.4 days under the same conditions.

The trypsin-cleaning data are more variable and provide some apparent anom-
alies that require further study. At 35°C, all specimens categorized as clean in
either 5 or 10 g/L trypsin solutions required a mean time of about 30 days;
generally, about half the time it took in water under the same conditions. Inter-
estingly, at 36°C, all the 1 g/L trypsin groups were categorized as clean after a
short period (¥ = 49 days), about half the time for water at the equivalent tem-
perature, whereas only 50% of the 10 and 20 g/L groups were considered cleaned
at the end of 112 days. The latter results may represent the influence of the
relatively small (100 ml) volume used in the experiments; a larger minimum
volume may be required for enzyme maceration of these specimens. At a higher
temperature, 38°C, the water-only maceration worked better than trypsin; the mean
time for water was about 25 days for all the specimens to be categorized as clean,
whereas 70% of the specimens in both the 10 and 15 g/L trypsin solutions were
categorized as clean, in 43.4 and 35.9 days, respectively. This may be the result
of the pure enzyme being slowly deactivated at this temperature, whereas the
microorganisms (and their enzyme production) flourished in the deionized water.

Initial inferences drawn from these data indicate that slightly elevated temper-
atures (approximately 35-37°C, compared to a room temperature of about 21°C)
and a larger volume of solution significantly enhance the maceration process. In
general, the concentration of trypsin and the volume of solution (provided it is
about 200 ml or more per specimen) seem to have less influence on the maceration
rate or degree of success. However, it must be noted that the fastest time for
cleaning a swiftlet was 5 days in a 15 g/L trypsin solution at 38°C. Also, in most
cases, the use of trypsin reduced the maceration time by approximately 50%. The
longest maceration time recorded was 199 days with water at 36°C, with even
this length of time leaving one of the specimens categorized as not clean.

Two observations became apparent in the course of this study: (1) the growth
of microorganisms in the maceration solutions was suppressed by the incorpora-
tion of trypsin, and (2) under the conditions of this study, trypsin exhibits a fairly
short activity life (Anonymous 1990). These observations, although not complete-
ly unanticipated, are probably partially responsible for the observed anomalies in
the survey results and must be incorporated in the experimental design of any
future studies. The speed of enzyme action, enhanced by high temperature, must
be balanced against enhancing the longevity (stability) of the enzyme using lower
temperatures.

Amino Acid Analysis

Representative samples were subjected to amino-acid analysis to quantify the
effect the maceration procedures had on the stability of bone protein. We also
compared specimens that had been cleaned using dermestid beetles. The relative
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Figure 2. Analysis of a standard mixture of amino acids. Abbreviations are: aspartic acid (Asp),
threonine (Thr), serine (Ser), glutamic acid (Glu), glycine (Gly), alanine (Ala), valine (Val), methionine
(Met), isoleucine (Ile), leucine (Leu), tyrosine (Tyr), phenylalanine (Phe), histidine (His), lysine (Lys),
ammonia (NH,), and arginine (Arg).

proportion of each amino acid was determined for each sample using the chro-
matograms produced by the amino-acid analyzer. Representative chromatograms
are presented as Figure 2 (a standard mix of amino acids and ammonia that are
used to identify and quantify the amounts of the amino acids in the specimen
samples) and Figure 3 (a chromatogram of a swiftlet ulna cleaned by dermestid
beetles). The data in Figures 2 and 3 indicate what is to be expected in an analysis
of bone entering an osteological preparation laboratory, and these data serve as
an internal standard. Figure 4 represents a sample from a swiftlet ulna cleaned in
a concentrated (20 g/L) trypsin solution. As may be seen by comparing Figures
3 and 4, no detectable changes have occurred as a result of trypsin-accelerated
maceration.

Furthermore, data from the analyzed specimens were quantified and are pre-
sented as the mean percent amino acid composition for each sample group in
Table 2. Fifteen amino acids were found in the bone samples as expected. Am-
monia (NH,) in the chromatogram indicates amino acid deterioration introduced
to some degree by the hydrolysis procedure and is a component of the buffers
used to separate the amino acids on the analyzer. An abnormally high amount of
ammonia in the macerated samples would indicate that bone deterioration had
occurred. The distribution of amino acids within each sample was typical for
collagen (Rose and Von Endt 1984), the major protein found in bone, and the
variation in the amount of each amino acid among the samples was within ac-
ceptable limits of error. The amino acid glycine varied the most, 1.1%, with the
rest of the amino acids varying less than 1% across the samples.

Of the 15 amino acids detected by the amino-acid analyzer, two (in addition
to high levels of ammonia) can be particularly useful as indicators of bone protein
deterioration. Ammonia was of interest because levels above the sum of that
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Figure 3. Analysis of a Dermestes-cleaned swiftlet ulna. Abbreviations are: aspartic acid (Asp),
threonine (Thr), serine (Ser), glutamic acid (Glu), glycine (Gly), alanine (Ala), valine (Val), methionine
(Met), isoleucine (Ile), leucine (Leu), tyrosine (Tyr), phenylalanine (Phe), histidine (His), lysine (Lys),
ammonia (NHj;), and arginine (Arg).

present in the buffers and expected from hydrolysis (>6%, Table 2, Figs. 2—4)
would indicate clearly that the cleaning procedure had damaged the bone. The
uniform (<0.9% variation) and low (3.8—6.0%) ammonia levels in all sample
groups, including the dry, dermestid-cleaned control group, indicate that any de-
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Figure 4. Analysis of a trypsin-treated swiftlet ulna. The pattern and amounts of amino acids are the
same as the dermestid-cleaned control. Abbreviations are: aspartic acid (Asp), threonine (Thr), serine
(Ser), glutamic acid (Glu), glycine (Gly), alanine (Ala), valine (Val), methionine (Met), isoleucine
(Ile), leucine (Leu), tyrosine (Tyr), phenylalanine (Phe), histidine (His), lysine (Lys), ammonia (NH,),
and arginine (Arg).
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Table 2. Percent amino-acid composition of the ulnae.

Sd SO S1 S15 S20 DO D10 x SD ENZ COL#

Aspartic acid 6.6 6.2 5.9 6.1 6.2 6.1 6.2 62 02 8.5 7.1

Threonine 2.6 23 2.1 2.2 2.5 2.7 2.8 25 03 4.8 2.5
Serine 4.3 3.8 3.8 3.9 4.0 5.0 5.1 43 06 7.7 4.2
Glutamic acid 10.3 9.7 9.6 9.8 103 9.1 9.2 9.7 05 121 119
Glycine 351 367 382 384 369 362 371 369 11 354 253
Alanine 145 140 144 145 141 130 132 140 06 128 105
Valine 2.0 1.9 1.7 1.7 23 2.0 1.8 1.9 02 53 2.7
Methionine 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 00 — 0.8
Isoleucine 1.2 1.2 1.2 1.0 1.2 1.1 1.1 1.1 0.1 1.7 1.7
Leucine 4.1 3.4 3.2 32 3.7 3.2 3.1 34 04 4.4 3.9
Tyrosine 1.0 1.0 0.5 0.7 1.0 1.0 0.7 08 02 0.7 0.6
Phenylalanine 2.0 1.9 1.7 1.8 2.0 1.8 1.8 1.9 0.1 1.6 2.9
Histidine 15 1.9 1.7 1.8 2.0 1.8 1.8 1.8 02 — 1.0
Lysine 32 33 33 3.0 3.2 3.5 35 33 02 1.7 4.1
Ammonia® 4.1 6.0 5.7 4.8 3.8 6.0 5.8 52 09 3.1 —
Arginine 5.5 5.7 5.5 5.3 5.5 5.8 55 55 02 2.0 9.2

Sd, dermestid-cleaned swiftlet; SO, water-macerated swiftlet; S1, swiftlet macerated using 1 g/L. of
trypsin; S15, swiftlet macerated using 15 g/L of trypsin; S20, swiftlet macerated using 20 g/L.
of trypsin; DO, dolphin macerated in water; D10, dolphin macerated in 10 g/L of trypsin;
ENZ, the Ossian Collection specimen.

* Collagen data adapted from Rose and Von Endt (1984) for comparative purposes.
> These concentrations have been adjusted to account for residual ammonia present in the analytical
system buffers.

terioration of bone protein caused by the maceration-cleaning procedures was also
very low, or nonexistent. Furthermore, of the naturally occurring amino acids
found in bone, threonine (Thr) and serine (Ser) are two that are particularly sen-
sitive to changes that disrupt bone protein, and they are therefore excellent indi-
cators of bone protein integrity. Their presence at expected levels in all the sample
groups used in the analyses similarly indicates minimal or no deterioration caused
by the cleaning methods.

The other 13 amino acids that were analyzed are more stable, and, although
they are less diagnostic indicators of bone integrity, minimal variation in their
composition in all groups is another indication that the cleaning methods did not
introduce deterioration (Figs. 3, 4, Table 2).

The species selected for these experiments represent extreme variation in both
size and bone structure. The bird ulnae have the hard brittle structure typical of
compact bone, whereas the dolphin ulnae were more cancellous (porous). Because
of increased porosity, the surface area per unit volume available for destructive
action by these cleaning methods is much larger in the dolphin ulnae than in the
bird samples. However, the data in Table 2 indicate that there is little variation in
their constituent amino-acid composition, which suggests little or no destructive
action caused by the cleaning methods. Again, this is encouraging and suggests
further that the cleaning methods are applicable across diverse taxa.

Limitations

Two limitations of these experiments are that the number of available swiftlets
was insufficient to maintain valid sample sizes for the number of variables that
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needed to be analyzed, and the time required to fully process all these specimens
under a wide variety of conditions would necessitate the use of several environ-
mental chambers, not the one which was currently available. Consequently, these
experiments represent a “‘survey” of a few temperatures, volumes of solutions,
and trypsin concentrations used to enhance the water maceration of osteological
specimens. Although encouraging trends are discernable in the data, caution is
advised in applying this information. More thorough testing of the temperatures,
minimum maceration volume, and optimal trypsin concentration are planned, and
those data may modify our survey results.

In future experiments we also plan to use a more finely graded series to describe
the cleaning results, because the use of such a series here would have indicated
that many specimens we categorized as not being clean had, in fact, more than
90% of adhering material removed from their bones. Moreover, these specimens
may have been usable for some applications.

Enzyme-containing Detergents

Shelton and Buckley (1990) criticized the use of enzymes for cleaning bone
based on the observed deterioration of the Clair Ossian vertebrate collection,
which had been cleaned using enzyme-containing detergents. Included in Table 2
are the results of an amino acid analysis of one of the Ossian-prepared specimens
(Ossian 1970), Pomoxis nigromaculatus (Osteichthyes: Centrarchidae), labelled
ENZ. The amino acids present in that sample exhibit a distinct bone-collagen
distribution, and this distribution is comparable to the analyses of our material in
Table 2. A distribution of about 35% glycine (Gly), 13% alanine (Ala) and about
10% each of aspartic acid (Asp) and glutamic acid (Glu) is the “‘signature’ for
collagen. Note that Table 2 does not indicate that the amino acids in the sample
ENZ were observed to be at a level of about 25% of that observed for all other
samples in this study. In other words, the bones of P. nigromaculatus described
by Shelton and Buckley (1990) and analyzed by the authors were greatly dete-
riorated and had lost about three-quarters of their total (collagen) protein content;
although the protein remaining in the bone still retained its collagen-like “‘sig-
nature.” :

Chaplin and Bucke (1990:140) provide a generic list of ingredients expected
in enzyme detergents, which indicates that less than 1% of their composition is
proteolytic enzymes. However, other listed components such as oxidizing agents
(25%), surfactants (28%), and water softeners (38%), can easily account for the
deterioration observed by Shelton and Buckley (1990). Oxidizing agents are
known to remove the organic matrix of bone and compromise the integrity of
bone by oxidizing and destroying both the proteins and their constituent amino
acids. One indicator that this has actually occurred in the sample of P. nigro-
maculatus (Table 2, ENZ), is the absence of the amino acid methionine (Met) in
the analysis. This is unusual, because all of the other samples analyzed for this
study contain a small (about 1%) but detectable and quantifiable amount of Met
(Figs. 2—-4, Table 2). However, what did appear in the analysis of ENZ was a
small (about 1%) peak identified as methionine sulfone (MES), an oxidation prod-
uct of Met. The presence of MES indicates to us that oxidation has occurred in
this sample (and probably the others reported by Shelton and Buckley 1990), and
that the oxidizing agent in the enzyme-based detergent (probably a bleach) is
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responsible for any observed bone deterioration. An amino acid analysis that
includes the detection of MES may serve to indicate whether a bone sample has
been treated with an oxidizing agent.

Surfactants and water softeners (many water softeners contain large amounts
of chelating agents) can aid in the removal of destroyed proteins from the bone
leaving only a part of its inorganic components, which are brittle and friable.
Consequently, the conclusion that a proteolytic enzyme present in a commercial
laundry detergent used to clean skeletal material was responsible for the damage
observed (as reported by Shelton and Buckley 1990) is probably premature. How-
ever, based on the data and discussion presented above, we concur with Shelton
and Buckley (1990) that the use of commercial detergents or presoakers (rec-
ommended by Ossian 1970 and Patterson and Brattstrom 1971) certainly should
be discouraged. Further, enzyme mixes such as commercially available pancreatin
(Egerton 1968) and papain (Luther 1949) also should be avoided, because enzyme
mixes may contain other destructive agents.

One footnote of interest is that, though destructive when used to macerate bone,
enzyme-containing detergents have been used with seeming success as a ‘“‘signal
enhancer” in DNA hybridization experiments (Johnson et al. 1993). Here, a laun-
dry whitener/brightner was used to reduce nonspecific hybridization signals and
improve the specificity of detection of mosquito species-specific DNA probes.

Other Preparation Methods

Preparation methods that utilize autoclaving (Brown and Twigg 1967) or boil-
ing (Chapman and Chapman 1969, Storer 1988) are likely to hydrolyze proteins
and enhance the migration of lipids and complex carbohydrates within the bone,
as well as enhance the removal of protein fragments, lipids, and carbohydrates
from bone to the surrounding solution. This potentially can cause damage to the
bone by affecting its stability. Chelating agents such as ethylenediaminetetraacetic
acid (EDTA), whose use is recommended by Hill (1975), react with the divalent
calcium cation, destroying the bony inorganic matrix. Because calcium phosphate
comprises about 75% of bone by weight, the use of chelating agents should be
avoided. Soaking skeletal material in bases such as ammonium hydroxide solu-
tions (Egerton 1968) promotes the hydrolysis of collagen, the principal organic
component of bone, and could have potentially catastrophic results. The use of
any oxidizing agent such as those found in some commercial detergents, and
sodium hypochlorite bleach (Brown and Twigg 1967, Rhodin et al. 1976, Sanders
1953), will destroy the collagen matrix. In addition, the papain and pepsin meth-
odologies proposed by Piechocki (1961) involve the use of acids that will rapidly
dissolve the calcium phosphate portion of bone, as well as promote hydrolysis of
bone collagen.

Enzymes effect a wide variety of chemical reactions. As biological catalysts -
they are not only efficient but because they are subject to control and reaction
mechanisms themselves, they are very specific. The usefulness of purified en-
zymes for cleaning a variety of materials has gained acceptance by conservators
of artistic and historic works (see Grattan et al. 1980, Hauser 1993, Morse 1992).

CONCLUSIONS

Commercial use of enzymes concurrent with research on their characterization
and specificity has increased dramatically over the past decade (Chaplin and
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Bucke 1990). New enzymes are being classified almost as fast as new uses for
them are developed. The use of biological catalysts such as enzymes in the prep-
aration and conservation of natural history objects has been overlooked to a large
extent because of the prevalence of traditional approaches. Enzymes should be
considered, however, because of their speed, ease of use, specificity, and efficacy.

Proteolytic enzymes have been used for many years to speed the laborious
process of cleaning small vertebrate skeletons. In the past, the use of commercial
detergent/enzyme combinations has often led to disastrous results.

We conducted preliminary studies using the purified proteolytic enzyme trypsin
to speed the maceration of small bird skeletons and dolphin flippers. Our results
indicate that, under the appropriate conditions (temperatures ranging from 35—
38°C and an approximately neutral pH), the use of trypsin speeds the maceration
process. It appears to be safe, because it introduces no detectable changes in the
amino-acid composition of the bones used in these experiments. The use of trypsin
appears to be preferable to some other skeleton-cleaning methods recommended
in the literature.

However, amino-acid analysis of a fish skeleton cleaned with a commercial
detergent that contained enzymes as one of its ingredients indicated that about
75% of its bone protein had been destroyed, and that oxidation of the amino-acid
methionine had occurred to yield the oxidation product methionine sulfone. The
presence of this compound in an amino-acid chromatogram may serve to indicate
whether a commercial detergent used to clean bone also contained an oxidizing
agent.
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Abstract.—The impact of Resistall specimen tag paper on the pH of pure water and
ethanol was tested. Resistall paper makes the pH of storage fluids more acidic. The acid
from Resistall paper is highly mobile and will effect the pH of storage fluids in less than 4
days. The ratio of Resistall paper to quantity of storage fluid influences the rate of the
lowering of the pH. Ethanol slows the process of increasing acidity, but the pattern of
lowering the pH is the same for. ethanol and pure water. There are some slight differences
in how 28# and 36# Resistall effect pH, but the differences are not significant.

Traditionally, most natural history specimens have been obtained under field
conditions, selected individuals have been tagged with specimen labels, and fixed
by immersion or injection with formalin. Subsequently, the specimens have been
washed with water and stored in sealed jars of 70% ethanol or 55% isopropanol
(Cannell et al. 1988, Cato 1986, Hildebrand 1968, Phillips 1988, Simmons 1991,
Smith 1965, Taylor 1977). Each of these processes and materials impacts the
ultimate fluid environment in which the specimens are housed (Duckworth et al.
1993, Rose 1991, Simmons 1991). Because it is important to understand the
potential effects that each of these materials and conditions may have on the pH
level of solutions used in fluid-preserved natural history collections, we conducted
a series of experiments to test the effects of cellulosic paper labels, jars, lids,
environmental conditions, and preserved specimens upon the storage fluid (Sim-
mons 1991, 1993, 1995, Taylor, 1977). The pH of the storage fluid is of concern
to collection managers and research scientists, because decalcification of osteo-
logical tissues (Dingerkus 1982, Jones and Owen 1987, Quay 1974, Simmons
1987, 1991, Smith 1965, Von Endt and Hare 1997a, Zweifel 1966) and the de-
terioration of soft tissues and proteins (Stoddart 1989, Von Endt and Hare 1997b)
occur over time when the pH of the storage solutions is excessively acidic or
basic. The pH of the storage fluid ideally should be maintained between 6.5 and
8.0 (Dingerkus 1982, Hawks and Williams 1986, Jones and Owen 1987, Simmons
1995, Taylor 1977). Investigators should note that pH values above 8.0 are of
concern as well as acidic values, because highly alkaline solutions can degrade
proteins, resulting in clearing of the tissues of the specimens (Dingerkus 1982,
Taylor 1977); however, our experiments did not focus on this phenomenon.

The purpose of the experiment reported herein was to test for changes in the
pH of three solutions as a result of the introduction of Resistall paper specimens
tags. Paper containing sizing, lignin, or organic acids, and other chemicals, which
may serve as a catalyst for chemical reactions, is inherently unstable and may
accelerate the deterioration of the label as well as the specimens (Hawks and
Williams 1986, Kishinami 1989, Smith 1965). Hawks and Williams (1986) rec-
ommend 100% cotton stock paper with a neutral to mildly acidic pH (6.5-7.0)
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for use in vertebrate collections. Resistall paper has been recommended for use
in natural history collections for several decades (Jones and Owen 1987, Smith
1965, Williams 1990). Resistall is a long-fiber cotton paper that is stable in the
solutions used in fluid-preserved collections. However, the problem with this pa-
per is that it has a pH ranging from 4.5 to 5.2 (Williams 1990), decidedly not
archival quality. The Resistall procedure incorporates a specially formulated wet-
strength resin (melamine, C,H,N,) into the cotton pulp used to make archival-
quality paper. Melamine resins used in water-resistant coatings are usually a syn-
thetic alkyd that is prepared by treating melamine with formaldehyde. Melamine
is a trimer of cyanamide (CH,N,), which is a highly caustic compound prepared
by carbonation of calcium cyanamide (Merck and Co. 1983, Brady and Clauser
1991). The paper pulp is treated with an acid that is used to force the melamine,
remixed in an 8% alum solution known as paper-maker’s acid, into a solution so
that it will coat and harden every cotton fiber in the pulp, creating the paper’s
resistance to the solutions used in fluid-preserved collections and, in turn, low-
ering the paper’s pH (Williams 1990).

It is important to have a basic knowledge of the pH scale and its underlying
chemistry to understand how the pH of test solutions are changed (Joesten et al.
1991). The pH of a solution is the negative log of the hydrogen ion [H*] or
hydronium ion [H;O*] concentration. Pure water is neutral giving it a pH of 7 in
which the number of H,O" ions equals the number of hydroxide ions [OH].
Acids form H,O" ions in water, thus having a pH of <7; bases form OH™ ions
in water, thus having a pH of >7. When an acid reacts with a base, the acid
supplies H* ions, which react with OH~ ions from the base to form water, H,O.
The reverse of this reaction, in which water breaks down, results in the production
of a hydrogen ion and a hydroxide ion. Not all acids lose hydrogen ions as readily
to water as do the strong acids. Some negative ions formed by the loss of the
hydrogen ions in these weaker acids are capable of competing with water for the
hydrogen ion being exchanged. The result of this competition is the establishment
of an equilibrium in which the concentration of ions in solution remains un-
changed even though reactions in both forward and reverse directions continue.
In strong bases the reverse reaction is much stronger so that the negative ion
formed by the base is a much stronger base than the water molecule.

Because it was the purpose of this experiment to test only the effects of the
labels on the pH, all the tests used the same type of container and lid, and the
solutions were all subject to the same environmental conditions. To clearly iden-
tify the effects of the labels on the pH of the solutions, specimens were not
introduced as a factor in the experiments. All runs of this experiment incorporated
controls. We are aware of the pH shift caused by ethanol solutions as described
by Brokerhof (1997). We incorporated experiments using pure water to serve as
a comparison to the ethanol solutions to assess the effects of this shift. Concen-
trations of the ethanol solutions were maintained as close to constant as possible
to avoid shifting the properties of the ethanol (Waller and Strang 1996).

MATERIALS AND METHODS

Resistall paper (manufacture’s specifications—26#, 0.005 in. thick, and 36#, 0.006, presented in a
letter from University Products, Inc., dated 4 April 1990, supplied in response to a request for infor-
mation on Resistall), produced by Byron-Weston, was obtained from University Products. The paper






