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Abstract Estimating the time since death is a very important
aspect in forensic sciences which is pursued by a variety of
methods. The most precise method to determine the postmor-
tem interval (PMI) is the temperature method which is based
on the decrease of the body core temperature from 37 °C.
However, this method is only useful in the early postmortem
phase (~0—36 h). The aim of the present work is to develop an
accurate method for PMI determination beyond this present
limit. For this purpose, we used sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), Western blot-
ting, and casein zymography to analyze the time course of
degradation of selected proteins and calpain activity in porcine
biceps femoris muscle until 240 h postmortem (hpm). Our
results demonstrate that titin, nebulin, desmin, cardiac tropo-
nin T, and SERCA1 degraded in a regular and predictable
fashion in all samples investigated. Similarly, both the native
calpain 1 and calpain 2 bands disintegrate into two bands
subsequently. This degradation behavior identifies muscular
proteins and enzymes as promising substrates for future
molecular-based PMI determination technologies.
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Introduction

The delimitation of the postmortem interval (PMI) is a very
important aspect in forensic sciences. To determine the PMI as
exactly as possible aids to reveal the circumstances of death
and therefore has legal relevance in appropriate cases. To date,
there are numerous approaches that deal with different phys-
ical, chemical, or biological aspects of tissue and/or organ
decomposition. The most precise method to determine the
PMI is the temperature method which is based on the decrease
of'the body core temperature from 37 °C. However, this meth-
od is only useful in the early postmortem phase (~0-36 h
postmortem, hpm) [1]. Additional methods for PMI delimita-
tion in this phase involve supravital reactions of tissue [2],
such as electrical stimulation of eyelid muscle [3, 4] and phar-
macological excitability of the iris [3, 4]. Further applied
methods include the analysis of vitreous potassium and
hypoxantine [5], rigor and livor mortis [6], and analyses of
biological clock genes [7]. The late phase (from ~120 hpm
onward) is relatively well characterized by forensic entomol-
ogy [8]. More recently, the late phase was characterized by
postmortem changes of the microbial community in the abdo-
men and on the skin in mice [9] or degradation of tooth pulp
RNA and colorimetric analysis of pulp decomposition [10]. In
contrast to the early and the late postmortem phases, there is a
lack of confidential methods for PMI delimitation in the inter-
mediate phase between approximately 36 and 120 hpm. Sev-
eral approaches have been described to close this knowledge
gap, such as quantitative analyses of DNA degradation [11] or
changes of cartilage structure and function [12]. However,
these procedures have major weaknesses regarding their prac-
ticability and accuracy.

Skeletal muscle appears to be a viable target tissue for PMI
analysis because it is the most abundant tissue in the body and
has a much greater delay in postmortem change compared to
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kidney, pancreas, liver, and heart [13]. Thus, degradation of
muscle tissue is especially interesting for analysis of interme-
diate and late PMI. Several studies have addressed this issue in
the rodent model. Degeneration of muscle has been character-
ized at ultrastructural [14] as well as on protein level [15-17].
Remarkably, it was also shown that human skeletal muscle
undergoes a highly active transcriptional, and possibly trans-
lational phase during the initial 46 hpm [18].

Postmortem degradation of skeletal muscle has also been
intensively studied in the context of meat tenderness and stor-
age. Studies using domestic animals have shown that particu-
larly the degradation of two large cytoskeletal proteins, titin
and nebulin, improves meat tenderness [19-25]. Other cyto-
skeletal proteins that have been suggested to play a role in
meat tenderization are desmin [26], troponin T [23], and
filamin [24]. All these proteins have different rates of degra-
dation. Some proteins have been shown to reproducibly de-
generate into the same degradation products, even in a variety
of species. The native form of titin (also known as T1), for
example, very early degrades into a degradation product
called T2 in pigs [23, 27], cattle [20, 24, 25], rabbits [28,
29], and chickens [22, 26].

It is known that the degradation of such proteins de-
pends upon the activity of Ca*"-dependent calpains, a
family of proteolytic enzymes [21, 30]. In particular, the
family members calpain 1 and calpain 2 (formerly referred
to as p-calpain and m-calpain, respectively) have been
demonstrated to increase meat tenderness by their proteo-
lytic activity. Calpain 1 and 2 are activated upon an in-
crease in the intracellular Ca*" concentration [31] which
occurs when the integrity of the sarcolemma is compro-
mised after death. More recently, it was suggested that
calpain 1 is the main isoform responsible for protein deg-
radation at low temperatures while calpain 2 is activated
at higher temperatures [32].

Based on the knowledge gained from studies investi-
gating the degradation of specific muscle proteins in do-
mestic animals, we aim to develop an accurate method for
PMI delimitation, especially in the intermediate postmor-
tem phase. We also intend to gain additional information
about early and late postmortem changes to supplement or
eventually substitute inaccurate or inefficient existing
methods. For this purpose, we analyzed the time course
of degradation of selected proteins in porcine biceps
femoris muscle until 240 h postmortem. The degradation
behavior of titin, nebulin, x-actinin, tropomyosin, desmin,
cardia troponin T (cTnT), and SERCA1 was assessed
using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) or Western blotting. Casein
zymography was employed to determine the activities of
calpain 1 and calpain 2. The results are intended to iden-
tify proteins which are promising substrates for future
molecular-based PMI determination technologies.
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Materials and methods
Animals and sampling

Three male pigs (commercial crossbreed animals, German
Large Whitex German Landrace, 3 months old) were used
for this study. The animals were killed according to standard
procedures (captive bolt stunning and exsanguination). Both
hind limbs were separated by dissection from each animal and
the first samples taken from each leg (approximately 30 min
after death=0 h samples). The legs were stored separately
under standardized laboratory conditions (temperature, 21+
1 °C; humidity, 35+5 %), and muscle tissue from the belly
of the musculus biceps femoris was sampled at pre-defined
points of time within a period of 10 days pm (6, 12,18, 24, 36,
48, 60, 72, 84, 96, 108, 120, 144, 168, 192, 216, and 240 h).
For sampling, an incision was made through the skin and the
underlying fascia using a surgical scalpel, and a 2x2x2 cm
piece of muscle tissue was removed in a depth of 2 cm. Min-
imum distance between sampling sites was 3 cm. Excised
muscle pieces were subdivided in samples of approximately
100 mg. Samples were snap frozen and stored in liquid nitro-
gen until further use. Frozen samples were homogenized by
cryogenic grinding and subsequent sonication (three bursts at
maximum power). RIPA buffer containing protease inhibitor
cocktail (SIGMA) was used as protein extraction buffer for
SDS-PAGE and western blot. For casein zymography, an ex-
traction buffer containing 50 mM Tris, 5 mM EDTA, and
10 mM 3-mercaptopropane-1,2-diol was used. The homoge-
nate was centrifuged at 1000xg for 6 min and supernatant was
removed and stored at —20 °C (SDS-PAGE and western blot)
or liquid nitrogen (zymography) until further use. Protein con-
centration was measured using Pierce BCA-Assay Kit (Ther-
mo Fisher Scientific Inc.).

SDS-PAGE

SDS-PAGE was performed according to Laemmli [33]. For
the detection of x-actinin, tropomyosin, desmin, ¢cTnT, and
SERCA1 10 % polyacrylamide gels (acrylamide/N,N’-bis-
methylene acrylamide=37.5:1, 0.1 % SDS, 0.05 % TEMED,
0.05 % APS, and 375 mM Tris HCL, pH 8.8) were used as
resolving gels. Five percent polyacrylamide gels (acrylamide/
N,N’-bis-methylene acrylamide=37.5:1, 0.1 % SDS, 0.125 %
TEMED, 0.075 % APS, and 125 mM Tris HCI, pH 6.8) were
used as stacking gels. Total protein (2040 pg) was diluted in
20 wl Aqua bidest/sample buffer (40 % glycerine, 10 %
mercaptoethanol, 0.04 % bromphenol blue, and 250 mM Tris
HCI pH 6.75)=3:1. Samples were then denatured at 90 °C for
5 min and inserted into the gel wells. Electrophoresis was run
at a constant voltage of 150 V until the dye front reached the
bottom of the gel (approximately 1.5 h). The running buffer
contained 25 mM Tris, 195 mM glycine, 2 mM EDTA, and
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0.1 % SDS. Gels were transferred onto polyvinylidine fluoride
(PVDF) membranes in transfer buffer (192 mM glycine, 20 %
methanol, and 25 mM Tris) at a constant current of 250 mA
for 75 min.

Five percent polyacrylamide gels (acrylamide/N,N’-bis-
methylene acrylamide=100:1, 0.1 % SDS, 2 mM EDTA,
0.067 % TEMED, 0.1 % APS, and 200 mM Tris HCI,
pH 8.0) were used for the detection titin of and nebulin,
without stacking gels. Samples were diluted to 80 pg total
protein diluted in 20 pl 4. bidest/sample buffer=3:1, heated
at 90 °C for 5 min and inserted into the gel wells. Electro-
phoresis was run at a constant current of 10 mA for approx-
imately 22 h. Running buffer contained 25 mM Tris,
192 mM glycine, 2 mM EDTA, 0.1 % mercaptoethanol,
and 0.1 % SDS.

After electrophoresis, titin and nebulin gels were stained in
Coomassie dye (0.1 % Coomassie Brilliant Blue R250, 50 %
methanol, and 10 % glacial acidic acid) for 2 h and thoroughly
destained in the same solution without Coomassie dye.

Western blotting

All blots were blocked for 1 h in TTBS (150 mM NacCl,
0.05 % Tween, and 25 mM Tris, pH 7.5) including 1 % bovine
serum albumin (BSA). The following primary antisera were
used: «-actinin (N-19, Santa Cruz, 1:500), tropomyosin
(CHI1, DSHB, 1:250), mouse monoclonal anti-desmin (DE-
R-11, Santa Cruz, 1:8000), mouse monoclonal anti-cardiac
troponin T (CT3, DSHB, 1:250), goat polyclonal anti-
SERCA1 (N-19, Santa Cruz, 1:400), mouse monoclonal
anti-titin (9D10, Developmental Studies Hybridoma Bank
(DSHB), 1:250), and anti-nebulin (N-19, Santa Cruz, 1:250).
Secondary antibodies applied were HRP conjugated polyclon-
al goat anti-mouse (DAKO, 1:10000) and HRP conjugated
polyclonal rabbit anti-goat (DAKO, 1:10000). All primary
and secondary antibodies were diluted in 1 % BSA solution
in TTBS.

After each antibody application, the membranes were ex-
tensively washed in TTBS. Antibody binding was visualized
by 5-min incubation in chemiluminescence substrate
(SuperSignal West Pico) and consecutive exposure to autora-
diography film (Amersham Hyperfilm ECL).

Casein zymography

Casein zymography was performed according to Raser [34]
with slight modifications. Polyacrylamide gels (12.5 %; acryl-
amide/N,N’-bis-methylene acrylamide=37.5:1, 0.1 % TEME
D, 0.05 % APS and 375 mM Tris HCI, pH 8.8) were
copolymerized with 0.1 % casein and used as resolving gels.
Polyacrylamide gels (5 %; acrylamide/N,N’-bis-methylene
acrylamide=37.5:1, 0.125 % TEMED, 0.075 % APS, and
330 mM Tris HCI, pH 6.8) were used as stacking gels. Sample

supernatant was diluted 1:1 in sample buffer (25 % glycerol,
0.1 % bromphenol blue. and 62.5 mM Tris HCI, pH 6.8). This
was again diluted 1:1 in A. bidest and inserted into the gel well
without denaturation. The running buffer contained 25 mM
Tris, 192 mM glycine, and 1 mM EDTA. After a 15-min
prerun at 75 V and 4 °C, the samples were inserted into the
gel wells and electrophoresis was run for approximately 6 h at
75 Vand 4 °C.

The gels were briefly rinsed with 4. bidest, transferred into
incubation buffer with varying CaCl, levels (4 mM, 400 uM,
40 uM CaCly, 0.1 % 3-mercapto-1,2-propanediol, and 50 mM
Tris HCL, pH 7.5), and incubated overnight (12—18 h at room
temperature). Subsequently, the gels were stained in
Coomassie dye (0.1 % Coomassie Brilliant Blue R250,
50 % methanol, and 10 % acidic acid) for 2 h and thoroughly
destained in the same solution without Coomassie dye.

Statistical analyses

The intensity of all protein bands was measured using Gel
Analysis Tools in ImageJ (1.48 v NIH, National Institutes of
Health, USA). Data were further converted into binary infor-
mation (presence vs. absence of bands), and abundance of
bands per time point was used for statistical analysis. For
survival analysis, the Kaplan-Meier estimator was used to
determine the statistic mean point of time as well as the
95 % confidence interval (CI) of all qualitative band changes.
Statistical analysis was performed using SPSS 21 (IBM,
USA).

Results
High molecular weight proteins

In a first experimental series, we aimed to investigate whether
the presence and/or size of certain muscle proteins changes
within the first 10 days pm. For this purpose, we used SDS-
PAGE on 5 % gels to analyze the proteins with the highest
molecular masses present in the muscle biopsies. Seven dif-
ferent protein bands were clearly detected over the investigat-
ed time course (Fig. 1a). In all six legs examined, these bands
revealed similar patterns of location in the gel and similar
temporal appearances/disappearances. The bands conform to
those of large proteins that have been identified in various
mammals [29, 35]. It is known that the proteins between 600
and 900 kDa correspond to nebulin [26, 35]. Proteins larger
than 900 kDa (up to 4 MDa) represent titin isoforms and titin
derivatives [29]. Using monoclonal titin and nebulin antibod-
ies, we were able to identify the two bands with the largest
proteins as titin 1 and 2 (T1 at 0 hpm and T2 at 24 hpm) and
two bands as nebulin 1 and 2 (N1 at approximately 900 kDa
and N2 at about 700 kDa) (Fig. 1b). An additional band

@ Springer



424

Int J Legal Med (2016) 130:421-431

PMI [h] 0 6 12 18 24 0

84 96 108 120 144 168 192 216 240

T >
T2 >

1200 kDa »
N1 >

36 48 6

N2 >

<« titin dp1

<« titin dp2

PMI [h] 0 24

T >

>

N1 > :
N2 > =

SDS-PAGE

0 24 0 24

titin WB

nebulin WB

Fig. 1 Titin and nebulin degradation during postmortem storage until
240 h. a Coomassie-stained 5 % acrylamide gels of a porcine musculus
biceps femoris muscle sample reveals the presence of native and/or
degraded forms of titin and nebulin at various time points postmortem.

between T1 and N1 most likely corresponds to a 1200-kDa
titin derivate, which is a well-known degeneration product of
titin [24, 28]. Two bands that appear only after 72 hpm most
likely represent titin degradation products [20] and are there-
fore further referred to as titin dpl and titin dp2.

Results demonstrate that at 0 hpm (hours postmortem), only
four bands were present (T1, the 1200-kDa titin derivate, N1,
and N2) (Fig. 1a). A statistical analysis of the binary outcome
(presence/absence) of the native titin band T1 using the Kaplan-
Meier estimator demonstrates that this protein was present until
14.0+2.0 hpm (Fig. 2a and Table 1). The confidence interval
indicates that the T1 band disappeared to 95 % between 10.1
and 17.9 hpm. The first major titin degradation product T2 was
present from 16.042.0 hpm onward (Figs. 1a, 2a, Table 1). The
appearance of this band occurred in a close time window such
that this band statistically emerged between 12.1 and 19.9 hpm.
The 1200-kDa titin derivative was only detectable for a short
period, with slightly varying vanishing times between samples
(Fig. 1a). The mean disappearance time was at 13.2+2.2 hpm;
95 % vanished between 8.8 and 17.6 hpm (Fig. 2a and Table 1).
At the approximately same position as the 1200-kDa titin form,
an additional degradation product of titin, titin dp1, appeared on
average at 69.6+7.0 hpm (Figs. 1a and 2a and Table 1). Com-
pared to T1, T2, and 1200-kDa titin forms, there was a large
temporal variance in appearance so that the 95 % confidence
interval is between 55.9 and 83.3 hpm. The titin degradation
product titin dp2 has a molecular weight of approximately
800 kDa and emerged on average at 202.0£18.4 hpm
(Figs. 1a and 2a and Table 1). Also, for this peptide, there
was a longer period of appearance which ranged between
165.9 and 238.1 hpm. Titin dp1 and titin dp2 were both present
until the end of the investigated period of time.
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b Western blots (WB) using anti-titin and anti-nebulin antibodies
demonstrate the identities of bands at 0 and 24 hpm. T1=native form of
titin, T2=titin derivative, N1=nebulin 1, N2=nebulin 2, dp=degradation
product

The nebulin band N1 was detectable until 52.8+6.1 hpm
(Figs. la and 2a and Table 1). Similar to the native titin band
T1, the time frame of disappearance was rather short, so that
95 % disappeared between 40.8+64.8 hpm. N2 was detected
in all legs until 84.0+10.7 hpm and it significantly disap-
peared between 63.0 and 105.0 hpm (Figs. la and 2a and
Table 1).

Degradation of x-actinin, tropomyosin, desmin, troponin
T, and SERCA1

Western blot analysis using o-actinin, tropomyosin, desmin,
cardiac troponin T (cTnT), and SERCA antibodies were per-
formed to examine whether these muscle proteins also go
through regular decay processes. These analyzes were initially
performed for 0, 120, and 240 hpm samples. The results re-
vealed that tropomyosin and «-actinin bands were present
throughout the sampling period and no degradation products
could be identified within the first 240 hpm (Fig. 3a, b). By
contrast, analyses of desmin, cTnT, and SERCA1 expression
patterns demonstrated that these proteins degraded in a pre-
dictable fashion in all samples investigated. A more detailed
analysis of desmin showed that the native protein at about
53 kDa was at least present until 224.0+£13.3 hpm (Fig. 3c
and Table 1). The Kaplan-Meier estimate indicates that this
band was significantly present until 198.0 hpm (Fig. 2c).
Within the sampling period, several desmin degradation prod-
ucts were detected with molecular weights between 35 and
50 kDa (Fig. 3c). The most prominent band above 35 kDa,
further referred to as desmin dpl, appeared at 45.0+10.0 hpm
(95 % CI between 25.4 and 64.6 hpm) and sometimes disap-
peared again together with the native band. The mean



Int J Legal Med (2016) 130:421-431 425
a 0 24 48 72 96 120 144 168 192 216 240
T1 N+
T2 [ 4
1200kDa M |
titin dp1 —— I
titin dp2 —— I
b 0 24 48 72 96 120 144 168 192 216 240
N1 I -
N2 I
C 0 24 48 72 96 120 144 168 192 216 240
desmin NN
desmin dp1 —+— I
desmin dp2 —— I
d 0 24 48 72 96 120 144 168 192 216 240
cTnT I
cTnT dpl —+— I
cTnT dp2 —+— I
e 0 24 48 72 96 120 144 168 192 216 240
SERCA1 I
SERCA1 dp1 |
SERCA1 dp2 —f—
f 0 24 48 72 96 120 144 168 192 216 240
calpain 1 | - |

autolyzed calpain 1
calpain 2

autolyzed calpain 2

Fig. 2 Changes in protein band appearance over 240 hpm. a Titin, b
nebulin, ¢ desmin, d cardiac troponin T, e SERCAL, f calpain 1 and 2.
Gray bars indicate the 95 % CI where individual changes happen.

- |
| s
—+—— I

SE. Black bars stand for the presence of a band, white bars for the
absence. The survival analysis was performed using the Kaplan-Meier
estimator

Vertical lines and error bars within the gray bars mark the mean and
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Table 1 Time points of qualitative band changes from absence to
presence (1) or vice versa (|)

Means=SE [hpm] CI (95 %)
- +
Tl l 14.0£2.0 10.1 17.9
T2 1 16.0+£2.0 12.1 19.9
1200 kDa | 13.2+£2.2 8.8 17.6
titin dpl 1 69.6+7.0 559 833
Titin dp2 T 202.0+18.4 165.9 238.1
N1 l 52.8+6.1 40.8 64.8
N2 ! 84.0+10.7 63.0 105.0
Desmin l 224.0+13.3 198.0 2
Desmin dpl 1 45.0+10.0 25.4 64.6
Desmin dp2 1 35.0+6.6 22.0 48.0
cTnT l 232.0+4.6 2229 =
cTnT dpl 1 108.0+9.3 89.8 126.2
cTnT dp2 1 128.0+8.0 1123 143.7
SERCA1 l 230.4+6.1 218.5 =
SERCALI dpl T 19924313 137.9 e
SERCA1 dp2 1 230.4+8.6 213.6 =
Calpain 1 l 86.4+2.4 81.7 91.1
Autolyzed calpain 1 1 19.2+1.2 16.8 21.6
Calpain 2 l 144.0+18.2 108.4 179.6
Autolyzed calpain 2 il 88.8+13.3 62.6 115.0

Means+standard errors (SE) and 95 % confidence intervals (CI), based
on the Kaplan-Meier estimator

#When the CI exceeds the last sampling point (240 h), there is no infor-
mative value about the time frame of the respective change

appearance of the 35 kDa desmin band (desmin dp2) was at
35.0+6.6 hpm (95 % CI between 22.0 and 48.0 hpm) (Fig. 2c,
Table 1). This band remained detectable throughout the sam-
pling period in all samples (Fig. 3c¢).

The native cTnT band of approximately 40 kDa remained
stable almost throughout the investigated period (Fig. 3d). It
was present until 232.0+4.6 hpm (Fig. 2d and Table 1). Anal-
ysis further reveals that two split products of ¢TnT regularly
appeared in the gels. The first degradation product cTnT dpl
has a molecular weight of about 37 kDa and appeared at 120.0
+8.5 hpm (95 % CI at 103.4-136.6 hpm). Only slightly later,
the degradation product ¢cTnT dp2 with a molecular mass of
approximately 35 kDa emerged at 132.0+6.9 hpm (95 % CI
between 118.4 and 145.6 hpm; Figs. 2d and 3d and Table 1).

Western blot analysis using an anti-SERCA1 antibody re-
vealed that this protein appears as a double band at 0 hpm
(Fig. 3e). This doublet was at least present until 192 hpm and
vanished on average at 230.4+6.1 hpm (Fig. 2e and Table 1).
From 168 hpm onward, several degradation products of various
sizes between approximately 35 and 100 kDa were detected.
Two of these products were present at high intensities in all
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legs. The degradation product 1 (SERCA1 dpl) has a molecu-
lar weight of approximately 60 kDa and appeared at 199.2+
31.3 hpm. SERCA1 dp2 with a molecular mass of approxi-
mately 50 kDa emerged even later at 230.4+8.6 hpm. Evalua-
tion of the 95 % CI of appearance demonstrates that SERCA1
dpl and SERCAI1 dp2 are not present before 137.9 and
213.6 hpm, respectively (Figs. 2e and 3e and Table 1).

Calpains

A native PAGE on casein copolymerized gels with subsequent
zymography was performed to analyze the activity of
calpains, the major proteases that are known to be responsible
for degradation of skeletal muscle proteins [36]. Upon activa-
tion by 4 mM and 400 uM CaCl,, two bands of different sizes
were detected in all samples at 0 hpm (Fig. 4a, b). When CaCl,
concentration in the incubation buffer is reduced to 40 UM,
only the upper band containing the slower migrating protein
remained detectable. No bands were detected when using an
incubation buffer without CaCl, (Fig. 4b). From these exper-
iments, it can be inferred that the bands most likely represent
uM- and mM-Ca®" concentration dependent proteases and
therefore could be identified as calpain 1 and calpain 2. Within
the sampling period, calpain 1 (represented by the top band)
vanished earlier than calpain 2 (Fig. 4a). On average, the na-
tive calpain 1 band was present with decreasing intensity until
86.4+2.4 hpm (Table 1 and Fig. 2f). There was a short tem-
poral variation in the disappearance of this band so that 95 %
of the changes from presence to absence occurred between
81.7 and 91.1 hpm. At 19.2+1.2 hpm, an additional band
appeared underneath the original band. This band is likely to
be the autolyzed form of calpain 1. This band also appeared in
a narrow time frame so that 95 % of all changes occurred
within 16.8 and 21.6 hpm. In most cases, the autolyzed
calpain 1 was active throughout the investigated period. The
calpain 2 band was detected with decreasing intensity until
144.0+18.2 hpm (Table 1 and Fig. 2f). Evaluation of the
95 % Cl reveals a significant change from presence to absence
at 108.4-179.6 hpm. Similar to calpain 1, an additional band
appeared when the intensity of the calpain 2 band decreased
markedly at 88.8+13.3 hpm (Fig. 4a). This protein form arose
in a wider time frame between 62.6 and 115.0 hpm.

Discussion

The results of the present study demonstrate that analyses of
skeletal muscle protein degradation are very promising tools
for the delimitation of the postmortem interval (PMI). In gen-
eral, we could demonstrate that the degradation of the inves-
tigated proteins occurred with a high regularity at different
times postmortem. Some proteins degraded very early (e.g.,
T1 and N1), and others degraded late (e.g., desmin and SERC
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Fig. 3 Degradation behavior of x-actinin, tropomyosin, desmin, cTnT,
and SERCAL1 at various time points postmortem (0—240 hpm). Western
blot analysis of a porcine musculus biceps femoris muscle sample shows
that x-actinin (a) and tropomyosin (b) were present throughout the

Al) or never (x-actinin, tropomyosin) within the first 10 days
postmortem. In addition, split products of certain proteins reg-
ularly appeared within the gels at certain points of time.

The protein changes detected are of varying significance for
PMI delimitation because some changes happen within a wider
time range (e.g., appearance of titin dp2 and autolyzed calpain
2 or disappearance of native calpain 1 and calpain 2) while
others were found to be limited to a time frame of only a couple
of hours (e.g., degradation of T1 and 1200-kDa unit, and ap-
pearance of T2 and autolyzed calpain 1). Used in combination,
the described patterns of appearance/disappearance of all inves-
tigated proteins and their degradation products characterize

investigated period and no degradation products were found. By contrast,
desmin (c), cTnT (d), and SERCAL (e) degraded in a predictable fashion
in all muscle samples. dp=degradation product

certain time points and thus allow a more precise delimitation
of PMI at the intermediate and early late postmortem phase.
The present results of protein degeneration in porcine mus-
cle are very much in agreement with published data from other
species. Analysis of native titin (T1) degradation reveals high
similarities with data derived from cattle [20, 24, 25, 37],
rabbits [28, 29], and chickens [22, 26]. This includes the ap-
pearance of similar degeneration products, such as T2 (at ap-
proximately 2400 kDa) and the 1200-kDa titin polypeptide,
and a similar order of temporal appearance/disappearance of
these proteins. However, a direct comparison is not possible
due to different temperature regimes used in the present study
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a
PMI [h] 0 6 12 18 24 36 48 60 72 84 96 108 120 144 168 192 216 240
calpain 1 autolyzed
< galp);zin 1
calpain 2 > autolyzed
calpain 2

PMI [h] 0 6 12

18 24 36

72 120 240

4mM CaCl,

40uM CaCl,

no CacCl,

Fig. 4 Zymogram shows different calpain activities at different time
points postmortem. The native calpain 1 band disintegrates into two
bands between 18 and 36 hpm. In contrast, it takes until 72 hpm that
the same occurs for calpain 2. A similar difference became evident for
the final disappearance of the native calpain 1 and 2 bands which lasts
until 84 and 168 hpm, respectively. Activities of calpains 1 and 2 are
dependent upon calcium concentrations. The use of different

(21 °C) and the above mentioned studies (—1.5 °C to 4 °C).
Thus, it can be expected that rates of protein degeneration
found in this study are much higher than described in the
literature [38]. T1, for example, vanished at 14.0+£2.0 hpm
but was present for 3 days in bovine muscle stored at 2—
4 °C [20]. Hardly any degradation of T1 was found until
168 hpm in porcine muscle stored at 4 °C [23]. At a lower
temperature of —1.5 °C, a complete degradation of T1 into T2
occurred only after 7 days postmortem in bovine muscle [24].
This degradation was also shown to depend on the pH value.
In addition to the degradation products T2 and 1200-kDa unit,
the SDS-PAGE gel analysis performed in the present study
further identified a multiple number of titin degradation prod-
ucts that appeared in the 10-day period. Some of these, e.g.,
the titin degradation products 1 and 2, were found very regu-
larly and may also be of great interest for future PMI delimi-
tation studies.

In contrast to titin, we were unable to detect any smaller
degradation products of nebulin. Thus, degradation of both
nebulins N1 and N2 is considerably later than degradation of
native titin. A comparison with other studies reveals that this
degradation sequence occurs in various species. This includes
bovine and ovine muscle, in which nebulin degradation under
cooler storage conditions (at 2—4 °C) occurred at 6 and 7 days
postmortem, respectively [19, 39]. Only in chicken, a
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concentrations of calcium demonstrates that calpain 1 is already active
at 40 uM CacCl, (b), while calpain 2 activity is only present at
concentrations of 400 uM (lower band in (¢)) and 4 mM CaCl, (lower
band in (d)). Without calcium in the incubation buffer, no activity is
detected (a). Note that at 4 uM CaCl,, the degraded calpain 1 is also
active

complete degradation of nebulin was shown to occur before
48 hpm [26].

The postmortem degradation of desmin has also been well
characterized in a number of different species. Similar to our
results, native desmin is present for several days postmortem
in muscles of cattle [21, 40], pigs [41], lambs [42], and
chickens [26]. Also in accordance with these studies, degra-
dation of desmin involves the regular appearance of several
split products between 35 and 50 kDa from 1-2 days post-
mortem onward. Such products were shown to develop after
incubation of muscle with calpain 1 and calpain 2 [43].

To our knowledge, no data are present for the degradation
behavior of SERCAT1 and cardiac TnT. Note that cTnT is not
restricted to the heart muscle but is also present in skeletal
muscle [44]. The present analysis demonstrates that degrada-
tion of both proteins occurs rather late and involves the ap-
pearance of two split products. Thus, the degradation of SERC
Al and cTnT may be of interest particularly for the late post-
mortem phase.

Calpains, a family of Ca**-dependent proteolytic enzymes,
have been shown to be involved in the degradation of cyto-
skeletal muscle and intermediate filament proteins, such as
titin, nebulin, and desmin [19, 20, 30, 43]. The present data
show that calpain 1 and calpain 2 are initially active in a native
form but within the first 24 hpm also in an autolyzed form.
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Fig. 5 Chronological arrangement of 95 % confidence intervals (CI) of
band changes. Throughout the investigated 10-day period, changes in
protein expression and enzymatic activities are found. These changes

The native and the autolyzed forms have been shown to be
active and bind tightly to intracellular structures such as myo-
fibrils, where they proteolyze titin, nebulin, and desmin [31,
36]. Native calpain 1 activity decreased faster than calpain 2
activity which is in agreement with the results in pig and lamb
[32, 45]. This is supported by Western blot analysis in bovine
and ovine muscle, which demonstrated that the 80-kDa sub-
unit of calpain 1 almost entirely degraded into a 76-kDa sub-
unit within the first 7 days postmortem, while the 80-kDa
subunit of calpain 2 remained undegraded in this period [42,
46]. Within the first 24 hpm, a 76-kDa subunit of calpain 1 has
also been shown in pigs [27]. Thus, the activities of these
enzymes also characterize specific postmortem phases which
makes them promising candidates for PMI delimitation.

In summary, the present study has identified a series of
changes in protein presence and enzymatic activities that are
each specific for certain points of time after death (Fig. 5).
Analysis of the proteins identified allows a so far unknown
accuracy in the characterization of PMI in the first 10 days pm
in the porcine system. As a similar pattern of protein degrada-
tion has been described for several other vertebrate species, it
is likely that the degradation pattern in humans will follow the
same scheme. This offers a unique chance to establish a new
method of long-term PMI determination for use in forensic
casework which provides two important advantages: (i) The

are characteristic for certain periods of time after death. Vertical lines
and error bars within the gray bars mark the mean and SE. The survival
analysis was performed using the Kaplan-Meier estimator

method is very simple to apply in practice and provides reli-
able results within 24 h, and (ii) once implemented in analysis
of human muscle, the method will steadily upgrade itself by
allowing to generate and expand a database compiling infor-
mation on the times of presence (or absence) of a diverse array
of human muscle proteins, and on their 95 % confidence in-
tervals of band change under distinct physical/environmental
conditions postmortem. This is presently tested in a follow-up
study in our lab and is thought to offer a major improvement in
actual forensic case analysis in the future.
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