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Abstract
Under various physiological and patho-physiological conditions, spectrin breakdown reactions
generate several spectrin breakdown products (SBDPs) - in particular SBDP of 150 kDa
(SBDP150) and of 120 kDa (SBDP120). Recently, numerous studies have shown that reactions
leading to SBDPs are physiologically relevant, well regulated, and complex. Yet molecular studies
on the mechanism of the SBDP formation are comparatively scarce. We have designed basic
systems to allow us to follow the breakdown of αII-spectrin model proteins by caspase-3 in detail
with gel electrophoresis, fluorescence and mass spectrometry methods. Amongst the predicted and
reported sites, our results show that caspase-3 cleaves after residues D1185 and D1478, but not
after residues D888, D1340 and D1475. We also found that the cleavage at these two sites are
independent of each other. It may be possible to inhibit one site without affecting the other site.
Cleavage after residue D1185 in intact αII-spectrin leads to SBDP150, and cleavage after D1478
site leads to SBDP120. Our results also show that the cleavage after the D1185 residue is
unusually efficient, with a kcat/KM value of 40,000 M−1 sec−1, and the cleavage after the D1478
site is more similar to most of the other reported caspase-3 substrates, with a kcat/KM value of
3,000 M−1 sec−1. We believe that this study lays out a methodology and foundation to study
caspase-3 catalyzed spectrin breakdown to provide quantitative information. Molecular
understanding may lead to better understanding of brain injuries and more precise and specific
biomarker development.
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1. Introduction
Caspase-3 is the most abundant caspase in cells (around 200 nM), with its activity often
dominant over the activities of other members in the caspase family (Denault and Salvesen,
2001). While many proteins are cleaved during apoptosis, a prominent target of caspase-3
action is αII- and βII-spectrin, also known as fodrin (Moon and McMahon, 1990). During
apoptosis, spectrin is the substrate for caspase-3 in lymphocytes, hematopoietic cells and
neurons (Janicke et al., 1998; Machnicka et al., 2012; Wang et al., 1998). The spectrin
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breakdown products, SBDPs, characterized and named by their electrophoretic masses, are
found to be SBDP150 and SBDP120 (Cryns et al., 1996; Li et al., 2010a; Martin et al.,
1995). In the last few years, numerous studies report detecting SBDPs in several brain
related injuries, such as traumatic brain injury (d'Avella et al., 2002; Beer et al., 2000; Hall
et al., 2005; Hyman and Yuan, 2012; Kupina et al., 2003; Newcomb et al., 1997; Pike et al.,
2003), mechanical stretch injury (Pike et al., 2000), ischemia (Nath et al., 1998; Zhang et al.,
2002), and degenerative brain diseases, such as Alzheimer's Disease, as well as other age-
related degenerative diseases (Cotman et al., 2005; Hyman and Yuan, 2012; Marx, 2001).
Furthermore, SBDP120, or its antibody activity, has been shown in the salivary gland, and
plays a crucial role as an auto-antigen in the development of primary Sjögren's Syndrome
(Haneji et al., 1997). SBDP120 is also found in the sera of patients with normal tension
glaucoma (Grus et al., 2008). There is also increased evidence for non-apoptotic roles of
caspase-3 in the brain, including the regulation of synaptic plasticity (Machnicka et al.,
2012) and of neuronal morphology via local remodeling of the spectrin cytoskeleton
(Westphal et al., 2010). A recent “fragment generation” hypothesis suggests that Ca++

activated calpain/caspase fragmentation of spectrin, as well as of other proteins, plays a role
in sleep since the fragmentation process decreases during sleep while fragment-destroying
pathways are up-regulated (Varshavsky, 2012). Furthermore, it has been shown that
cleavages of specific neuronal proteins play a role in long-term memory (Li et al., 2010b;
Lynch and Baudry, 1984; Shimizu et al., 2007). Thus, caspase-3 catalyzed spectrin
breakdown reactions appear to be physiologically important, well regulated, complicated
and sometimes confusing. SBDPs have been proposed to be potential biomarkers for
neurodegenerative diseases (Yan and Jeromin, 2012). These SBDPs are often separated by
gel electrophoresis and detected by monoclonal antibody immunoblotting (Pike et al., 2003).
Due to the low mass resolution of gel electrophoresis method, many SBDPs with similar
masses may appear as a single breakdown product. It is generally considered that SBDP150
is the C-terminal fragment of αII-spectrin after caspase-3 cleavage, and a subsequent
cleavage of SBDP150 gives SBDP120 (Wang et al., 1998). The potential use of SBDPs as
biomarkers in monitoring brain injuries or diseases or in elucidating their potential
involvement in long-term memory requires a molecular level understanding of spectrin
breakdown reactions and of SBDPs. Yet molecular and quantitative studies of these
reactions are comparatively rare. Without quantitative molecular information, it is difficult
to study the reaction mechanisms as well as factors affecting spectrin breakdown reactions,
as in regulation or inhibition, for example. It will also be difficult to develop accurate and
selective biomarkers/antibodies that do not exhibit cross-reactivity to other SBDP.

There are multiple predicted and reported caspase-3 cleavage sites in the middle of αII-
spectrin (after residues D888, D1185, D1340, D1475 and D1478 (Wang et al., 1998; Dix et
al., 2008; noted there D1475 as D1483 due to a different amino acid numbering system;
Versputen et al., 2009; Song et al., 2010; Ayyash et al., 2012). In this study, we followed the
αII-spectrin breakdown reactions catalyzed by caspase-3 that yield SBDP150 and SBDP120.
We have developed simple reproducible systems of model αII-spectrin proteins representing
the mid-section of αII-spectrin containing the residues that have been reported to be
cleavage sites. We used five αII-spectrin fragments of specific lengths and recombinant
caspase-3 to follow the breakdown reactions with fluorescence, gel electrophoresis and mass
spectrometry methods. The gel electrophoresis methods allow us to compare our breakdown
reactions with those published. Using mass spectrometry analysis, we unequivocally
identified two cleavage sites (after D1185 and after D1478, but not after D1475). With
model proteins including only one of the two sites and with a protein including both sites,
we showed that the cleavages at these two sites are independent of each other. Using
fluorescence methods, we obtained the first kinetic information on these cleavage reactions.
The kinetic data showed that these two sites exhibited very different caspase-3 catalytic
rates. The cleavage after D1185, leading to SBDP150 in intact αII-spectrin (or 45 kDa
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fragment in our model protein D10-D13), was unusually rapid but not necessarily essential
to the cleavage after D1478, leading to SBDP120, and a SBDP of 37 kDa (SBDP37) from
intact αII-spectrin (or 10 kDa and 37 kDa from D10-D13). We applied the method to a
mutated (D1185E) model protein, and found that the mutant protein was cleaved by
caspase-3, but with a much reduced kcat/KM value. We believe that this study lays out a
methodology and foundation for quantitatively studying caspase-3 catalyzed spectrin
breakdown. A better molecular understanding may lead to better understanding of brain
injuries and more precise and specific biomarker development.

2. Results
2.1. Protein Characterization

2.1.1. αII-spectrin—The model proteins representing specific segments of αII-spectrin
were designed not only to include the sites cleaved by caspase-3, but also to resemble the
folding of spectrin structural domains (triple helical bundles), as indicated in the
Experimental section. These model protein samples, D8-D11, D10-D11, D10-D13, D12-
D13 and D13 (Table 1), were more than 90% pure, as indicated by SDS gel electrophoresis
data. As noted in our previous publication (Lusitani et al., 1994), spectrin fragments with
proper boundaries consisting of full triple helical bundle structural domain(s) are stable and
represent well the full-length spectrin of particular regions for functional studies (Mehboob
et al., 2010).

Sequence alignment of residues L1087 to F1238 (designated as Domain 10) aligned with
residues L40 to Y154 in Domain 1 (Mehboob et al., 2010), with 22% sequence identity and
41% similarity (Fig 1A). In this alignment, the region V1167-H1200 did not align with the
sequence in the template, and is an insertion. However, when the insertion region is
removed, the alignment scores improved to 29% identity and 52% similarity (Fig 1B).
Secondary structural prediction showed Helix A (following the nomenclatures in previous
publication, Mehboob et al., 2010; each structural domain in spectrin consists of Helices A,
B and C to form a triple helical bundle) in Domain 10 as residues K1092-L1114, Helix B as
residues V1126-E1160, followed by an unusually long, 40-residue loop (residues G1161-
H1200) (Fig 1C) and then Helix C as residues T1201-G1230 (Fig 1B). It should be noted
that the two conserved tryptophan residues found in Helices A and C in most triple helical
bundles were aligned with those in Domain 1. More importantly, these predictions showed
that the residue D1185, one of the reported cleavage site, was in the middle of this long loop
(Fig 1C) between Helix B and Helix C. The COILS program predicted regions similar to
those mentioned above as coiled helices except for the region consisting of L1162-F1205.
This region exhibited a very low probability (<3%) of forming coiled helix, whereas 20
residues prior to this region, for example, exhibited very high probability (>90%) of forming
coiled helix. The PONDR analysis of the region from G1161 to P1191 predicted this region
to be disordered. Thus, these structural analyses showed that Domain 10 in αII-spectrin was
folded into a triple helical bundle similar to other structural domains in spectrin, but with a
very long loop between Helices B and C, and D1185 was in the middle of this long loop
(V1167-H1200 ). Previous studies of a fragment consisting of residues 1172-1213 show
unstructured prior binding to calmodulin, and residues 1191-1210 folds into helical
conformation upon binding to calmodulin (Simonovic et al., 2006).

For Domain 13, the sequence alignment was relatively straightforward, with L1441-F1556
aligned with L40-Y154 to give 28% identity and 49% similarity, and we assigned L1445-
F1467 as Helix A, V1480-A1514 as Helix B, and K1519-G1548 as Helix C in Domain 13
(Fig 1B). Again the conserved tryptophan residues were also found in Domain 13. The other
reported D1475 and D1478 cleavage sites were found at the end of the 12-residue
(LNTEDKGD*SLD*S) loop between Helix A and Helix B. In summary, simple structural
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analyses suggested that Domain 10 folds into a triple helical coiled coil structure as in other
spectrin domains, but with a very long unstructured loop between Helix B and Helix C, with
the D1185 residue in the middle of this long loop. D13 was also predicted to fold into a
triple helical coiled coil structure, but with D1475 and D1478 residues at the end of a shorter
loop between Helix A and Helix B. Obviously, the actual structures of these two domains
await experimental data.

The CD spectra showed that the helical contents of αII-spectrin model proteins were
between 60 - 70% (spectra not shown), in good agreement with previously published values
for similar (triple helical bundles) spectrin model proteins (Mehboob et al., 2010),
suggesting that the proteins used were well folded into a triple helical domain. It should be
mentioned that an SH3 domain (residues 965-1025) is nested in Domain 9 (Musacchio et al.,
1992; Rotter et al., 2004).

2.1.2. Caspase-3—The CD spectra for the recombinant caspase-3 prepared for this study
showed two minima with similar signal amplitudes at 208 and 215 nm (spectra not shown),
in good agreement with published spectra (Pop et al., 2001). Using the substrate Z-DEVD-
AFC, the kcat value of our caspase-3 was 10.6/sec, with KM 16 μM, and kcat/KM 662,500
M−1sec−1, values in good agreement with published values (kcat of 11.63/sec, KM of 21.1
μM, and kcat/KM value of 551,342 M−1sec−1) where a similar substrate, Ac-DEVD-AFC,
was used (Timmer et al., 2009).

2.2. Predicted Cleavage sites in αII-spectrin by Caspase-3
Three of prediction algorithms (See Experimental section) showed D1185 and D1478 sites
with high scores (Table 2). An observed D1475 site (Dix et al., 2008) was predicted to be
the third highest by one method (CAT3, Table 23). One prediction (SitePrediction, Table
23) scored the D888 site higher than the D1475 site while the D1340 site was scored as high
as the D1478 site, with the D888 site just slightly lower (Cascleave, Table 23). However,
when we used the mutated sequence for prediction by these algorithms, the score for E1185
site was much lower than those for the D888, D1340, or D1475 sites (Table 23). Yet we did
not observe any cleavage at these sites in D1185E mutant. It appears that our current
understanding of caspase-3 cleavage site preferences is still limited and could not be reliably
used to predict cleavage sites, at least for spectrin, without experimentation.

2.3. Cleavage of αII-spectrin Proteins by Caspase-3
2.3.1. Gel Electrophoresis and Mass Spectrometry Studies—For the sample D10-
D11 in the presence of caspase-3, the band at 36 kDa clearly decreased as [casp-3] increased
above 0.5 nM (Fig 2A). No significant changes were detected in samples with lower
[casp-3] = 0, 0.005, 0.01, and 0.05 nM. Two bands at 17 and 19 kDa were clearly detected
with [casp-3] = 3 nM. The band intensity plot as a function of [casp-3] (log scale for
presentation convenience) (Fig 2B) showed the gradual disappearance of D10-D11 upon
increasing [casp-3]. The [E]1/2 value determined from this plot was about 3 nM. The average
value of several runs was 2.9 ± 0.6 nM (n = 3), and the corresponding average value of kcat/
KM was found to be 67,700 ± 13,200 M−1sec−1 (Table 3).

For the larger model protein, D8-D11 (66 kDa), two bands at 19 and 46 kDa were also
clearly detectable at [casp-3] = 3 nM (Fig 2C). From the 66 kDa-band intensity plot (the
disappearance of D8-D11) as a function of [casp-3] (Fig 2D), the [E]1/2 value was found to
be about 10 nM. The average value was 7.7 ± 1.4 nM (n = 2), which corresponded to kcat/
KM of 25,400 ± 4,300 M−1 sec−1 (Table 3).
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For the model protein D13 (15 kDa), only one product band was detected at the 10-kDa
position, with a smaller fragment presumably migrating off the gel (Fig 3A). As [casp-3]
increased, the intensity of the 10 kDa band was seen to increase, while that of the parent
band at 15 kDa decreased (Fig 3A). From the 15 kDa-band intensity plots (a typical plot is
shown in Fig 3B), the average value of [E]1/2 value for the disappearance of D13 was found
to be 57.8 ± 3.1 nM (n = 3), corresponding to a kcat/KM value of 3,300 ± 200 M−1sec−1.
Mass spectrometry analysis of the cleaved products showed two fragments of 8,967.8 and
4,599.1 Da (Table 1) indicating that D13 protein was cleaved after residue D1478 (Wang et
al., 1998; Dix et al., 2008) and not after D1475 (Dix et al., 2008) since the C-terminal
fragment of the D1475 site cleavage, S1476-F1556 with an expected mass from the
sequence as 9,283.5 Da, was not found in our mass spectrometry results.

Upon cleavage of the larger D12-D13 protein (28 kDa), two fragments (10 and 17 kDa)
were generated (Fig 3C, [casp-3] = 50 nM, for example). From the band intensity plots (e.g.,
Fig 3D), the average [E]1/2 value for the disappearance of D12-D13 was found to be 62.2 ±
10.6 nM (n = 2), corresponding to a kcat/KM value of 3,100 ± 500 M−1sec−1. These values
were very similar to those found for the D13 protein ([E]1/2 of 57.8 nM and kcat/KM of 3,300
M−1sec−1, Table 32).

Finally, the D10-D13 protein (62 kDa) (Fig 4A) generated various fragments upon caspase-3
cleavage. For [casp-3] = 0.5 nM, fragments of 17 and 45 kDa appeared (Fig 4A). When
[casp-3] >10 nM, the 45 kDa band began to disappear while two other fragments at 10 and
37 kD appeared. The mass spectrometry analysis of the final three cleaved products (10, 17
and 37 kDa; Table 1) indicated that D10-D13 protein was cleaved after residue D1185 and
after D1478, as reported (Wang et al., 1998), but not after D1475, as reported (Dix et al.,
2008). A typical plot of the relative intensity of the 62 kDa-band (Fig 4B) showed an [E]1/2
of about 3 nM. The average [E]1/2 value was 4.3 ± 1.2 nM (n = 3) (Table 3). With this value,
the kcat/KM was found to be 47,200 ± 15,000 M−1sec−1. The [E]1/2 value for the appearance
of 37 kDa was about 58.2 ± 10.1 nM (n = 3) and the kcat/KM value was 3,400 ± 650
M−1sec−1. For comparison, the relative intensity plot of D10-D11 (Fig 2B) was also plotted
in Fig 4B to show that caspase-3 cleaved D10-D11 similarly to the D1185 site cleavage in
D10-D13, with comparable [E]1/2 and kcat/KM values (Table 3).

The kcat/KM values for D10-D11 and D8-D11 agreed well with the values of the D1185 site
cleavage for D10-D13, and the values for D13 and D12-D13 agreed well with the values of
the cleavage, after the D1478 site for D10-D13. This finding indicated that the efficiency of
caspase-3 cleavage of these two sites were very different, and the two cleavages were
independent of each other.

For the D10-D13(D1185E) mutant, its 62 kDa band intensity decreased at much higher
values of [casp-3] and the first set of fragments detected were 10 and 53 kDa (Fig 4C and
D). The [E]1/2 value was 73.0 ± 22.8 nM (n = 2) (Fig 4D), and the kcat/KM value was 2,800
± 900 M−1sec−1. These values were very similar to those found in the D13 protein ([E]1/2 of
57.8 nM and kcat/KM of 3,300 M− sec−1), and in wild-type D10-D13 ([E]1/2 of 58.2 nM and
kcat/KM of 3,400 M−1sec−1) (Table 3). The 53 kDa fragment was further cleaved into two
fragments (17 and 37 kDa) at [casp-3] > 50 nM. The average [E]1/2 value for this cleavage
(from the appearance of 37 kDa plot) was 172.7 ± 27.0 nM (n = 3) with a corresponding
kcat/KM of 1,100 ± 180 M−1sec−1 (Table 3). The efficiency for the E1185 site cleavage was
lower than that for the D1478 site. The mass spectrometry analysis of the cleaved products
indicated that D10-D13(D1185E) was cleaved after E1185 and D1478 to give 10, 17, and 37
kDa fragments (Table 1). Again cleavage after D1475 (Dix et al., 2008) was not observed in
this mutant, suggesting that cleavage at this site, if occurring under the conditions we used,
would be even less efficient than at the E1185 site.
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2.3.2. Fluorescence Studies—To measure the rates of caspase-3 cleavage of the various
recombinant αII-spectrin model proteins, we modified the model proteins such that their
tryptophan fluorescence signal was sensitive to caspase cleavage (see Experimental section).
The fluorescence intensities at 347 nm of D10-D11'w-1 and D10-D11'w-2 samples (see the
Experimental section for the identities of these proteins) showed no change with the addition
of caspase-3, at either t = 0 or t = 10 min at 37 °C (data not shown). However, the intensity
of the D10-D11'w sample (at ~ 0.7 μM, with [casp-3] = 100 nM) decreased as a function of
time (Fig 5A). Similarly, the intensity of the D13'w sample (at ~ 0.9 μM, with [casp-3] = 700
nM) also decreased as a function of time (Fig 6A). No intensity decreases in both samples
occurred in the absence of caspase-3 (Figs 5B and 6B). Thus D10-D11'w and D13'w
appeared to be good model proteins to be used to follow the kinetics of caspase-3 cleavage
at D1185 and D1478 sites, respectively. We also checked the caspase-3 cleavage of D10-
D11'w by gel electrophoresis and found the average value for [E]1/2 to be 4.2 ± 0.5 nM with
a kcat/KM of 46,800 ± 3,900 M−sec− (Fig 2B; Table 3), very similar to the values for D10-
D11. Thus, tryptophan-residue replacement in this protein did not appear to affect the
caspase-3 cleavage.

A plot of the relative fluorescence intensity at 347 nm as a function of time for samples of
D10-D11'w at a series of concentrations (from ~ 0.7 to 11.7 μM), each with [casp-3] = 100
nM, showed corresponding decreases in intensities (Fig 5B). The initial cleavage rate (V) for
D10-D11'w at 0.7 μM, determined from the slope of the linear fit of the data in Fig 5C, was
0.1335 μM/min. The V values at other concentrations of D10-D11'w were determined, and
the Lineweaver-Burk plot (1/V vs 1/[D10-D11'w]) (Fig 5D) showed that the data exhibited
linear dependence, indicating that the kinetics of caspase-3 cleavage of D10-D11'w followed
Michaelis-Menten kinetics. The Vmax from the y-intercept was 1.6 μM/min, with a KM from
the x-intercept of 7.8 μM, and a kcat from Vmax/[casp-3] of 16/min, or 0.27/sec. The kcat/KM
value was then 35,000 M−sec−1 (Table 3). This value agreed well with the gel
electrophoresis finding of 25,000 - 68,000 M−1sec−1 for cleavage at the D1185 site.

Similarly, Figure 6B shows a series of curves for D13'w samples with concentrations ranging
from 0.9 to 8.2 μM, and [casp] = 700 nM, each with intensity decreasing as a function of
time. The V value obtained from Fig 6C for [D13'w] = 0.9 μM was 0.08759 μM/min. The
Lineweaver-Burk plot (Fig 6D) was again linear, demonstrating Michaelis-Menten kinetics
for caspase cleavage of D13'w.The Vmax value was 0.7 μM/min, with the KM 7.3 μM, and
the kcat of 1/min. The kcat/KM value was then 2,900 M−1sec−1 (Table 32). This value agreed
well with the gel electrophoresis finding of 2,800 - 3,400 M−1sec−1 for the cleavage at the
D1478 site, values much lower that those for the cleavage at the D1185 site.

3. Discussion
It has been reported that the rank-order of substrate cutting in lysate is similar to that in
apoptotic cells, suggesting that cellular structures do not dramatically alter the substrate
accessibility (Agard et al., 2012), providing justification and confidence in using model
proteins to study SBDPs in cells. In this study, we showed that intact αII-spectrin was well
represented by our αII-spectrin model proteins, in the breakdown reactions catalyzed by
caspase-3. Our results from αII-spectrin model proteins of five different lengths that
contained various reported and predicted caspase-3 cleavage sites (Ayyash et al., 2012; Dix
et al., 2008; Song et al., 2010; Versputen et al., 2009; Wang et al., 1998), individually or
together, clearly showed two specific cleavage sites in αII-spectrin, one cleaved after the
D1185 residue (D1185 site), and another after the D1478 residue (D1478 site), but not after
D888 (predicted), D1340 (predicted), and D1475 (reported) residues. We found the kcat/KM
value for the D1185 site to be 40,000 M−1sec−1 and that for the D1478 site to be 3,000
M−1sec−1. Recent proteomic studies (Agard et al., 2012) find that only 2% of substrate
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proteins studied exhibit efficiency between 40,000 - 70,000 M−1sec−1, and most (76%)
substrate proteins are less than 5,000 M−1sec−1. Thus, for αII-spectrin, the D1185 site is an
unusually efficient site, whereas the D1478 site is more similar to most protein substrates,
with an average efficiency/rate.

It has been suggested that the caspase-3 cleavage of αII-spectrin proceeds in a two-step
mechanism, first at the D1185 site to cause conformational changes to expose the D1478 site
for subsequent cleavage (Wang et al., 1998; Williams et al., 2003). This suggestion is not
compatible with an ex vivo experiment, in which the D1478 cleavage occurs during
apoptosis independently of the D1185 site, since proteins with the D1185 site deleted were
still cleaved after the D1478 residue (Meary et al., 2007). Our results quantitatively and
unequivocally showed that the cleavage of these two sites were independent of each other;
with cleavage after the residue D1478 occurring even when the D1185 region was not yet
cleaved, as in the D1185E mutant. We observed a kcat/KM value of ~ 1,000 M−1 sec−1 for
the D1185E mutant. Thus, genetic abnormalities, such as point mutations or deletions, at the
D1185 cleavage site would change the SBDP profiles, shifting the first cleavage site to
D1478, with only SBDP120, and no SBDP150 detected.

Our findings indicate that, for intact αII-spectrin in the presence of caspase-3, both spectrin
breakdown products, SBDP150 and SBDP120, will form. However, due to the difference in
the catalytic rates, the amount of SBDP120 is much lower than that of SBDP150 since the
accumulation of SBDP120 is much slower than that of SBDP150. Only a very sensitive
method will be able to detect SBDP120 in the presence of SBDP150. Further cleavage of
SBDP150 at the D1478 site produces SBDP120, as well as a SBDP37.

Our results indicate that the cleavage after residue 1185 in intact αII-spectrin gives a slightly
smaller N-terminal segment (residues 1-1185; 134,563.7 Da) and a C-terminal segment
(residues 1186-2452; 147,735.9 Da; the SBDP150). Cleavage after residue 1478 in intact
αII-spectrin gives a larger N-terminal segment (residues 1-1478; 168,236.0 Da), harboring
the D1185 site and a C-terminal segment (residues 1479-2452; 114,063.6 Da; the
SBDP120). Since the rate of cleavage at the D1185 site is rapid, this N-terminal segment
(residues 1-1478) will not continue to accumulate, but will subsequently be fragmented at
the D1185 site, with high efficiency, into an N-terminal segment (residues 1-1185) and a C-
terminal segment (residues 1186-1478; 33,672.3 Da; the SBDP37 ). This mechanism
indicates that the final SBDPs should include the N-terminal segment (134,563.7 Da), the
middle segment (33,672.3 Da; SBDP37) and the C-terminal segment (114,063.6 Da;
SBDP120). Little is known about the “134,563.7 Da” segment and the SBDP37.

Recent studies show that the vast majority of proteolyzed proteins yielded persistent
fragments that correspond to discrete protein domains, suggesting that the generation of
active effector proteins may be a principal function of apoptotic proteolytic cascades (Dix et
al., 2008). Additional functional and structural studies of SBDPs will allow us to further
understand both the apoptotic and non-apoptotic events, e.g., traumatic brain injury,
mechanical stretch injury, ischemia, and brain diseases, such as Alzheimer's Disease, as well
as other age-related degenerative diseases, Sjögren's Syndrome, normal tension glaucoma as
well as the regulation of synaptic plasticity and of neuronal morphology via local
remodeling of the spectrin cytoskeleton.

It is possible that the cleavages at these two sites may represent different cellular events,
with SBDP150 and SBDP120 involved in different functions. It may be possible to inhibit
one site, such as the efficient site, without affecting the other site. It appears that our model
system is well-suited for studying the different factors affecting the caspase-3 catalyzed
spectrin breakdown, from simple mutation to more complicated regulation pathways.
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Individual factors may be studied quantitatively to provide a better understanding of the
action of caspase-3 on αII-spectrin. With knowledge of specific fragments generated under
specific conditions, more precise biomarker detection methods, such as those using
fragment-specific antibodies (Zhang et al., 2009) to detect specific fragments, can be
developed to replace the use of an antibody directed against αII-spectrin in Western blot
analysis (e.g. Weber et al., 2013). Additional specific fragments, such as the N-terminal
segment (134,563.7 Da) and/or the “middle” segment (33,672.3 Da; SBDP37) mentioned
above, may also be tested and developed as biomarkers. We believe that this study lays out a
methodology and foundation to study caspase-3 catalyzed spectrin breakdown to provide
quantitative information. Molecular understanding may lead to better understanding of brain
injuries and more precise and specific biomarker development.

4. Experimental Procedures
4.1. Chemicals

Ampicillin, dithiothreitol (DTT), EDTA, 3[(3-cholamido propyl) dimethyl ammonio]-
propane sulfonic acid (CHAPS), sucrose, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), and sodium dodecyl sulfate (SDS) were obtained from Thermo Fisher
Scientific (Waltham, MA). Imidazole and piperazine-N,N’-bis(2-ethanesulfonic acid) were
obtained from Sigma-Aldrich (St. Louis, MO). All other reagents were either similar to
those used in our previous studies of spectrin (e.g., Mehboob et al., 2010), or are specified
below.

4.2. DNA Plasmids Preparation
Two plasmids from ATCC (Manassas, VA): (1) pCMV-SPORT6 vector (product no
10436486) with the cDNA of human αII-spectrin (GenBank BC053521) and (2) pET-23b
vector (product no 99625) with the cDNA of pro-caspase-3 (GenBank U26943) were
obtained. Five αII-spectrin plasmids, using the spectrin cDNA from the pCMV-SPORT6
vector, were cloned into pDEST-15 vector (Invitrogen, Grand Island, NY), following the
methods provided by the company's user manual, to give five αII-spectrin model protein
fragments in the region of residues 780-1556 (Table 1) consisting of residues (1) L780-
F1344 (domain 8 to domain 11, or D8-D11. It should be noted that domain 10 is being
referred to as “repeat 11” in Wang et al., 1998), (2) L1087-F1344 (D10-D11), (3) L1087-
F1556 (D10-D13), (4) H1335-F1556 (D12-D13) and (5) L1441-F1556 (D13). The
boundaries of these fragments were designed to ensure stable protein folding (see below). A
thrombin recognition site (LVPRGS) between GST and the spectrin fragment was
introduced in the primer sequence. All primers were purchased from Integrated DNA
Technologies (Coralville, IA). A pDEST-15 plasmid with D1185E mutation (D10-
D13(D1185E)) was also prepared, using primer-based site directed mutagenesis methods
(Mehboob et al., 2010). In addition, several plasmids for mutants of D10-D11 and D13 were
prepared to replace tryptophan with phenylalanine residues. In D10-D11, residues 1106,
1192, 1215, 1248 and 1321 are tryptophan. The following mutants were prepared: (1)
1106F-1215F-1248F-1321F (only residue 1192 remained as W; designated as D10-D11'w-1),
(2) 1215F-1248F-1321F (residues 1106 and 1192 remained as W; D10-D11'w), (3)
1106F-1248F-1321F (residues 1192 and 1215 remained as W; D10-D11'w-2). In D13,
W1533 was mutated to F, leaving only residue 1460 as W (D13'w). All DNA constructs
were verified by DNA sequencing analysis (services provided by the Research Resources
Center (RRC) at the University of Illinois at Chicago).

4.3. Protein Design, Expression, Purification and Characterization
In the design of the model proteins, the boundaries of each triple helical structural domain
(Mehboob et al., 2010; Lusitani et al., 1994) were predicted, first using the program in the
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FASTA package (EMBOSS Needle) for sequence analysis to align residues 780-1556 to
αII-spectrin residues 40-147, since the atomic structure of this region (domain 1) is known
(Mehboob et al., 2010). Furthermore, the alignment was also guided by the fact that the 16th

and 88th residues in each typical spectrin triple helical domain are tryptophan residues
(Mehboob et al., 2010). After sequence alignment, the secondary structural elements (helices
and loops) of αII-spectrin domain 1 were assigned to the aligned regions in D8-D13. Each
model protein consisted of predicted αII-spectrin domain(s) plus the previous 4 residues and
GS from thrombin cleavage to give a 6-residue overhang at the N-terminus and the 6
residues following the predicted boundary of the last structural domain to give an overhang
at the C-terminus (Table 1) to enhance proper protein folding.

All plasmids, stored in DH5α E. coli cells (Zymo Research Corporation; Irvine, CA), were
extracted and transformed into E. coli BL21-CodonPlus (DE3)-RIL competent cells
(Agilent; Santa Clara, CA) for protein expression.

The αII-spectrin model proteins, expressed as fusion proteins with an N-terminal GST tag
followed by a thrombin cleavage site, were prepared with standard procedures developed in
our laboratory (Mehboob et al., 2010; Li and Fung, 2009). Caspase-3, with a C-terminal His-
tag, was prepared from a pro-caspase-3 expression vector, following published methods
(Wolan et al., 2009). To optimize the yield of caspase-3 from pro-caspase-3, the protein
expression induction time was extended from 20 min to 3 hr (Stennicke and Salvesen,
1999). The electrophoretic mass and the purity of proteins were determined by 16% SDS-
PAGE (Li and Fung, 2009). Protein concentrations were determined using absorbance
values at 280 nm, with extinction coefficients determined from the sequence of each protein.
The mass of each protein, including D10-D11'w and D13'w, was analyzed by mass
spectrometry, with a LTQ-FT Ultra mass spectrometer, at the RRC. Only those proteins with
the mass values within 1.5 Da of the expected mass values, as calculated from the sequence,
were used.

The folding of each protein (10 μM in 5 mM phosphate buffer containing 150 mM sodium
chloride at pH 7.4, PBS) was analyzed by circular dichroism spectroscopy methods (JASCO
810; Easton, MD), scanning from 200 to 250 nm at 20 °C with a 0.1-cm path-length. Mean
residue molar ellipticity values at 222 nm were used to calculate the helical content using a
value of 36,000 deg cm2dmol−1 for a 100% helical content (Mehboob et al., 2010).

Recombinant caspase-3 activity was determined in a standard “caspase activity buffer” (20
mM piperazine-N,N’-bis-(2-ethanesulfonic acid)) with 100 mM NaCl, 10 mM DTT, 1 mM
EDTA, 0.1% CHAPS, and 10% sucrose at pH 7.2) with fluorogenic substrate, Z-DEVD-
AFC (EMD Biosciences; Billerica, MA), following a published method (Denault and
Salvesen, 2008).

4.4. Structural and Cleavage Site Predictions
4.4.1. Structure Prediction—In addition to the prediction of domain boundaries and
secondary structural elements as mentioned above, the sequence of Domain 10 (D10) was
also analyzed for the probability of forming coiled coil structure using COILS (Lupas et al.,
1991) and the sequence of a part of D10 (L1157-E1210) was analyzed for structural dis-
orderness using PONDR (Romero et al., 2001).

4.4.2. Predicting Caspase-3 Cleavage Sites—Recently, several algorithms have
become available to predict caspase-3 cleavage sites. These algorithms were developed
based on knowledge from structural features of some of the caspase substrates, such as
preferred primary structure (sequence logo DxxD) (Dix et al., 2008, Timmer et al., 2009;
Pop and Salvesen, 2009; Mahrus et al., 2008; Weber et al., 2008; Luthi and Martin, 2007;
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Timmer and Salvesen, 2007; Fischer et al., 2003; Nicholson, 1999; Talanian et al., 1997;
Schneider and Stephens, 1990), secondary structure (unstructured loop) (Garay-Malpartida
et al., 2005), solvent accessible surface (Pop and Salvesen, 2009; Xu et al., 2001), and
phosphorylation at the P3 position (Dix et al., 2012), etc.

4.5. Cleavage of αII-spectrin Fragments by Caspase-3
4.5.1. SDS-PAGE Detection—A previously published gel electrophoresis method
(Stennicke and Salvesen, 1999; Timmer et al., 2009), including the published caspase-3
concentrations (Timmer et al., 2009), was followed to allow for the study of a wide range of
caspase-3 cleavage efficiency in αII-spectrin model proteins. Briefly, a sample, 1 μM final
concentration, of each of the six αII-spectrin proteins (D8-D11, D10-D11, D12-D13, D13,
D10-D13, and D10-D13(D1185E)) was incubated with various amounts of caspase-3 (final
concentration ranging from 0 to 500 nM) for exactly 1 hr (t = 1 hr) at 37 °C in the “caspase
activity buffer.” The reaction was terminated by boiling the sample for 10 min in the
presence of the loading dye. Samples were loaded to 4 - 20% SDS-PAGE Precise Protein
Gels (Thermo Fisher Scientific), and the electrophoresis was done in a running buffer (0.1
M Tris Base, 0.1 M HEPES, and 0.1% (w/v) SDS at pH 8) with constant current (50 mA).
The protein staining was carried out using AcquaStain from Bulldog Bio (Portsmouth, NH).
The protein band intensities at different caspase-3 concentrations ([casp-3]) were determined
with Alphaimager HP (Protein Simple; Santa Clara, CA). The intensity values for samples
with [casp-3] = 0.005, 0.01 and 0.05 nM were essentially the same as those without
caspase-3 ([casp-3] = 0). Thus, the band intensities of these four points was averaged and set
to represent the band intensity without caspase-3 (100%). The values for samples consisting
of [casp-3] > 0.05 nM were converted to fractions (%) accordingly. For the samples
consisting of high [casp-3], such as 500 nM, (Fig 2A and C, Fig 3A and C, and Fig 4A and
C), the 13 and 17 kDa bands of caspase-3 were also visible on the gel. For band intensity
analysis, the caspase-3 bands at corresponding concentrations were subtracted from each
lane accordingly. A plot of the fraction of the remaining intact protein, or of the cleaved
product(s), as a function of [casp-3] was made, and the value of [casp-3] corresponding to
50% of a spectrin protein disappeared/remained, or cleaved product appeared, [E]1/2, was
read from the plot directly, and the apparent value for kcat/KM was then determined with the
half-life equation: kcat/KM = ln2/t[E]1/2, where t = 1 hr (39).

The masses of some cleaved products were also determined by high-resolution mass
spectrometry methods at the RRC (see Table 1).

4.5.2. Fluorescence Detection—In fluorescence studies, a substrate protein (αII-
spectrin model proteins) with tryptophan fluorescence signal sensitive to caspase cleavage is
needed. Thus, we monitored the fluorescence intensities of tryptophan mutants D10-D11'w,
D10-D11'w-1, D10-D11'w-2 and D13'w (see above, “DNA Plasmids Preparation” section) at
347 nm (with excitation at 295 nm) as a function of time in the “caspase activity buffer” in
the presence of caspase-3 at 37 °C. The measurements were done with a Jasco Fluorometer
(FP-6200; Easton, MD). Those model proteins sensitive to caspase-3 cleavage were selected
for kinetics studies. A selected protein (D10-D11'w) was also studied by SDS-PAGE method
to verify that the mutation does not affect the catalytic rate.

For kinetics studies, fluorescence spectra of the selected proteins at various concentrations in
the “caspase activity buffer,” incubated with caspase-3, were obtained as a function of time.
The initial cleavage rate (V) at each protein concentration was measured from the linear
portion of the plot of fluorescence intensity versus time. From the Lineweaver-Burk plot (1/
V vs. 1/[protein]), where [protein] was the concentration of αII-spectrin model protein, we
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obtained 1/Vmax value from the y-intercept of the linear fit of the data and −1/KM from the
x-intercept. The kcat value was obtained since kcat = Vmax/[casp-3].

OriginPro 8.5 software was used for data processing both in gel electrophoresis and in
fluorescence studies.
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Abbreviations

casp-3 the concentration of recombinant caspase-3

caspase activity
buffer

20 mM piperazine-N,N’-bis-(2-ethanesulfonic acid) with 100 mM
NaCl, 10 mM DTT, 1 mM EDTA, 0.1% CHAPS, and 10% sucrose at
pH 7.2

D8-D11 a recombinant protein consisting of residues 780-1344 of αII-spectrin
plus GS as the first two residues

D10-D11 a recombinant protein consisting of residues 1087-1344 of αII-spectrin
plus GS as the first two residues

D10-D11'w-1 D10-D11 with all its tryptophan residues except W1192 replaced with
phenylalanine residues

D10-D11'w-2 D10-D11 with all its tryptophan residues except W1192 and W1215
replaced with phenylalanine residues

D10-D11'w D10-D11 with all its tryptophan residues except W1106 and W1192
replaced with phenylalanine residues

D10-D13 a recombinant protein consisting of residues 1087-1556 of αII-spectrin
plus GS as the first two residues

D12-D13 a recombinant protein consisting of residues 1335-1556 of αII-spectrin
plus GS as the first two residues

D13 a recombinant protein consisting of residues 1441-1556 of αII-spectrin
plus GS as the first two residues

D13'w D13 with W1533F mutation

SBDP spectrin breakdown product

SBDP37 the SBDP with an electrophoretic mass of 37 kDa

SBDP120 the SBDP with an electrophoretic mass of 120 kDa

SBDP150 the SBDP with an electrophoretic mass of 150 kDa
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Highlights

• spectrin breakdown products are detected under various brain conditions

• kinetics studies of breakdown reactions of spectrin model proteins by caspase-3

• more efficient cleavage to generate the 150 kDa fragment than the 120 kDa
fragment

• The formations of 150 kDa and 120 kDa fragments are independent of eachother

• development of more precise biomarkers to monitor spectrin degradation
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Figure 1.
Secondary structure predictions. (A) Sequence alignment of D10 (L1087-F1238, See Table
1) with domain 1 (L40-Y154), with D10 exhibiting 22% sequence identity and 41%
similarity. The D1185 residue (bold and double underline) is located in the middle of the
long, 34-residue segment (V1167-H1200, dotted line) that does not align with D1. Two
conserved tryptophan residues found in Helices A and C are shown in grey. (B) D10Δ,
excluding residues from V1167-H1200, sequence aligned with domain 1 exhibiting 29%
sequence identity and 52% similarity. The high sequence homology with domain 1 allows us
to predict that Helix A in D10 as residues K1092-L1114 (underlined), Helix B as residues
V1126 - E1160, and Helix C as residues T1201-G1230. Also shown is the sequence
alignment of D13 (L1441-F1556) with D1. The alignment shows 28% identity and 49%
similarity between D13 and D1. We assigned L1445-F1467 in D13 as Helix A (underlined),
V1480-A1514 as Helix B, and K1519-G1548 as Helix C. The D1478 residue (bold, and
double underline) is at the end of the segment connecting Helix A and Helix B. (C) A 40-
residue segment (G1161 -H1200) located between Helix B and Helix C in D10.
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Figure 2.
Caspase-3 proteolysis of αII-spectrin model protein D10-D11 and D8-D11. (A) A typical
SDS-PAGE for the substrate D10-D11 (1 μM) in the presence of various [casp-3] (0, 0.005,
0.01, 0.05, 0.5, 10, 50, 100, and 500 nM). Each sample of D10-D11 and caspase-3 was
incubated at 37 °C for 1 hr precisely before gel electrophoresis runs (see text).
Polyacrylamide gel (4-20% in Tris-HEPES-SDS, from Pierce) was used. See Table 1 for the
masses of the proteins and fragments obtained from sequence, gel electrophoresis and mass
spectrometry methods. Molecular markers are shown in the left most lane. At low
concentrations of caspase-3, the 36 kDa (D10-D11) band is clearly seen. For samples with
higher concentrations of caspase-3, bands at 17 and 19 kDa are detected. For the sample
consisting of 500 nM caspase-3, the bands of caspase-3 at 17 kDa (corresponding to a mass
of 16,614.8 Da) and 13 kDa (12,960.7 Da) are also visible. Similar caspase-3 bands at 500
nM were observed in samples without D10-D11(data not shown). The insets are gels with
[casp-3] = 0.05, 0.5, 1, 3, 5, 7, 8, 9, and 10 nM. (B) The intensities of the 36 kDa band in
(A), converted to fractions of that without caspase-3 (%) (solid circle), at different [casp-3]
show the disappearance of D10-D11 at [casp-3] > 0.05 nM. The value of [casp-3] to give
50% of D10-D11 (dash line), [E]1/2, was read from the plot directly with the plotting
software (Origin) as 3.3 nM. The kcat/KM value was then determined with the half-life
equation kcat/KM = ln2/t [E]1/2 (see text) with t = 1 hr or 3600 sec, as 58,346 M−1 sec−1. The
open circle symbols correspond to the data for D10-D11'w used in fluorescence studies. The
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[E]1/2 value for D10-D11'w, from the plot, is 4.0 nM to give a kcat/KM value of 48,135 M−1

sec−1. (C) A typical SDS-PAGE for the substrate D8-D11 (1 μM). Details are similar to (A).
(D) The intensities of the 66 kDa band in (C) at different [casp-3] were converted to
fractions of that without caspase-3 (%) (solid diamond). The [E]1/2 value from the plot is 9.0
nM with a kcat/KM value of 21,393 M− sec−.
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Figure 3.
Caspase-3 proteolysis of αII-spectrin model proteins D13 and D12-D13. (A) A typical SDS-
PAGE for the substrate D13 (1 μM) in the presence of various [casp-3] with conditions
similar to those in Fig 2(A). See Table 1 for the masses of proteins and fragments obtained
from sequence, gel electrophoresis and mass spectrometry methods. Molecular markers are
shown in the left most lane. At low concentrations of caspase-3, the 15 kDa (D13) band is
clearly seen. For higher concentrations of caspase-3, a band at 10 kDa is detected. For the
sample consisting of 500 nM caspase-3, the bands of caspase-3 at 17 kDa (corresponding to
a mass of 16,614.8 Da) and 13 kDa (12,960.7 Da) are also visible. (B) The intensities of the
15 kDa band in (A), converted to fractions of that without caspase-3 (%) (right-half shaded
circle), at different [casp-3] show the disappearance of D13 at [casp-3] > 100 nM. The
[casp-3] value to give 50% fraction (dash line) of D13 ([E]1/2) was read from the plot
directly with the plotting software (Origin) to give a value of 57.2 nM. The kcat/KM value
was then determined to be 3,366 M−1 sec−1. (C) A typical SDS-PAGE for the substrate D12-
D13. Details are similar to (A). (D) The intensities of the 28 kDa band in (C) at different
[casp-3], converted to fractions of that without caspase-3 (%), as a function of [casp-3] (left-
half shaded hexagon). The [E]1/2 value from the plot is 55.6 nM with a kcat/KM value of
3,463 M−1 sec−1.
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Figure 4.
Caspase-3 proteolysis of αII-spectrin model proteins D10-D13 and D10-D13(D1185E). (A)
A typical SDS-PAGE for the substrate D10-D13 (1 μM) in the presence of various [casp-3],
with conditions similar to Fig 2(A). See Table 1 for the masses of the proteins and fragments
obtained from sequence, gel electrophoresis and mass spectrometry methods. Molecular
markers are shown in the left most lane. At low [casp-3] values, the 62 kDa (D10-D13) band
is clearly seen in each lane. For higher [casp-3] values, bands at 45, 37, 17, and 10 kDa are
detected. Again, for the sample consisting of 500 nM caspase-3 or higher, the bands of
caspase-3 at 17 kDa and 13 kDa are also visible. The inset gels are with [casp-3] = 0, 10, 50,
100, 500, 700, 1000, 1200 and 1500 nM. (B) The intensities of the 62 kDa band in (A),
converted to fractions of that without caspase-3 (%), at different [casp-3] (solid stars) show
the disappearance of D10-D13 at [casp] > 10 nM. The [E]1/2 value was read from the plot
directly with the plotting software to give a value of 3.1 nM with a kcat/KM value of 62,110
M−1sec−1. Also plotted are the appearance a 45 kDa fragment (solid triangle). When the
[casp-3] >10 nM, the concentration of the 45 kDa fragment decreases. A fragment at 37 kDa
band (upside down left-half shaded triangle) becomes visible at [casp-3] ~ 10 nM, and its
concentration continues to increase as [casp-3] increases. For comparison, the relative
intensity plot of D10-D11 (solid circle) from Fig 2(A) was also plotted. (C) A typical SDS-
PAGE for the substrate D10-D13(D1185E), with conditions similar to (A). (D) The
intensities of the 62 kDa band in (C) at different [casp-3], converted to fractions of that
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without caspase-3 (%) as a function of [casp-3] (open star). The [E]1/2 value from the plot is
57.4 nM with kcat/KM value of 3,354 M−1sec−1. Also plotted are the appearance of a 53 kDa
fragment as a function of [casp-3] (open triangle). When the [caspase-3] >100 nM, the
concentration of the 53 kDa fragment decreases. The 37 kDa band (upside down open
triangle) becomes visible at [casp-3] ~ 100 nM, and its concentration continues to increase
as [casp-3] increases.
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Figure 5.
Cleavage efficiency at D1185 site. (A) Intrinsic tryptophan fluorescent spectra of a sample
D10-D11'w (see the Methods and Table 1) at 0.7 μM with [casp-3] = 100 nM at 37 °C show
that the intensity decreases as a function of time (at 1 min interval), with slight λmax shift,
from 347 to 351 nm. The excitation wavelength was 295 nm. (B) Relative intensities at 347
nm of the spectra in (A), of [D10-D11'w] = 0.7 μM (solid circles), as a function of time, with
the intensity at t = 0 as 1. Also shown are those for [D10-D11'w] = 2.4 (open circles), 3.5,
4.4, 6.5, 7.1, and 11.7 μM (solid triangle). The data for D10-D11'w without caspase-3 (*)
show no decrease in intensity as a function of time. (C) A linear decrease of [D10-D11'w],
converted from the intensities at 347 nm of the sample in (A) at a time interval of 20 sec,
was found for the first 2 min. The linear fit (R2 = 0.98) gives a slope, or the initial rate V, of
0.13352 μM/min. (D) The Lineweaver-Burk (1/V vs 1/[D10-D11'w]) plot of the data from
(B). The Vmax value from the y-intercept was 1.4 μM/min, the KM value from the x-
intercept was 6.3 μM, and the kcat from Vmax/[casp-3] was 14/min, or 0.23/sec. The kcat/KM
value was then 37,000 M−1sec−1.
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Figure 6.
Cleavage efficiency at D1478 site. (A) Intrinsic tryptophan fluorescent spectra of D13'w (see
the Methods; Table 1) at 0.9 μM with [casp-3] = 700 nM at 37 °C show decreasing intensity
as a function of time (at 1 min interval), with slight λmax shift, from 347 to 349 nm. The
excitation wavelength was 295 nm. (B) Relative intensities at 347 nm of the spectra in (A),
with the intensity at t = 0 as 1 (solid circles, [D13'w] = 0.9 μM). Also shown are those for
[D13'w] = 1.8 (open circles), 2.6, 3.5, 4.7, 5.5, 6.5, 7.4, and 8.2 μM (solid triangle). The data
for D13'w without caspase-3 (*) show no decrease in intensity as a function of time. (C) A
linear decrease of [D13'w], converted from the intensities at 347 nm of the sample in (A) at a
time interval of 20 sec, was found for the first 2 min. The linear fit (R2 = 0.99) gives a slope,
or the initial rate V, of 0.08759 μM/min. (D) The Lineweaver-Burk (1/V vs 1/[D13'w]) plot
of the data from (B). The Vmax from the y-intercept was 0.5 μM/min, the KM from the x-
intercept was 3.8 μM and the kcat from Vmax/[casp-3] was 0.7/min, or 0.01/sec. The kcat/KM
value was then 2,900 M−1sec−1.
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TABLE 1

The mass predicted from sequence (massseq), obtained from gel electrophoresis (massele) and obtained from
high-resolution mass spectrometry methods (massms) of αII-spectrin model proteins (see text for protein
identity) used in the study (left aligned, in bold). The first set of fragments obtained from caspase-3 cleavage
(center aligned) and the fragments from a subsequent cleavage of a fragment, if any, (right aligned) are also
listed.

Protein Sequence Massseq (Da) Massele (kDa) Massms (Da)

D8-D11 L780-F1344 62,358.4 66 62,357.6

L780-D1185 44,171.3 46

S1186-F1344 18,205.0 19

D10-D11 L1087-F1344 29,830.0 36 29,829.9

L1087-D1185 11,642.9 17

S1186-F1344 18,205.0 19

D10-D13 L1087-F1556 54,265.5 62 54,265.6

L1087-D1185 11,642.9 17 11,642.2

S1186-F1556 42,640.5 45

S1186-D1478 33,690.3 37 33,689.8

S1479-F1556 8,968.2 10 8,967.7

D10-D13(D1185E) L1087-F1556 54,279.5 62 54,279.8

L1087-D1478 45,329.3 53 45,330.1

L1087-E1185 11,657.0 17 11,655.7

S1186-D1478 33,690.3 37

S1479-F1556 8,968.2 10 8,967.8

D12-D13 L1335-F1556 25,766.8 28 25,766.1

L1335-D1478 16,816.6 17

S1479-F1556 8,968.2 10 8,967.8

D13 L1441-F1556 13,550.1 15 13,549.9

L1441-D1478 4,600 5 4,599.1

S1479-F1556 8,968.2 10 8,967.8
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TABLE 3

Equilibrium ([E]1/2 = [Caspase-3] to give 50% cleavage of an αII-spectrin model protein) and kinetic (kcat/
KM) results of caspase-3 cleavage at a specific site in αII-spectrin model proteins, as detected by gel
electrophoresis and tryptophan fluorescence methods. See text for details in experimental set-up. The number
of runs to give the listed average values and standard deviations was 3.

Cleavage Site Proteins [E]1/2 (nM) kcat/KM (M−1sec−1)

Electrophoresis Electrophoresis Fluorescence

D1185 D10-D11 2.9 ± 0.6 67,700 ± 13,200

D8-D11 7.7 ± 1.4 25,400 ± 4,300

D10-D13
a 4.3 ± 1.1 47,200 ± 15,000

D10-D11'w 4.2 ± 0.5 46,800 ± 3,900 35,000

E1185 D10-D13(D1185E) 172.7 ± 27.0 1,100 ± 180

D1478 D13 57.8 ± 3.1 3,300 ± 200

D12-D13 62.2 ± 10.6 3,100 ± 500

D10-D13
b 58.2 ± 10.1 3,400 ± 650

D10-D13(D1185E)
c 73.0 ± 22.8 2,800 ± 900

D13'w 2,900

a
D10-D13 protein also consisted of the D1478 site.

b
D10-D13 protein also consisted of the D1185 site.

c
D10-D13(D1185E) protein also consisted of the E1185 site.
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