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Bovine lens extracts were incubated in pH 7.5 buffer with succinylated VSREEKPSSAPSS, SGVDAGHS,
GKPTSAPSS and GKHNERQD, the peptides having age-dependent in vivo cleavage sites in bovine and human
aA-crystallin. The reaction products were analyzed to identify the initial protease cleavage sites. The results
showed that bovine lens extracts contain protease activity that can cleave. Thr-Ser, Ser-Ala, Ser-Ser bonds in tes
substrates which correspond to peptide bonds Ser168-Serl69, Serl69-Alal70, Serl72-Serl73 wAbovine
crystallin and Thr-Ser, Ser169-Alal70, Serl72-Ser173 in huaferystallin. In addition, the same extracts
were also capable of hydrolyzing Asp-Ala and Asn-Glu bonds corresponding to Asp151-Alal52 and Asn101-
Glul02 in aA-crystallin from bovine and human lenses. The cleavage specificity of the newly discovered
protease(s) suggests that the in vivo truncatiorwdfcrystallin reported earlier may be due to the action of
proteases. The newly discovered lens proteases(s) were resistant to inactivation by E-64 and DFP. However
prior treatment of the lens extracts with leupeptin and chymostatin resulted in partial loss of Asn-Glu hydrolytic
activity. N-ethylmaleimide treatment completely abolished in the Asn-Glu hydrolyzing activity1996 Academic
Press, Inc.

The structural proteins of the lens (crystallins) are largely present throughout the life of
organism. Alpha crystallin is the major component of crystallin proteins accounting for as mucl
40% of the total protein in lens. It is composed of two types of subunits, A and B of 20 kDa w
extensive sequence homology to small heat shock proteins (1, for a review). Recently it has
shown that both A and B subunits have the capacity to suppress the aggregation and precipi
of denatured proteins (2). In vitro studies have demonstrated that-timgstallin isolated from
older lenses (3) as well as chemically modified (4,5) and enzymatically truncated{6ry3tallins
have diminished capacity to protect denatugedndy-crystallins and other proteins from insolu-
bilization. Takemoto et al. have shown that the C-terminal regiar-ofystallin is essential for the
normal interaction of crystallin subunits as well as for its full chaperone-like function (6,8,9). Ba:
on these observations it has been hypothesizedotftaystallin may be involved in the mainte-
nance of lens transparency in vivo (2,3). During aging and cataract development, truncatio
a-crystallin due to extensive cleavages at the carboxyl terminus has been observed by a numl
investigators (10-14). Therefore it is likely that the loss in the chaperone-like property of a
a-crystallin observed (3) may be in part due to the C-terminal truncationai/stallin.

By isoelectric focusing, peptide mapping and amino acid analyses, van Kleef and assoc
(10,11) have determined that major bonds cleaved during aging in vivo are on the carboxyl sic
Asn-101, Asp151, Serl68, Ser169 of the A chain and Thr170 of the B chain of bexinestallin.
Takemoto has shown that aged bovim&-crystallin is cleaved in vivo on the carboxyl side of
Serl68 and Serl72 (14). His study also showed the cleavage of hafwanystallin on the
carboxyl side of Thr-168 and Ser172 (14). Smith et. al. reported and confirmed independently s
of these cleavage sites ércrystallin (13,15). Of the above cleavages in bowvinerystallin, only
the cleavage site afB-crystallin by calpain (16). Although the lens is known to contain a numb

1 To whom correspondence should be addressed. Fax: (314) 882-8474.
Abbreviations used: E-64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane; HPLC, high performance lic
chromatography; DFP, diisopropyl fluorophosphate.
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of other proteases (17-21), specific proteases responsible for in vivo truncatisergstallins
have not been characterized. In vitro studies have indicated that non-enzymatic mechanisms
be playing a role in the truncation of crystallins in vivo (11,22,23). We hypothesize that lens tis
contains specific protease(s) which recognize certain sequences and they can be assayed on
peptide/protein substrates having sequences similar to that of a crystallin. Earlier studies
demonstrated that the peptide substrates having the in vivo cleavage sites are useful in ident
the sequence specific proteases, developing of rapid assays and designing specific inhibitc
therapeutic importance (24-26). In this study we provide evidence for the presence of proteas
lens which have a potential to cleave peptide bonds corresponding to the age related in
cleavage sites imx-crystallin. The data presented here were obtained using synthetic pep
substrates having sequences similar todherystallin at the in vivo cleavage sites.

MATERIALS AND METHODS

Materials. Peptide substrates Suc-VSREEKPSSAPSS, Suc-SGVDAGHS, Suc-GKPTSAPSS and Suc-GKHNEI
were synthesized at the Protein Core Facility of Missouri, Columbia. Porcine kidney cystosolic leucine aminopeptic
DFP, E-64, bestatin, chymostatin, leupeptin and N-ethylmeleimide were obtained from Sigma Chemical Co. HPLC col
Vydac C18, was bought from The Separations Group (Hesparia, CA, U.S.A). Bovine lenses were obtained from a
slaughter house and stored at —70°C until use. Human lenses were collected from eyes donated to the Lion’s Eye
Bank of Missouri and stored at —20°C. All other chemicals were the highest grade commercially available.

Methods.Bovine (-5 yrs) and human (4-70 yrs) lenses were homogenized in 50 mM phosphate buffer, pH 7.5 (b
A) and the soluble proteins were separated by centrifugation at 30000Xg for 30 min. The extracts were dialyzed again:
volumes of the same buffer for 12 hrs with one change using a 10 kDa cut off cellulose tubing.

Assay.In a typical assay, 20-50 nanomoles of the test peptide was mixecithmg lens protein in buffer A under
sterile conditions for —24 hrs. The total reaction mixture was then filtered through a 10 kDa cutoff filter (MSI) and
filtrate was subjected to HPLC analysis using a Vydac C18 column (4.5 x 250 mm). A linear gradient of 0.1% TFA in w
and acetonitrile containing 0.1% TFA was used to separate the peptides generated by proteolysis. The peptide peal
collected separately and analyzed for amino acid composition (27). In some experiments DFP, E-64, leupeptin, chymo
N-ethylmaleimide or bestatin was included to inactivate the proteases and peptidases known to be present in lens €
prior to incubations with peptide substrates. The extent of hydrolysis was determined either by HPLC analysis of the 1(
filtrates or by amino acid analysis of the reaction products. Appropriate blanks were run under identical conditions
corrected for any hydrolysis of endogenous substrates. Protein was measured by the bicinchoninic acid method (2t

RESULTS AND DISCUSSION

The work described in this paper explores the use of peptide substrates representing in
cleavage sites im-crystallins (1,10-15,29) for the identification of lens proteases. The synthe
peptides (Fig. 1) used in this study were all blocked at the N-terminus by succinylation to pre\
their hydrolysis by the aminopeptidases present in lens (30-34).

Hydrolysis of human lenaA-crystallin peptides by bovine lens proteaségure 2 shows the

Human oA (165-173) Suc-Glu-Lys-Pro-Th%Ser*Ala-Pro-Ser%Ser

Human oA (98-105) Suc-Gly-Lys-His-Asn{!}Glu-Arg-Gln-Asp

¥

Bovine aA (161-173) Suc-Val-Ser-Arg-Glu-Glu-Lys-Pro-Serg}Serg}'Ala-Pro-Ser{-}Ser

Bovine 0A (149-1558) Suc-Ser-Gly-Val-Asp?}Ala*Gly-His-Ser

FIG. 1. Comparison of in vivo cleavage sites @A-crystallin from bovine and human lens with that determined by in
vitro studies. The in vivo cleavage sites (unfilled arrows) shown were taken from ref. 10-14 for lb@vicrystallin and
ref. 12, 14, 15 for humanA-crystallin. The filled arrows show the bovine lens protease cleavage sites observed during
present study. The assay method is described under methods.
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FIG. 2. Elution profile of Suc-GKPTSAPSS incubated with bovine lens extract during HPLC on a reverse phase
column. The experimental detail is given under methods.

HPLC profile of the peptide substrate, Suc-GKPTSAPSS incubated with the bovine lens exti
During chromatography on a C18 column, the original substrate eluted at 18 min with a we
acetonitrile gradient. The same substrate, after incubation with 10 mg of DFP treated lens pr
for 12 hrs, showed an additional peak at 14 min during HPLC separation of the products.
amino acid analysis of this new peak indicated that it was Suc-GKPTS suggesting the cleava
Ser-Ala bond in the substrate used. The amino acid analysis of the substrate peak showec
decrease in total serine. This was due to the co-elution of Suc-GKPTSAPSS and Suc-GKPTS
In addition, direct amino acid analysis of the reaction products showed the presence of free Ala
and Ser. When the substrate was incubated with 10 times more bovine lens enzyme, 100% cle
of Ser-Ala bond was observed. In addition, the amino acid composition analysis of the 14 min
(Suc-GKPTS) showed a 15% decrease in Ser suggesting additional cleavage at Thr-Ser bont
Thr-Ser bond was less susceptible to bovine lens protease compared to Ser-Ala bond. These
show the presence of protease(s) in bovine lens extract that cleaves Thr-Ser, Ser-Ala and S
bonds in test substrates (Fig. 1). Of these three sites, Thr-Ser and Ser-Ser cleavage sites corr
to the in vivo truncation sites in humaA-crystallin (14,15).

In another set of experiments, the peptide substrate, Suc-GKHNERQD, corresponding to ht
aA-crystallin residues 98-105, containing in vivo cleavage site Asn101-Glul102 was incube
with the bovine lens extract. Amino acid analysis of the products showed the presence of free
Arg, GIn and Asp that increased in a time dependent manner (Table 1). Incubation of the pe
alone under similar conditions did not show the generation of new amino terminus as judge
TLC and ninhydrin staining (data not shown). In addition, incubations of the peptide substrate
24 hrs with purified leucine aminopeptidase did not result in the release of any one of the an
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TABLE 1
Amino Acids Released from Synthetic Peptide Substrates by Lens Protease(s)
Peptide Incubation time Amino acid released (nanomoles)
Bovine aA (148-155)
(Suc-SGVDAGHS) 14 hrs Ala(2.1); Gly(13); His(12); Ser(13)
HumancaA (98-105)
(Suc-GKHNERQD) 1hr Glu(3.5); Arg(2.3); GIn(1.1); Asp(0.6)
2 hrs Glu(4.6); Arg(3.5); GIn(1.2); Asp(1.0)
4 hrs Glu(6.1); Arg(4.6); GIn(2.4); Asp(2.1)
6 hrs Glu(8.9); Arg(8); GIn(3.8); Asp(3.6)

HumancaA (98-105)
(Suc-GKHNERQD) +
Leucine aminopeptidase 24 hrs None

The peptide substrates (25 nanomoles) were incubated with dialyzed bovine lens extract or
50 ug of purified leucine aminopeptidase for 1-24 hrs and the products were analyzed for free
amino acids as described under methods. The values shown represent amino acids released
after correcting for any endogenous amino acid released.

acids present in the peptide. If there was any non-enzymatic cleavage of the substrate
GKHNERQD, we should have seen the release of free amino acids from the newly formed pep
by the action of leucine aminopeptidase. Therefore, cleavage of the Asn-X bond in the pef
substrate was unlikely to be due to a non-enzymatic cleavage occurring under our experim
conditions. Non-enzymatic cleavage of Asn-X bonds in peptides and proteins during prolor
incubation under different conditions has been observed by others (22,35). The data from this
suggests that the peptide we used was initially cleaved at Asn-Glu bond and that the lens pepti
hydrolyzed the peptide EQRD to release Glu, Arg, GIn and Asp. The results from this experin
suggest that the bovine lens extract contains a protease capable of hydrolyzing the Asn-Glu
in the substrate used. Both human and bovine tekgrystallins are cleaved in vivo during aging
at Asn101-Glu102 site, Fig. 1 (1,11).

Hydrolysis of bovine lengA-crystallin peptides by bovine lens proteas®evine lens extract
(10 mg protein treated with DFP to inactivate prolyloligopeptidase (36,37)) was incubated v
50ug of Suc-VSREEKPSSAPSS (corresponding to the succinylated bovineol&rsystallin
sequence 161-173) for 16 hrs. The reaction product was analyzed by HPLC as above. The e
profile of the products showed several peptides (elution profile not shown). The individual pe
were collected separately and analyzed for amino acid content. The amino acid compositiol
those peptides were equivalent to Suc-VSREEKPS, Suc-VSREEKPSS, and S
VSREEKPSSAPS. The Ser-Ser and Ser-Ala bonds were assigned as cleavage sites (Fig. 1
comparison with the amino acid content of the starting peptide substrate. The analysis of
reaction products showed free Ser, Ala and Pro. The Ser-Ser and Ser-Ala cleavage sites |
substrate used correspond to the in vivo peptide bond cleavage sites Ser168-Ser169, Ser169-/
and Serl72-Serl173 in bovine leag-crystallin (10,11,14).

In another experiment, DFP treated bovine lens extract (10 mg protein) was incubated wit|
ng of Suc-SGVDAGHS, corresponding to the succinylated bovine teksrystallin sequence
148-155. The result obtained upon amino acid analysis of the reaction products is shown in 1
1. The data suggest that the peptide substrate was first cleaved at Asp-Ala and Ala-Gly bond:
the new peptides formed (AGHS and GHS) were hydrolyzed by lens aminopeptidases. Neithe
presence of carboxypeptidase (30) nor the proteases discovered in the present study were de
in the lens so far. Our previous attempts to identify the presence of carboxypeptidase activity in
extract were not successful. Therefore the free amino acids formed during our assay are un
to arise by the action of carboxypeptidase(s). Of the two cleavage sites identified during our in

368



Vol. 218, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

studies with Suc-SGVDAGHS, the Asp-Ala bond cleavage corresponds to Asp151-Alal52 bor
native bovineaA-crystallin, Fig. 1 (1,10,11).

Other properties of bovine lens proteas€le susceptibility of the newly discovered bovine lens
protease(s) to various inhibitors was tested by in vitro assays with Suc-GKPTSAPSS and
GKHNERQD as substrates. During the assays the Ser-Ala and Asn-Glu bond cleavages
monitored to determine the extent of inhibition. Both the activities were resistant to DFP and E
While a patrtial inhibition of the Asn-Glu hydrolyzing activity by leupeptin and chymostatin we
observed, addition of N-ethylmaleimide to the assay system completely abolished the relea
amino acids. These inhibitors by themselves do not inactivate the peptidases. Therefore the
bition observed was likely due to inactivation of the protease acting on Asn-Glu site. These |
suggest that the Asn-Glu hydrolyzing activity is similar to that of the cysteine proteases whe
the Ser-Ala hydrolyzing activity does not belong to any specific class of known proteases (38)
our best knowledge this is the first report of the presence of an Asn-X bond cleaving proteas
mammalian tissue. The optimum pH of the lens protease(s) was 7.5. When the lens extract
passed through a Sephadex G-100 column the protease activities co-eluted with 70 kDa pre
under non-denaturing conditions. The molecular weight and inhibitory susceptibility of the bov
lens protease(s) discovered now are different from those reported earlier for calpain (19
multicatalytic protease (18), trypsin-like protease (17) and membrane protease (20) prese
bovine lens extract.

The results from this study, for the first time, show that the bovine lens extract contains prote
with the potential to cleaveA-crystallins at specific sites corresponding to the age related in vi\
cleavage sites. Similar activity was also observed in a limited number of human lens extr
analyzed (data not shown). In view of the earlier report thatystallin gets truncated during aging
(10-14,39,40) and the chaperone-like functiomadrystallin is altered by this modification (6,9),
it is possible that the protease(s) we identified may play a major role in the maintenance
a-crystallin structure-function in vivo. Further studies are underway to determine the role of th
proteases in in vivo truncation aef-crystallin during aging and modulation efcrystallin prop-
erties.
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