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m: Incubation of purified bovine aortic lysyl oxidase with rat liver or 
calf thymus Hl histone results in the catalytic formation of hydrogen 
peroxide, indicating the substrate potential of Hl for this connective tissue 
enzyme. Sodium borotritide-reducible residues consistent with aminoadipic 
semialdehyde and the lysinonorleucine crosslinkage were generated in Hl by 
incubation with lysyl oxidase. Hl histone also contains endoagnous reducible 
functions including an unidentitified prcminenttritiated peak eluting near 
tyrosine as well as other lesser peaks, one of which is consistent with 
lysinonorleucine. 

The maturation of elastin and collagen fibers requires the oxidative 

deamination of peptidyllysinein these proteins to peptidyl o(-aminoadipic-6- 

semialdehyde by lysyl oxidase (1). Spontaneous condensations of aldehyde 

residues then yield a variety of covalent crosslinkages, including the aldol 

condensation product, Schiff base, and higher-or&red crosslinkage products in 

these proteins (2). Such lysine-derived crosslinkages are also present in the 

cell mvelope of E&l&&& pnli (31, in egg shell membrane protein (41, and 

connectin (51, although there appears to be no other clear example of such 

products appearing in other proteins. 

In assessing the substrate specificity of highly purified lysyl oxidase, 

we have considered the possibility that the lysine-rich histone proteins might 

also be acted upon by this enzyme. Histones are the major protein components 

of chranatin. Histone H2a, H2b, H3 and H4 constitute the core proteins of the 

nucleosome around which the DNA double helix is wound. Histone Hl, the most 

lysinerich of the histone molecules, binds to the outside of the nucleosome 

core particle and also interacts with the inter-nucleosomal linker INA (6). 

Modification of the interactions between the cationic histones and the anionic 
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nucleic acid may be involved in regulating gene expression (6). Indeed, 

histones are subject to a variety of charge-altering post-translational 

modifications including acetylation, phosphorylation, ADP-ribosylation, an&N- . . 

methylation (6,7). In the present study, we report that histone Hl is a 

substrate for purified lysyl oxidase in yit;m and that histone Hl as isolated 

contains sodium borotritide-reducible residues consistent with the presence of 

carbonyl functions in this protein. 

MATERI&SANDt4E!lHOlX 

Histone Hl was purified from the livers of 200 gram male Sprague Dawley 
rats by a modification of themethod of Johns (8), substituting ethanol for 
acetone in the final washes of the acid precipitate. Calf thymus histone Hl, 
isolated by the method of Bohm et al. (9), was a product of Boehringer 
Mannheim Biochemicals. Sodium dodecyl sulfate-15% polyacrylamide gel , 
electrophoresis (10) of each Hl preparation indicated the presence of Hl 
variants between 20- and 25,000 daltons. Amino acid analyses of each 
preparation were consistent with published compositions of Hl histone (6). 
Sodium borotritide (350 mCi/mmole) was a product of ICN Corporation. 
Insoluble elastin was isolated from bovine liaamentum nuchae by repeated 
autoclaving, as described (11). 

-PurificationtiAssavLysyloxidase was purified from bovine 
aorta by a modification (12) of the previously described procedure (13) by 
substituting chromatography through Cibacron Blue-Se&arose for the DEAE 
cellulose chromatography step. This modification yields an apparently 
homogeneous preparationof the four lysyloxidase enzymevariants. Enzyme 
assays employed the peroxidase-coupled ccntinuous spectrofluorometric method 
(14) l 

&&Q &id $@y& Amino acid analyses were performed using a Beckman 
119C amino acid analyzer on protein samples hydrolyzed at 105' for 22 hours 
in 6 N HCl in tubes sealed j.n V~CUO after nitrogen purging. Sodium 
borotritide-reducible protein residues were separately determined from 6 N HCl 
or 2 NNaOHhydrolysates of reducedprotein samples using aTechniconamino 
acid analyser quipped with a stream-splitting device, thus permitting the 
monitoring of the column effluent for radioactivity and for ninhydrin 
reactivity (15). 

Redblction & sodium &x&JU,& Histone Hl (1 mg) was dissolved in 0.5 
ml of 0.05 M sodium borate, pH 8.2, and reduced with 1.5 mCi of sodium 
borotritide (specific activity 157 mCi/mmole) at 25' for 1 hr. Reduction was 
stopped and excess borotritide decomposed by addition of 50% acetic acid to #I 
3. Samples were dried under a stream of nitrogen and rehydrated repeatedly. 
Reducedhistones were desalted by passage through alx 20 cm column of Bio 
Gel P-2 eluting with 1 % acetic acid and then lyolfiilized in preparation for 
acid or base hydrolysis. Insoluble elastin was reduced under identical 
conditions but was freed of salts and excess borotritide by washing on a 
sintered glass funnel with water and then dried with ethanol and ether. 

m nf a Jaath &@. m Preparations of Hl histone frcxn 

rat liver or calf thymus were incubated in the peroxidase-coupled assay to 

test their potential as substrates for lysyloxidase. Each of the histone 
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samples were readily oxidized by lysyl oxidase, indicated by the catalytic 

release of hydrogen peroxide (Figure 1). The oxidation of the 1,5- 

diaminopentane and of the histone substrates was largely inhibited by OS mM 

~aminopropionitrile, an irreversible and selective inhibitor of lysyl oxidase 

(12) l 

B nf Q&j&g~ a & Histones Samples of rat liver or 

calf thymus Hl were incubated in the presence or absenoe of lysyl oxidase and 

were then reduced with sodium borotritide, base hydrolyzed, and analyzed by 

split-stream amino acid analysis. Elution positions of tritiated peaks 

deriving from histone I-II. were compared to those of the reduced derivatives of 

the aldehyde and crosslinkage products of base-hydrolized ligament elastin, 

chromatographed under the same conditions. As shown (Figure 21, there are 

tritiated peaks in each of the Hl samples which had been incubated in the 

absence of lysyl oxidase. These endogenous, borotritide-reducible residues 

include a prominent peak eluting near tyrosine and lesser peaks eluting near 

the positions of glutamate, ammonia and lysine, respectively. Incubation of 

the histones with lysyl oxidase generates a prominent new peak eluting at the 

. DAP 

/ 

i 

MINUTES OF ASSAY 

~~~ef~hJ,byLy&.Oxidaae.Rat liver W-R) or calf 
thymus (I-U-C) Ii1 histone was present at 0.5 mg in 2 ml of the peroxidase- 
cuipled assay for lysyloxidase-dependent hydrogen peroxide formation (14). 
Assays were initiated by the addition of enzyme. DAP, 0.01 M 1,5- 
diaminopentane; BApN, 0.2 mM p-aminopropionitrile present in the assay. 
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ACP LNL 

FRACTION 

product: LNL, lysinonorleucine. Positions of amino acid standards are shown. 

position of hydroxynorleucine and markedly increases the magnitude of the 

endogenous peak eluting at lysinonorleucine. Hydroxynorleucine is the reduced 

derivative of aminoadipic semialdehyde, the initial product of lysyl oxidase 

action, while lysinonorleucine is the reduced derivative of the Schiff base 

crosslinkage between aminoadipic semialdehyde and an unmodified lysine residue 

(2). Thus, it appears that aminoadipic semialdehyde and the Schiff-base 

crosslinkage are generated in both samples of Hl by incubation with lysyl 

oxidase.There also are other lysyl oxidase-dependent peaks eluting after 

lysine. A separate analysis of a reaction mixture containing only lysyl 

oxidase establishedthatnoneof the peaks shown in Figure 2 can be accounted 

for as deriving from the enzyme, itself. Except for the marked increase in the 
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peak at lysinonorleucine, none of the endogenous peaks are markedly affected 

by the incubation with lysyl oxidase , including the prominent endogenous peak 

near tyrosine. It is noteworthy that the lysyl oxidase-induced and endogenous 

profiles of tritiated peaks in calf thymus Hl are essentially the same as 

those in the rat liver preparation , suggesting that these results may be 

applicable to Hl histone of various sources. 

The distribution of tritiated peaks as well as the total tritium content 

within each of the endogemus peaks are essentially the same after hydrolysis 

of the borotritide-reduced samples of Hlby6 NHClor by 2NNaOH. The acid 

stabilityofthe endogenous peak attyrosine argues against its identity as 

the reducedaldolcondensationproduct, since this crosslinkage is largely 

destroyedbyacidhydrolysis (15).However,the acid- and base-stability of 

the lesser peak at the position of lysinonorleucine is consistent with its 

identification as this reduced Schiff base crosslinkage (15). Further, 

incubation of rat liver Hl in 0.1 N NaOH for one hour at 37' prior to 

reduction with borotritide did not significantly alter the resulting profile 

of endogenous peaks from those seen in Figure 2. Thus, the endogenous peaks 

likely do not originate from a reducible ester linkage between ahistone 

glutamyl residue and an ADP-ribose group, consistent with the lability of this 

derivative of Hl to hydrolysis by O.lNNaOH at 37' for 3 minutes (16).Other 

known modifications, including N-methylation, N-acetylation, or 

phosphorylation of Hl (6) do not appear to be likely sources of incorporation 

of acid- or base-stable tritum from sodium borotritide reduction. 

DISCUSSION 

!the present results reveal that histone Hl is readily oxidized by lysyl 

oxidase in j5 y&z! assays, evidenced bothby the enzyme-dependentandJUPN- 

inhibitable release of hydrogen peroxide and by the increase of sodium 

borotritide-reducible functions in the incubated histone samples. The 

susceptibility of histone to this enzyme may relate both to its abundance of 

lysine residues as well as its net cationic charge. Thus, the activity of 

lysyl oxidase toward an insoluble elastin substrate is dramatically increased 
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if elastin is rendered cationic by bound cationic amphiphilicligands (17). 

Although a systematic review of potential protein substrates of lysyl oxidase 

is not available, we have noted that native or denatured forms of bovine serum 

albumin or of catalase are not oxidized by this enzyme. It also is of 

particular interest that elastin (18) and histone HI. (6) each contain 

-lys-ala-ala-lys- and -lys-ala-ala-ala-lys- sequences. The lysyl oxidase- 

catalyzed deamination of one lysine in the former and both lysines in the 

latter sequence can yield, respectively, thelysinonorleucine and aldol 

condensation product crosslinkages in elastin (18). Thus, these sequence 

similarities may also underlie the generation of aldehyde and crosslinkage 

products in histone by lysyl oxidase. 

The total endogenous borotritide-reducible functions were estimated to 

constitute 0.5 mole per mole of Hl, assuming that each mole of reducible 

residue incorporates one gram atom of tritium. The properties of the lesser 

endogenous peak eluting near lysine is consistent with those of lysino- 

norleucine, raising the possibility that El may be susceptible to oxidative 

deaminationin yiyn. The other more prominent endogenous peaks are subjects of 

continued investigation. Thus, it appears that derivatives of histone residues 

with carbonyl reactivity, indicated by reducibility by sodium borotritide, may 

represent as yet unidentified products of post-translational modification(~) 

of Hl. 
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