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ABSTRACT: The sequence of two overlapping cDNA clones for the zinc metalloproteinase hemorrhagic toxin 
e (also known as atrolysin e, EC 3.4.24.44) from the venom gland of Crotalus atrox, the Western diamondback 
rattlesnake, is presented. The assembled cDNA sequence is 1975 nucleotides in length and encodes an open 
reading frame of 478 amino acids. The mature hemorrhagic toxin e protein as isolated from the crude venom 
has a molecular weight of approximately 24 0oO and thus represents the processed product of this open reading 
frame. From the deduced amino acid sequence, it can be hypothesized that the enzyme is translated with 
a signal sequence of 18 amino acids, an amino-terminal propeptide of 169 amino acids, a central hemorrhagic 
proteinase domain of 202 amino acids, and a carboxy-terminal sequence of 89 amino acids. The propeptide 
has a short region similar to the region involved in the activation of matrix metalloproteinase zymogens. 
The proteinase domain is similar to other snake venom metalloproteinases, with over 57% identity to the 
low molecular weight proteinases HR2a and H2-proteinase from the Habu snake Trimeresurus flauouiridis. 
The carboxy-terminal region, which is not observed in the mature protein, strongly resembles the protein 
sequence immediately following the proteinase domain of HR1 B (a high molecular weight hemorrhagic 
proteinase from the venom of T.  flauouiridis) and the members of a different family of snake venom 
polypeptides known for their platelet aggregation inhibitory activity, the disintegrins. The cDNA sequence 
bears striking similarity to a previously reported sequence for a disintegrin cDNA. This report is evidence 
that this subfamily of venom metalloproteinases is synthesized in a proenzyme form which must be pro- 
teolytically activated. Furthermore, these studies suggest a structural link between the low and high molecular 
weight hemorrhagic toxins and the disintegrin-like family of polypeptides. 

A prominent feature of crotalid snake venoms is that they 
contain an abundance of proteolytic enzymes. Some of these 
proteinases are directly capable of causing hemorrhage at the 
site of envenomation and often disseminate from the site, 
affecting the entire appendage. In severe cases, systemic 
hemorrhage has been observed, affecting the heart, lungs, 
kidneys, and brain. Both types of hemorrhage are the result 
of the action of zinc metalloproteinases found in the venom 
[reviewed in Bjarnason and Fox (1989)l. Bjarnason and Tu 
(1978) first isolated and partially characterized five hemor- 
rhagic metalloproteinases from Crotalus atrox venom. The 
cleavage specificities of these enzymes were initially investi- 
gated using insulin B chain as substrate in order to understand 
more about the mechanism of hemorrhage induction (Bjarn- 
ason & Fox, 1983, 1987; Fox et al., 1986; Bjarnason et al., 
1988). From both microscopic pathological studies (Ownby 
et al., 1978) and specificity studies using purified basement 
membrane components (Baramova et al., 1989, 1990a), it has 
been well established that these hemorragic metalloproteinases 
degrade the proteins of basement membrane including collagen 
type IV, nidogen (entactin), and laminin. 

Despite these studies, it was still not understood why the 
sizes of these metalloproteinases are so varied (from 24 to 68 
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m a )  and why the higher molecular weight toxins are generally 
more effective at producing hemorrhage than the low mo- 
lecular weight toxins. One explanation based upon our pre- 
vious studies (Baramova et al., 1990b) is that the low mo- 
lecular weight hemorrhagic toxins (Ht-c, -d, and -e)' are ef- 
fectively inhibited by plasma a2-macroglobulin while the high 
molecular weight toxin Ht-a (atrolysin A, EC 3.4.24.1) was 
not. Partial protein sequence data are now available for many 
such enzymes from a broad range of crotalid snake venoms, 
which suggests that these enzymes are evolutionarily related 
members of a subfamily of zinc metalloproteinases (Shannon 
et al., 1989; Miyata et al., 1989; Takeya et al., 1989, 1990a,b; 
Tanizaki et al., 1989; Nakagawa et al., 1989; Sanchez et al., 
1991). Indeed, the entire protein sequences of five hemor- 
rhagic proteinases and one nonhemorrhagic proteinase have 
been completed by traditional Edman protein sequencing. 
With the elucidation of the protein sequence for HRlB 
(trimerelysin I, EC 3.4.24.52) from Trimeresurusflauovridis 

~ ~~ 

I Abbreviations: EDTA, ethylenediaminetetraacetic acid; HPLC, 
high-performance liquid chromatography; Ht, hemorrhagic toxin; kDa, 
kilodalton(s); KGD, tripeptide sequence lysine-glycine-aspartate; M- 
MuLV, murine Molony leukemia virus; MBIR, Molecular Biology In- 
formation Resource; MMP, matrix metalloproteinase; NZY, rich bac- 
teriological broth containing 10 g of NZ amine, 5 g of sodium chloride, 
5 g of yeast extract, and 2 g of magnesium sulfate heptahydrate per liter, 
adjusted to pH 7.5; ORF, open reading frame; RGD, tripeptide sequence 
arginine-glycine-aspartate; SDS, sodium dodecyl sulfate; SM, phage 
buffer consisting of 0.1 M sodium chloride, 8 mM magnesium sulfate, 
50 mM Tris-HC1, pH 7.5, and 2% gelatin; SSC, standard saline citrate 
(0.15 M sodium chloride/l5 mM sodium citrate, pH 7.0); TAE, Tris- 
acetate-EDTA buffer (40 mM Tris-acetate/l mM EDTA); TFA, tri- 
fluoroacetic acid; Tris, tris(hydroxymethy1)aminomethane. 
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(Takeya et al., 1990a), it was shown that this high molecular 
weight toxin consists of three domains. At the amino-terminal 
end is a proteinase domain similar to the small molecular 
weight hemorrhagic metalloproteinases, followed by two ad- 
ditional domains, one of which appears to be related to the 
disintegrin family of proteins while the other shows weak 
similarity to von Willebrand factor. Here we present the 
complete cDNA sequence and the translated protein sequence 
of a low molecular weight hemorrhagic proteinase, Ht-e, from 
Crotalus atrox, the Western diamondback rattlesnake. On 
the basis of this work, we can now suggest a new explanation 
for the structural relationship between the high and low mo- 
lecular weight snake venom metalloproteinases and the dis- 
integrin-like family of polypeptides. 

EXPERIMENTAL PROCEDURES 
Protein Preparation. Hemorrhagic toxins were purified 

from crude C.  atrox venom (Miami Serpentarium) using the 
purification scheme of Bjarnason and Tu (1978). Hemor- 
rhagic toxins were alkylated with iodoacetamide by the method 
of Hirs (1967), or with 4-vinylpyridine by the method of 
Friedman et al. (1970), then HPLC-purified away from the 
reduction/alkylation reagents using a reverse-phase ((2-4) 
column with a starting solvent of 0.1% aqueous TFA, and 
eluted with 0.1% TFA in acetonitrile at a gradient of 1% 
increase in eluting solvent per milliliter. Cyanogen bromide 
digestion of Ht-e by the method of Gross (1967) followed by 
HPLC (using the same conditions outlined previously) yielded 
purified CNBr fragments. 

Amino Acid Analysis. Amino acid analysis of Ht-e was 
done by a modification (Shannon et al., 1989) of the method 
of Bidlingmeyer et al. (1984). 

Protein Sequencing. Protein sequencing was performed on 
an Applied Biosystems 470A gas-phase sequenator (Applied 
Biosystems, Foster City, CA) with an on-line Applied Bio- 
systems Model 120A analyzer using the manufacturer's 
standard protocols. 

Poly(A+) RNA Isolation. RNA was isolated from the 
venom glands of two freshly sacrificed adult rattlesnakes 
(Maverick Trading Post, Farmer's Branch, TX) approximately 
4 ft in length. Briefly, the snakes were sacrificed by decap- 
itation; the glands were removed and placed directly into a 
denaturing solution of 4 M guanidinium isothiocyanate and 
homogenized using a motorized homogenizer. Total RNA was 
isolated by the method of Chirgwin et al. (1979). Homogenate 
was layered over ultracentrifuge tubes containing 5.7 M cesium 
chloride plus 0.1 M EDTA and centrifuged for 18 h at 33 000 
rpm at 20 OC. The pelleted RNA was recovered and ethan- 
ol-precipitated. Purified total RNA was then passed over an 
oligo(dT)%llulose column and eluted as poly(A+) RNA. The 
total yield of poly(Af) RNA was about 10 pg from two snakes. 

cDNA Library Construction. cDNA synthesis was accom- 
plished using the UniZAP XR kit by Stratagene (La Jolla, 
CA). First-strand synthesis from 1.2 pg of poly(A+) RNA 
was primed by an XhoI/oligo(dT) linker/primer and catalyzed 
by M-MuLV reverse transcriptase in the presence of [a- 
32P]dATP and 5-methyl-dCTP (to hemimethylate the cDNA 
at all internal XhoI sites). After second-strand synthesis using 
Escherichia coli DNA polymerase the cDNA ends were 
blunted with T4 DNA polymerase, and EcoRI adapters were 
ligated on. The cDNA was the digested with XhoI to remove 
the adapter from the end containing the XhoI linker/primer 
sequence (internal XhoI sites were protected by the hemi- 
methylated state of the cDNA). The resultant cDNA had an 
EcoRI site at the 5' end of the message and an XhoI site at 
the 3' [poly (A)] end. cDNA was then purified from the 
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excess adapters and cleaved XhoI linkers by gel filtration 
chromatography using Sepharose CL-4B resin. This step was 
also used to size-select for larger cDNAs. This cDNA was 
then ligated into Stratagene's UniZAP XR vector (a derivative 
of phage A) and packaged using Stratagene's Gigapack I1 
packaging extract. The packaged DNA was then titered and 
found to contain 2.9 X lo7 recombinants. Of these, 2 X lo6 
were amplified to make the library. 

Design and Synthesis of Oligonucleotide Probes. The ami- 
no-terminal protein sequence of Ht-e was compared to similar 
regions of other C.  atrox hemorrhagic toxins (partial protein 
sequences of which we had previously determined), and a 
heptameric amino acid sequence was chosen which would be 
unlikely to cross-hybridize with other hemorrhagic toxin se- 
quences, yet which would have as few as possible degenerate 
positions. A mixture of oligonucleotide probes of 20 bases in 
length was synthesized using a Biosearch 8600 synthesizer 
(MilliGen/Biosearch, Burlington, MA), incorporating the 
proper mixture of bases at each site of degeneracy. The DNA 
sequence of the probe was A-T-G-T-A-C/T-A-C-N-A-A- 
A/G-T-A-C/T-A-A-C/T-G-G, corresponding to the peptide 
sequence M-Y-T-K-Y-N-G (positions 18-24) from the ami- 
no-terminal region of the mature Ht-e proteinase. Prior to 
hybridization, the probe was labeled using T4 polynucleotide 
kinase and [y-32P]ATP (6000 Ci/mmol; New England Nu- 
clear, Boston, MA) (Ausubel et al., 1987) and purified by spun 
column chromatography using BioGel P-2 (Bio-Rad, Rich- 
mond, CA) and a method adapted from Sambrook et al. 
(1982). 

cDNA Library Screening. Since the hemorrhagic toxins 
were expected to be highly expressed proteins in the venom 
gland, the primary screening of the library was done at a low 
plaque density. The library was plated on 150-mm NZY 
plates and grown 9 h at 37 OC. Plates were then chilled for 
several hours, and plaques were lifted in duplicate onto ni- 
trocellulose filters and processed as recommended by Strat- 
agene. After vacuum baking at 80 "C, filters were washed 
in three changes of 3 X SSC/O.l% SDS at room temperature 
and then prehybridized for 3 h at 42 OC. Labeled probe and 
hybridization solution were then added, and the hybridization 
was allowed to proceed overnight at 42 "C. The next day the 
solution was removed, and the filters were washed in three 
changes of 6 X SSC/O.l% SDS at room temperature and then 
in the same buffer at 42 OC. Filters were then sealed in plastic 
wrap, and Kodak XAR film (Rochester, NY) was placed over 
them in an autoradiography cassette. Film was exposed ov- 
ernight at -70 OC. Positive plaques were identified after the 
film was developed and the autoradiograph was aligned to the 
plates. 

Characterization of Positive Clones. Plaques which were 
both positive and clearly defined from surrounding plaques 
were removed using a sterile Pasteur pipet and eluted in SM 
buffer. Clones were then rescued into pBlueScript I 1  phage- 
mids using R408 helper phage. Plasmid DNA was then ob- 
tained using a Qiagen plasmid kit (Qiagen Inc., Chatsworth, 
CA). The plasmid DNA was restriction-digested with EcoRI 
and XhoI to remove the insert and analyzed using 1% agarose 
gels in TAE buffer. Two of the largest clones (HO11 and 
H012) were chosen for DNA sequence analysis. Those clones 
to be sequenced were also isolated in single-stranded form using 
the in vivo packaging signals in the pBlueScript I 1  vector using 
the protocols provided by Stratagene. 

DNA Sequencing. DNA sequencing was performed on a 
du Pont Genesis 2000 automated DNA sequencer (E. I .  du 
Pont de Nemours & Co., Wilmington, DE). Sanger dideoxy 
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sequencing reactions (Sanger et al., 1977) were performed on 
both single- and double-stranded DNA using reagents and 
protocols furnished by du Pont. Typical reactions gave 
readable sequences of 250-350 bases after manual editing of 
the results given by the base-calling software. The single- 
stranded reactions generally gave superior data. Sequence 
overlaps were obtained by “walking” across the insert, se- 
quencing in from both ends starting with primers within the 
vector sequence and making new oligonucleotide primers to 
the end of each sequence run until each strand was completed. 
Synthesized primers were 17 or more bases in length. The 
coding strand was sequenced from single-stranded template 
and the noncoding strand from double-stranded template. 
Both strands were sequenced in their entirety at least twice. 

Sequence Assembly. Individual sequence runs were as- 
sembled into overlaps using the computer program SAM (Se- 
quence Assembly Manager) of the MBIR suite of programs 
(Lawrence et al., 1989). After being edited, the assembled 
sequence was translated into the coding sequence, and both 
the protein and DNA sequences were compared to sequences 
in the GenBank (Bilofsky et al., 1986) and PIR (Protein 
Identification Resource, National Biomedical Research 
Foundation, Georgetown University, Washington, D. C.) da- 
tabases using the fasta program of Pearson and Lipman 
(1988). 

RESULTS 
Protein Sequencing and Amino Acid Analysis of Ht-e. The 

amino acid sequence of the amino terminus of the mature Ht-e 
protein was determined to 42 residues by Edman degradation, 
and part of this protein sequence was used to design a suitable 
oligonucleotide probe for screening the cDNA library. Several 
Ht-e CNBr peptides were sequenced to verify that positive 
clones isolated from the library encoded the correct protein 
sequence. The carboxy-terminal CNBr peptide was sequenced 
from Asn-192 to Pro-202, where the signal ended, suggesting 
the end of the peptide. Amino acid analysis of this peptide 
(data not shown) confiied that Pro-202 was the final residue 
of the mature proteinase. The amino acid composition of Ht-e 
was determined. Table I displays the average results of five 
amino acid analyses compared to the predicted composition 
from the cDNA sequence. 

Isolation of cDNA Clones. As stated earlier, it was expected 
that Ht-e would be highly expressed in the venom gland li- 
brary. This assumption was borne out by the screening of the 
library with the Ht-e 20-mer oligonucleotide probe. The av- 
erage number of clones which tested positive to this probe from 
the screening of three plates was greater than 1%. Due to the 
high number of positives, 16 clones were selected for further 
work. The clone (H012) which was first selected to be com- 
pletely sequenced consisted of 1795 base pairs. When it was 
discovered that this was not sufficient to unambiguously de- 
termine the translation initiation codon, a second, overlapping 
clone (H011) was sequenced. This clone is slightly larger than 
the H012 clone and gave an additional 180 base pairs of 
5’-untranslated sequence for a total length of 1975 base pairs. 

Figure 1 shows the cDNA sequence of Ht-e and the 
translated protein sequence from the initiation codon to the 
termination codon. The deduced amino acid sequence from 
this open reading frame is 478 amino acids, much larger than 
would be necessary to encode a 24-kDa protein. Within this 
sequence, we assume the presence of a signal peptide, a pro- 
peptide, the mature protein, and a carboxy-terminal peptide 
which must be posttranslationally removed. 

Similarity of Ht-e to Other Sequences. When the nu- 
cleotide sequence of the Ht-e clone was compared with the 
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Table I: Amino Acid Comwsition of Ht-e” 
protein deduced from translated CDNA 
analysis Asn-1 to 

residue results Asn-1 to Pr0-202~ Glv-291C 
Asx 
Glx 
Ser 

His 
Thr 
Ala 

Pro 
TYr 
Val 
Met 
Ile 
Leu 
Phe 
LYS 
CYS 
Trp 

GlY 

27 
23 
17 
14 
9 

10 
7 

10 
8 

1 1  
1 1  
7 

20 
14 
5 

10 
6 

N D  

25 
21 
17 
13 
9 
9 
6 
8 
8 

10 
1 1  
7 

20 
13 
5 

10 
7 
3 

36 
29 
23 
22 
9 

17 
10 
14 
12 
12 
16 
10 
21 
19 
6 

13 
19 
3 

‘Values for the protein analysis were averaged from five samples of 
Ht-e, calculated for a 24-kDa protein and rounded to integer values 
expressed as residues per molecule. Asx = sum of Asn + Asp; Glx = 
sum of Gln + Glu; N D  = not determined. Asn- 1 was determined to be 
the amino terminus of mature Ht-e protein using amino-terminal pro- 
tein sequence analyis. Pro-202 is the predicted carbxy-terminal res- 
idue of mature Ht-e. cGly-291 is the last residue of the open reading 
frame. 

GenBank database, one significant similarity was found, that 
of the 2017-nucleotide cDNA sequence for trigramin (Neeper 
& Jacobson, 1990) from Trimeresureus gramineus. These 
two sequences are 85.3% identical over a 1997-nucleotide 
overlap (which includes the entire Ht-e cDNA sequence plus 
gaps inserted for optimal alignment). Comparison of the 
translated open reading frames of these two clones showed a 
70.3% identity over a 482 amino acid overlap. Comparison 
of the deduced protein sequence to the PIR database, as was 
expected, confirmed a strong similarity to other snake venom 
metalloproteinases (5147%) as seen in Figure 2, and also to 
the disintegrins (up to 75%) as seen in Figure 3. 

No other significant similarities were seen, except to the zinc 
binding site of other metalloproteinases, the consensus sequence 
(H-E-X-X-H) which was described by Jongeneel et al. (1989), 
and the extended motif described by Murphy et al. (1991), 

The proposed signal peptide region of Ht-e is similar in 
amino acid sequence to the reported trigramin cDNA signal 
sequence. The sequence structure (a central region rich in 
hydrophobic residues and a likely cleavage site 18 amino acids 
from the amino terminus) is consistent with other signal se- 
quences. 

Upon close examination, a sequence, P-K-M-C-G-V, was 
located between the proposed signal sequence and the met- 
alloproteinase domain (residues 164-1 69) which resembles a 
region in the propeptide of matrix metalloproteinases (MMPs). 
This sequence is thought to be involved in activation of these 
enzymes (Valee & Auld, 1990; Van Wart & Birkedal-Hansen, 
1990) and might serve a similar function in the zymogen form 
of Ht-e. 

(H-E-X-X-H)X-X-G-X-X-H. 

DISCUSSION 
A comparison of the amino acid sequence of mature Ht-e 

with the sequences of other known snake venom metallo- 
proteinases is made in Figure 2. As was expected, the protein 
sequence of Ht-e is very similar to the other known venom 
metalloproteinases. When all of the proteinases shown in the 
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21 41 61 81 
C T C A G A T T G G C T T G A l i A G C G G G A A G A G A T T G C C ~ G ~ C T T C C A G C C A l i A T C C A G C C T C C ~ T G A T C C A A G T T C T C T T G G T G A C ~ A T A T G C T T A S C A G C T  

M I Q V L L V T I C L A A  
101 121 141 161 181 
T T T C C T T A T C A A G G G A G C T C T A T A A T C C T G G A A T C T G G G ~ C G T C A A T G A T T A T G A A G T A A T T T A T C C A C G ~ G T C A C T G C A T T G C C C A A A G G A G C A G  
F P Y Q G S S I I L E S G N V N D Y E V I Y P R K V T A L P K G A  
231 221 241 261 281 
T T C A G C C A A A G T A T G A A G A C A C C A T G C A A T A T G A A T T G ~ G T G A A T G G A G A G C C A G T G G T C C T T C A ~ C ~ G G ~ T ~ G G A C T ~ T ~ T T C ~ G A  
V Q P K Y E D T M Q Y E L K V N G E P V V L H L E K N K G S K D  

301 321 34: 361 381 
_ T A C A G T G A G A C T C A T T A T T C C T T T G A T G S C A G A A A A A T  

401 421 441 461 481 
GACTCAACTGCAAGCATCAGTGCATGCATGCAACGGTTTGAAAGGACATTTCAAGCTTCAAGGGGAGA~G~ACCT~A~TGAACCCTTGAAGCTT~CCGACAGTG 

501 521 541 5 61 581 
A A G C C C A T G C A G T C T T C A A R T T G P J U E 4 A T G T A G ~ ~ G ~ G G A T G A G G C C C C ~ A A A A T G T G T G G G G T A A C C C A G A A T T G G S ~ T C A T A T G A G C C C A T C ~  
E A ~ A V F K L ~ R V E K E ~ E A ” ~ C G V T ~ N ~ E S ~ ~ P ~ K  

631 621 641 661 68, 
AAAGGCCTCTGATTTAAATCTTAATCCTSAACATCAAAGATATGTTGAGCTTTTTCATTG?TGTGGACCATGGAATGTACACRAAATATAATAATSGCGAT~CA 

K A S 3 L N L N P E H Q R Y V E L F I V V D H G M Y T K Y N G D S  

Y S E T H Y S F D G R K i T T N P S V E 3 q C Y Y H G R i E N D A  

3 S T A S I S A C N G L K G H F K L Q G E M Y L I E P L K L S 3 S  

70; 721 74; 761 781 
G A T A A G A T A A G A C M C G G G T A C A T ~ ~ T G G T C A A C A T T A T G A A G G A G A G T T A C A C T T A T A T G T A C A T C G A T A T A T T A C T G G C “ G T A T A G A A A T - T G G T  
D K I R Q R V H Q M V N I M K E S Y T Y M Y I D I L L A G I E I W  
801 82: 841 861 881 
C C A A C G G A G A T T T G A l T A A C G T G C A G C C A G C A T C G C C ~ A A ~ A C ~ ~ T G A A C T C A T T ? G S A G A A T G G A S A G A G A C A G A ’ i T ” G C T G A A G C G C  
S N G D L I N V Q P A S P N T L N S F G E W R E T D L L K R K S H D  
901 921 941 961 981 
TAATGCTCAGTTACTCACGTCCATTGCCTTCGATGAAC~TTATAGGACGGGCTTATATAGGTGGCATATSCSACCCAAAGCGTTCTACAGGAGT_GTC 

l O O i  1021 104i io61 1381 
C A G G A T C A T A G C G A A A T A A A T C T T A G G G T T G C A G T T A C A A T G C S  
Q D H S E I N L R V A V T M T H E L G H N L G I H H D T D S C S C  
1101 1-21 1141 1161 1181 
G T G G T T A C T C A T S C A T T A T G T C T C C T G T G A T A A G C G A T G A A C C T T C C ~ T A T T T C A G C G A T T G T A G T T A C A ~ C C A A T G - T S G G A A T T T A T ~ A T G A A ~ C A  
G G Y S C I M S P V I S D P P S K Y F S D C S Y I Q C W E F I M N Q  
1201 1221 121; 1261 1281 
G R A G C C A C A A T G C A T T C T C A G A A A C C C T T G A G A - T  

K P Q C I L K K P L R ’ D T V S T P V S G N ~ ~ L E A G ~ E C D C  

1301 i321 1341 136; 1381 
GGCTCTCTTGAAAATCCGTGC_GTTATGCTATGCTACAACCTGT~ATGAGACCAGGG?CACAGTGTSCAGAAGGAC~GTGT_G~GACCASTGCAGA~TTATGA 

G S L E N P C C Y A T T C K M R P G S Q C A E G , C C D C C R F M  

1401 1421 1441 1461 1481 
A A A A A G G A A C A G T A T G C C G G G T A T C A A T S S ~ - S A T A G G A A T S A T G A ~ A C C T G C A C T S G C C A A - C ~ G C T G A C T G T C C C A G ~ T G G C C T C T A T G G C ~ ~ C  
K K G T V C X V S M V D R N D D T C T G Q S A 2 C P R N G L Y G  
15c: I521 1541 1561 1581 
AACAATSSAGATGGAl iAGGTCTGCAGCAACAGGCAGGCACTGTGTTGATG~GACTACAGCCTACTAATCAACC?C_GGCT~C_CTCAGATTTSA~C_-GGAGAT 

16C1 1621 1641 1661 1681 
C C T T C T T T C A G M S G T T C A A C ~ T C C C T ~ T A G A C C  

1701 172; 174: 1761 1781 
_ G C A A T A T _ ? C T T C T C C A T A T T T A A T C T G T T T A C C T T T T ~ C T G T ~ T C ~ C C T T T T C C C C A C C A C A A A G C T C ~ A T G G G C A T A T A C ~ C A C C A A G G G C - T  

1801 1821 1841 1861 I 8 8 1  
A T T T G C T G T C A A G A A R A A C A A C A G G T G G C C A T T T T A C C G T T T C  

1901 1921 -941 196: 
AA-GCTTCCTCTTCCAAAATTTCATGC_GCC””-CCAAGA_G“AGCTGCTGCTTC~ATCAACAGGTAliACTAAC~AT~CTCA 

N A Q L L T S I A F D E Q I I G R A Y I G G I C D P K R S T G V V  

-. 

FIGURE 1: cDNA sequence of Ht-e clones H011 and H012, with the translated open reading frame from the start ATG codon to the termination 
codon. The signal sequence and mature protein are denoted in boldface. 

alignment in Figure 2 are compared, there is an overall shared 
identity of 25% (50 residues). It has the highest identity with 
HR2a and H,-proteinase (57.3% for each), followed next by 
a hemorrhagic proteinase from Lachesis muta muta (the 
bushmaster), LHF-I1 (57.1%). If only the proteinase domain 
(mature protein) of Ht-e is compared with the high molecular 
weight proteinase HRlB, a 56.1% identity is obtained, whereas 
there is a 55.7% identity if both the proteinase and disinteg- 
rin-like domains are compared. Surprisingly, of the other 
snake venom metalloproteinases whose protein sequences have 
been determined, Ht-e is least similar to a hemorrhagic pro- 
teinase, Ht-d, from the same species snake (54.8%). 

Another surprising observation is that the mature Ht-e 
protein sequence is 56.6% identical to the upstream region of 
the translated open reading frame of the cDNA for the dis- 
integrin trigramin reported by Neeper and Jacobson (1990). 
The translated open reading frames of these two clones are 
70.3% identical overall. The structures of these translated 
clones parallel each other (signal sequence, zymogen, met- 

alloproteinase, disintegrin); indeed, even the 5’- and 3‘-un- 
translated regions of the nucleotide sequence bear striking 
similarity. 

Although there has not been a disintegrin isolated from C. 
atrox venom, it is likely that the processed disintegrin-like 
peptide (Figure 2, residues 203-295) is a component of the 
venom. This peptide would lack the RGD sequence found in 
many of the disintegrins, and its biological activity is not 
known. This sequence shows a high degree of similarity to 
the disintegrins, including an identical cysteine pattern (Figure 
3). For instance, there is a 75.3% identity between this region 
of Ht-e and elegantin (55 out of 73 amino acids). The dis- 
integrins are a family of anticoagulant peptides which have 
a high cysteine content [reviewed by Gould et al. (1990)l. 
These peptides inhibit platelet aggregation by competing with 
fibrinogen for binding to the platelet’s glycoprotein IIb-IIIa 
complex, a necessary event for thrombus formation. The RGD 
sequence found in most disintegrins has been suggested to be 
important in the binding of integrin proteins to their receptors 
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1 1 0  2 0  3 0  4 0  s o  
Ht-e NPEHQRYVELFIVVDHGMYTKYNGDSDKIRQRVHQMVNIMKESYTYMYID 
T. gramineus ORF QQR F PQRY I KLG I F V D H G M Y  T K Y  S GNS ER I T K R V H Q M  I N N  I N M M C R A L N  I V 
HRlB <EQRFPRRYIKLAIVVDHGIVTKHHGNLKKIRKWIYQLVNTINNIYRSLNIL 
HR2a c E Q R F P Q R Y I E L A I V V D H G M Y T K Y S S N ~ ~ K I R K R V H Q M V N N I N E M Y R P L N I A  
H,-Proteinase < E RF PQRY I EL A I V V D H G M Y  K K Y  NQN S D K  I K V R V H Q M V N H  I N E M Y  R P LN I A 
Ht-d < E Q N L P Q R Y I E L V V V A D H R V F M K Y N S D L N T I R T R V H E I V N F I N G F Y R S L N I H  
LHF-I1 FSQKYIELVVVADHGMFTKYNGNLNTIRTRVHEIVNTLNGFYRSLNIL 
HT-2 cENLPQSYIELVVVADHRMFMKYNSDLNTIRTRVHEIVNFINEFYRSLNIR 
Ac-1 STEFQRYMEIVIVVDHSMVKKYNGDSXKIKAWVYEMINT 
J Protease TPEHQRYIELFLVVDSGMFMKYNGNSDKI 

6 0  7 0  8 0  9 0  1 0 0  
Ht-e ILLAGIEIWSNGDLINVQPASPNTLNSFGEWRETDLLKRKSHDNAQLLTS 
T. gramineus ORF T T L S V L E I WS E KDL I T VQA S AP T T L T L FG AWR E TV L LNR T S HDHAQL L T A 
HRlB V A L V Y L E I W S K Q N K I T V Q S A S N V T L D L F G D W R E S V L L K Q R S H D C A Q L L T ' ~  
HR2a I T L S L L D V W S E K D L I T M Q A V A P T T A R L F G D W R E T V L L K Q K D H D H A Q L L ~ J ~  
H,-Proteinase ISLNRLQIWSKKDLITVKSASNVTLESFGNWRETVLLKQQNNDCAHLLTA 
Ht-d V S L T D L E I W S N E D Q I N I Q S A S S D T L N A F A E W R E T D L L N R K S H D N A Q L L ~ ~  
LHF-I1 I S L T D L E I W S N Q D L I N V Q S A A N D T L K T F G E W R E R V L L N R I S H D N A Q L L T ~  
HT-2 VSLTDLEIWSDQDFITVQSSAKNTLHSFGEWRKSVLLNRKRHDNAQLLTA 

1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  
Ht-e IAFDEQIIGRAYIGGICDPKRSTGVVQDHSEINLRVAVTMTHELGHNLGI 
T.gramineusORF TI FNGNVIGRAPVGGMCDPKRSVAIVRDHNAIVFVVAVTMTHEMGHNLGM 
HRlB IDFDGPTIGKAYTASMCDPKRSVGIVQDYSPINLVVAVIMTHEMGHNLGI 
HRla INFTGNTIGWAYMGGMCNAKNSVGIVKDHSSNVFMVAVTMTHEIGHNLGM 
H,-Proteinase TNLNDNTIGLAYKKGMCNPKLSVGLVQDYSPNVFMVAVTMTHELGHNLGM 
Nt-d IELDEETLGLAPLGTMCDPKLSIGIVQDHSPINLLMGVTMAHELGHNLGM 
LHF-I1 IDLADNTIGIAYTGGMCYPKNSVGIVQDHSPKTLLIAVTMAHELGHNLGM 
YT-2 IVLDDYTLGLAYLNSMCHPRNSVGLIQDHSPINLLMGVTMAHELGHNLGM 

1 6 0  1 7 0  1 8 0  1 9 0  2 0 0  
IIt-e HHDTDSCSCGGYSCIMSPVISDEPSKYFSDCSYIQCWEFIMNQKPQCILK 
r. grumineus ORF H H D  E DK C NC N T - - C I MS KV L S R Q P S KY F S E C S K D Y  Y Q T F L TNHN P Q C I LN 
HRlB P H D G N S C T C G G F P C I M S P M I S D P P S E L F S N C S K A Y Y Q T F L T D H ~ ~ P Q C I L N  
HR2a EHDDKDKCKCEA-CIMSAVISDKPSKLFSDCSKDYYQTFLTNSKPQCI IN 
H,-Proteinase EHDDKDKCKCEA-CIMSDVISDKPSKLFSDCSKNDYQTFLTKYNPQCILN 
Ht-d EHDGKDCLRGASLCIMRPGLTKGRSYEFSDDSMHYYERFLKQYKPQCILN 
LHF-I1 KHDENHCHCSASFCIMPPSISEGPSYEFSDCSKDYYQMFLTKRKPQCILN 
HT-2 EHDGKDCLRGASLCIMRPGLTPGRSYEFSDASMRYYQKFLDQYKPQCILN 

2 1 0  2 2 0  2 3 0  2 4 0  2 5 0  

T. gramineus ORF A P L R T D T V S T P V S G N  E L L E A G ED C D C G S P AN - - - P C C D A A T C K L I P G AQ C 
HRlB A P S K T D I V S P P V C G N E L L E A G E E C D C G S P E N C Q Y Q C C D A A S C K L H S W V K C  
HR2a AP 
H,-Proteinase AP 
Ht-d KP 
LHF-I1 KP 
HT-2 KP 

Ht-e KPLRTDTVSTPVSGNELLEAGIECDCGSLEN---PCCYATTCKMRPGSQC 

2 6 0  2 7 0  2 8 0  2 9 0  3 0 0  
Ht-e AEGLCCDQCRFMKKGTVCRVSMVDRN-DDTCTGQSADCPRNGLYG 
T.gramineusORF GEGLCCDQCSF I EEGTVCR IARGDDLDDYCNGRSAGCPRNPFHA 
HRlB ESGECCDQCRFRTAGTECRAAESECDIPESCTGQSADCPTDRFHRNGQPC 

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  
HRlB LYNHGYCYNGKCPIMFYQCYFLFGSNATVAEDDCFNNNKKGDKYFYCRKE 

3 6 0  3 7 0  3 8 0  3 9 0  4 0 0  
HRlB NEKYIPCAQEDVKCGRLFCDNKKYPCHYNYSEDLDFGMVDHGTKCADGKV 

4 1 0  
HRlB CSNRQCVDVNEAYKS 

FIGURE 2: Comparison of the mature Ht-e protein sequence with other snake venom metalloproteinase sequences. Ht-d and Ht-e are hemorrhagic 
proteinases from Crotalus atrox (Shannon et al., 1989; this paper). T. gramineus ORF is the translated open reading frame from trigramin 
cDNA (Neeper & Jacobson, 1990). HR1 B and HR2a are hemorrhagic proteinases from Trimeresurusflavoviridis (Takeya et al., 1990a; 
Miyata et al., 1989). HrProteinase is a nonhemorrhagic proteinase from Trimeresurusflavoviridis (Takeya et al., 1989). LHF-I1 is a hemorrhagic 
proteinase from Lachesis muta muta (Sanchez et al., 1991). HT-2 is a hemorrhagic proteinase from Crotalus ruber ruber (Takeya et al., 
1990b). Ac-1 proteinase is a hemorrhagic proteinase from Agkistrodon mutus (Nakagawa et al., 1989). J protease is a hemorrhagic proteinase 
from Bothrops jararaca (Tanizaki et al., 1989). 

(Gould et al., 1990), but it is not present in the disintegrin-like 
domains of Ht-e or HRlB. An exception to this is barbourin, 
a disintegrin isolated by Scarborough et al. (1991) from 
Sistrurus barbouri (the Southeastern pygmy rattlesnake). It 
is a potent inhibitor of platelet aggregation which has a KGD 
rather than an RGD sequence. In previous studies, it was 
determined that HRlB does inhibit ADP-activated platelet 
aggregation (Yamanaka et al., 1974). A region similar to the 
disintegrin-like region of HRlB has also been found in Ht-a 

(Hite, unpublished data). This suggests a biological function 
for the disintegrin-like domain attached to the high molecular 
weight hemorrhagic metalloproteinases, and may explain the 
fact that they are so efficient at producing hemorrhage. 

The trigramin clone was isolated using a probe for a dis- 
integrin peptide, and the Ht-e clone was isolated using a probe 
for a metalloproteinase, yet the resultant clones are highly 
related. This would suggest that the T. gramineus disintegrin 
trigramin is synthesized in tandem with a metalloproteinase 
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E LRTDTVSTPVSGNELLEAGIECDCGSLEN---PCCYATTC~RPGSQCAEGLCCDQCRFMKKGTVCRVSM~-RNDDTCTGQSADCPRNGLYG 

B 
1 
2 
3 
4 
5 
6 
I 
8 
9 
10 
11 

SKTDIVSPPVCGNELLEAGEECDCGSPENCQYQCCDAASCKLHSWVKCESGECCDQCRFRTAGTECRAAESECDIPESCTGQSADCPTDRFHRNG 
VSPPVCGNKILEQGEDCDCGSP~CQDQCCNILATCKLTPGSQCNHGECCDQCKFKKARTVCRIARGD-WNDDYCTGKSSDCPWNH 

EAGEECDCGSPEN---PCCDAATCKLRPGAQCADGLCCDQCRFMKKGTVCRVAKGD-WNDDTCTGQSADCPRNGLYG 
EAGEDCDCGSPAN---PCCDAATCKLLPGAQCGEGLCCDQCSFMKKGTICRRARGD-DLDDYCNGISAGCP~PLHA 
EAGEECDCGSPEN---PCCDAATCKLRPGAQCADGLCCDQCRFKKKRTICRRARGD-NPDDRCTGQSACPRNGLYS 
EAGEECDCGSPEN---P“~CDAATCKLRPGAQCAEGLCCDQCKFMKEGTVCR-ARGD-D~DYCNGISAGCPRNPFH 
EAGEDCDCGSPAN---PCCDlLATCKLIPGAQCGEGLCCDQCSFIEEGTVCRIARGD-DLDDYCNGRSAGCPRNPFH 
EAGEECDCGTPEN---PCCDAATCKLRPGAQCAEGLCCDQCRFKGAGKICRRARGD-NPDDRCTGQSADCPRNRF 

GEECDCGSPSN---PCCDAATCKLRPGAQCADGLCCDQCRFKKKTGICRIARGD-FPDDRCTGLSNDCPRWNDL 
GKECDCSSPEN---PCCDAATCKLRPGAQCGEGLCCEQCKFSRAGKICRIPRGD-MPDDRCTGQSADCPRYH 

ZRQEEPCATGPCCRRCKFKRAGKVCRVAFGD-WNNDYCTGKSCDCPRNPWG 
ECESGPCCRNCKFLKEGTICKRARGD-DMDDYCNGKTCDCPRNPHKGPAT 

FIGURE 3: Comparison of the Ht-e disintegrin-like domain, the HRl B disintegrin-like domain, and the disintegrins. The cysteine residues 
are shown in boldface to emphasize their conserved positions. E, Ht-e disintegrin domain from Crotalus atrox (Western diamondback rattlesnake). 
B, HRlB distintegrin domain from Trimersurusfiauouiridis (Habu) (Takeya et al., 1990a). 1, Bitistatin from Bitis arietans (Puff adder) 
(Shebuski et al., 1989). 2 ,  Barbourin from Sistrurus m. barbouri (Southeastern pigmy rattlesnake) (Scarborough et al., 1991). 3, Albolabrin 
from Trimeresurus albolabris (white-lipped tree viper) (Williams et al., 1990). 4, Elegantin from Trimeresurus elegans (Sakishima habu) 
(Williams et al., 1990). 5 ,  Applaggin from Agkistrodon pisciuorus pisciuorus (Eastern cottonmouth) (Chao et al., 1989). 6, Trigramin from 
Trimeresurus gramineus (Indian green tree viper) (Huang et al., 1989). 7 ,  Batroxostatin from Bothrops atrox (Fer-de-lance) (Rucinski et 
al., 1990). 8, Flavoridin from Trimeresurusflauouiridis (Habu) (Musial et al., 1990). 9, Kistrin (Rhodostomin) from Agkistrodon rhodostoma 
(Malayan pit viper) (Dennis et al., 1989). 10, Eristicophin from Eristicophis macmahoni (Asian sand viper) (Scarborough et al., 1991). 11, 
Echistatin from Echis carinatus (Saw-scaled viper) (Gan et al., 1988). 

as part of its precursor protein. Thus, it appears that the 
disintegrin family of polypeptides and at least some of the 
venom metalloproteinases are intricately linked, sharing com- 
mon precursor proteins. 

This observation was also suggested by Takeya et al. (1991), 
on the basis of autolysis studies of HRlB protein. HRlB  
(from T,flauoviridis) is a member of the family of large venom 
metalloproteinases, as is Ht-a (from C. atrox). Both are 
greater than 60 kDa. Takeya et al. stated that HRlB protein, 
when incubated in the absence of calcium, could be autolyzed 
to yield a fragment of approximately 30 kDa which contained 
the disintegrin-like domain. We have seen similar results with 
Ht-a: when incubated for 1 h at 37 OC in the presence of 0.1% 
SDS, we get a similar autolysis product (data not shown), the 
amino-terminal sequence of which corresponds with the dis- 
integrin-like domain of Ht-a. 

The difference between the large and small venom metal- 
loproteinases is 2-fold: the large proteinases retain their dis- 
integrin-like domains, while the smaller proteinases do not, 
and the large proteinases have an extra carboxy-terminal 
domain not found on the small proteinases. The autolysis 
studies on Ht-a and HRlB both rely on slight perturbation 
of protein structure in order to promote cleavage at the pro- 
teinase/disintegrin junction. It would appear that the presence 
of the third carboxy-terminal domain on the large proteinases 
stabilizes and protects this cleavage site. It is possible that 
the collection and purification of the venom cause the disin- 
tegrin domain to be autolyzed from the precursor (Takeya et 
al., 1991). It is also possible that the presence of the carb- 
oxy-terminal domain of the large proteinases helps to stabilize 
or mask the processing site between the proteinase and dis- 
integrin domains of the large proteinases, while the disinteg- 
rin-like domain is normally autolytically removed from the 
small proteinases. cDNA expression studies could be helpful 
in determining the stabilities of these precursor proteins. 

In their discussion of the amino acid sequence of the hem- 
orrhagic metalloproteinase HT-2, Takeya et al. (1990b) denote 
six amino acids (Gln-68, His-92, Gln-96, Ile-101, Tyr-186, and 
Lys-194 using the numbering system for mature Ht-e) which 
are conserved in all of the hemorrhagic proteinases they 
compared but not in the nonhemorrhagic H,-proteinase and 
suggested that these residues might be important in hemor- 
rhage production. Of these, Ht-e also has all but the Tyr-186, 
which is substituted by a glutamine. Our preliminary sequence 

data from the hemorrhagic proteinase Ht-a indicate that the 
Gln-68 and Lys-194 residues are also not consistently con- 
served (Hite, unpublished data). This leaves the region con- 
taining His-92, Gln-96, and Ile-101 as the region possibly 
crucial to the ability of these proteinases to generate hemor- 
rhage. The clustering of these 3 residues within 10 amino acids 
of each other suggests that they might be important in the 
recognition of and interaction with relevant substrates, the 
cleavage of which results in hemorrhage. 

The translated open reading frame of the Ht-e clone il- 
lustrates several features of the snake venom metalloproteinase 
family of enzymes which were not previously known. As seen 
in Figure 1, the amino and carboxy termini of the mature 
protein reflect posttranslational processing events, in that the 
termini do not correspond to either the start or the end of 
translation. The first residue of the mature protein is known 
from amino-terminal sequence analysis. From the molecular 
weight of the mature protein and the sequencing and amino 
acid analysis of the carboxy-terminal cyanogen bromide 
peptide, the carboxy terminus of the mature protein is Pro-202. 
The amino acid analysis results presented in Table I match 
the predicted composition from the translated cDNA sequence 
within the standard 10% error. 

As would be expected for a secreted protein, Ht-e has an 
amino-terminal signal sequence. On the basis of the prediction 
method of von Heijne (1983), the signal sequence is cleaved 
between Gly-18 and Ser- 19. The resultant signal peptide is 
18 amino acids long and conforms to the (-3, -1)-rule. The 
length of this signal sequence is within the normal limits of 
eukaryotic signal peptides (1 5-35 amino acids). It is very 
similar to the signal sequence found in the trigramin clone 
(88.9% identical). 

Amino acids 19-1 87 comprise the 169-residue propeptide. 
The fact that Ht-e is synthesized as a zymogen is not sur- 
prising; however, no previous evidence has substantiated this 
possibility. Given this finding, it is likely that the other venom 
metalloproteinases are synthesized in a similar fashion and are 
activated by proteolysis of the propeptide from the mature 
protein. Analysis of the propeptide allows one to hypothesize 
that the snake venom metalloproteinases might be activated 
in a similar manner to the matrix metalloproteinase (MMP) 
family of metalloproteinases. A “Velcro” mechanism of ac- 
tivation (Valee & Auld, 1990) and a “cysteine switch” 
mechanism (Van Wart & Birkedal-Hansen, 1990) were re- 
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Neutral Proteinases 
Themolysin 
B.  cereus Proteinase 

Envinia Proteinase B 
Serratia Proteinase 

Matrix Metalloproteinases 
Human Collagenase 
Rat Transin 

Venom Metalloproteinases 
Ht-e 

L T  
L T  

I G  
I G  

L G  
L G  

L G  

- 
146 
H 
H 

146 
H 
H 

222 
H 
H 

146 
H - 

A V  
A V  

A L  
A L  

S L  
S L  

N L  

149 
T D Y  
T E N  

152 
T A  
s s  
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162 
G A I N  
G A L N  

174 
A A Y A  
V T Y A  

238 
P S Y T  
P V Y K  

162 
Y S C I  

242 
F S G D V  
S S T D L  

166 
M S P V I  

FIGURE 4: Comparison of structural classes of zinc metalloproteinases. All three groups possess the H-E-X-X-H consensus. The group represented 
by thermolysin in the first pair has a conserved glutamate at 166 which is the third ligand to the zinc ion. The second group represented by 
Erwinia protease B contains these two features, plus an extended consensus at the zinc binding site (H-E-X-X-H)-X-X-G-X-X-H. The third 
group (containing the matrix metalloproteinases) also has this extended consensus, but lacks a conserved glutamate. The third ligand for this 
group of proteinases is unknown. Ht-e and the other venom metalloproteinases belong to this group. References: thermolysin, Titani et al. 
(1972); B. cereus neutral proteinase, Sidler et al. (1986); Erwinia protease B, Delepelaire & Wandersman (1989); Serratia protease, Nakahama 
et al. (1986); human collagenase, Witham et al. (1986); rat transin, Witham et al. (1986). 

cently proposed for the MMPs. These mechanisms are based 
on the fact that there is a free cysteine in the propeptide 
domain of these proteinases. A nine amino acid consensus 
sequence has been defined which encompasses this cysteine 
(Valee & Auld, 1990; Van Wart & Birkedal-Hansen, 1990). 
Both of these mechanisms propose that in the latent form of 
the (pro)enzyme, the free cysteine's sulfhydryl group is the 
fourth ligand to the catalytic zinc ion in the active site. By 
analogy to the crystal structure of the zinc binding site of 
thermolysin (Matthews et al., 1974), it has been proposed for 
the MMPs that two histidines and a third as yet unidentified 
residue from the proteinase (a glutamate in thermolysin) are 
the three normal ligands to the zinc ion. While the fourth 
ligand site is occupied by the cysteine from the propeptide, 
neither the substrate nor the water molecule needed for ca- 
talysis can enter the site. In one method of activation, cleavage 
and dissociation of the propeptide from the proteinase free the 
fourth ligand site, activating the enzyme. Another commonly 
observed method involves a nonproteolytic displacement of this 
cysteine by the action of organomercurials, certain salts, de- 
tergents, or thiol exchange reagents, which then allows a bi- 
molecular autolytic activation to take place (Woessner, 1991; 
Nagase et al., 1990; Valee & Auld, 1990). Although the 
propeptide of Ht-e does not precisely match the nine amino 
acid consensus sequence (P-R-C-G-V/N-P-D-V/L-A/G) 
proposed by Valee and Auld (1990) and Van Wart and 
Birkedal-Hansen (1990), the C-G-V core is conserved. Al- 
lowing a conservative substitution of a lysine for an arginine 
and the insertion of an additional amino acid near the cysteine, 
a five amino acid consensus is obtained, P-K-M-C-G-V in Ht-e 
and P-R-C-G-V in the MMPs. This cysteine residue is gen- 
erally near the carboxyl end of the propeptide in the MMPs, 
similar to its position in Ht-e. From all these data taken 
together, it is tempting to speculate that a similar activation 
mechanism is at work in the venom metalloproteinases. 

Among the conserved residues is the consensus zinc binding 
site of Jongeneel et al. (1989), H-E-X-X-H. The two histidines 
of this sequence bind to the zinc ion as described earlier. In 
the thermolysin family, the third ligand is a glutamate 20 
amino acids carboxyl from the second histidine ligand. In other 
families of metalloproteinases, the identity of the third ligand 
is unknown, as there are presently no crystal structures to 
represent them. Valee and Auld (1990) have noted that the 
members of the MMP family do not possess a conserved 
glutamate residue in the same region as is seen in the ther- 
molysin family. The same is true for the venom metallo- 

proteinases. From a study of 12 representative zinc enzymes, 
Valee and Auld (1 99 1) have concluded that proteins bind to 
zinc through amino acid side chains with the frequency His 
>> Glu > Asp = Cys. Of the 50 residues conserved in all the 
venom sequences in Figure 2 (excluding the H-E-X-X-H zinc 
binding site), 4 are aspartates (at positions 15,93, 128, and 
153), 1 is a glutamate (at position 9), and 1 is a histidine (at 
position 152). Noteworthy is the observation that the second 
histidine ligand is preceded by an absolutely conserved glycine 
residue in the snake venom enzymes, which is also the case 
for the MMPs. Members of the thermolysin family do not 
contain a glycine at this position. The sequence similarities 
between the zinc binding residues of snake venom metallo- 
proteinases and the MMPs, along with their similar substrate 
preferences, set them apart from the thermolysin family. 

Recent work by Murphy et al. (1 99 1) proposed the clas- 
sification of the zinc metalloproteinases into five related groups 
(Figure 4). The first is represented by thermolysin and 
contains a conserved second sequence which harbons the third 
zinc ligand. The second group includes Serratia proteinase 
and Envinia proteinases B and C and contains the two zinc 
binding motifs of the first group, but also contains a third motif 
adjacent to the zinc binding site, (H-E-X-X-H)-X-X-G-X-X- 
H. The third group, which contains the matrix metallo- 
proteinases, the snake venom metalloproteinases, and Astacus 
proteinase, has the first and third motifs but lacks the second 
motif (which contains the conserved third zinc ligand). The 
other two groups are not yet fully described. The amino acid 
sequence of Ht-e conforms to the third group. 

In summary, the cDNA sequence for a snake venom hem- 
orrhagic metalloproteinase was determined. The translated 
protein sequence of the mature Ht-e protein shows similarity 
to other snake venom metalloproteinases. The continuation 
of the open reading frame beyond the end of the observed 
carboxy terminus of the mature protein suggests a carboxy- 
terminal domain, which is processed away from the proteinase. 
The high degree of similarity between this clone and a cDNA 
clone for the disintegrin trigramin strengthens this hypothesis. 
Furthermore, it helps to bridge our understanding of the in- 
terrelatedness of the large and small molecular weight venom 
metalloproteinases to one another and to the disintegrin family 
of peptides. It also predicts the existence of this disintegrin-like 
peptide in C. atrox venom, the function of which remains to 
be established. Efforts to isolate this peptide are underway. 
A cluster of amino acids from residues 92 to 101 was noted 
to be conserved in the hemorrhagic metalloproteinases but not 
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conserved in the only nonhemorrhagic snake venom metallo- 
proteinase whose protein sequence has been determined. This 
could be evidence that this region of the proteinase is crucial 
to its ability to hydrolyze substrates in a manner which results 
in hemorrhage. Since this region is now defined to a single, 
10 amino acid sequence and a cDNA clone is available, it 
should be possible to perform site-directed mutagenesis studies 
in order to test this hypothesis. Evidence exists for a signal 
sequence and prosequence for Ht-e. The propeptide shows 
some similarity to the propeptide of MMPs and may have a 
similar mechanism of activation. This region of the cDNA 
clone is also a good candidate for site-directed mutagenesis 
studies. The zinc binding region of Ht-e more closely resem- 
bles that of the MMPs than of the thermolysin family of zinc 
metalloproteinases, which is not surprising since the substrates 
of Ht-e are more similar to those of the MMPs. More studies 
are needed to better define the structure and function of this 
family of metalloproteinases. 

Hite et al. 
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ABSTRACT: Radioactive acetylation in vivo of plant histone H4 of alfalfa, Arabidopsis, tobacco, and carrot 
revealed five distinct forms of radioactive, acetylated histone. In histone H 4  of eukaryotes ranging from 
fungi to man, acetylation is restricted to four lysines (residues 5, 8, 12, and 16) possibly caused by a 
quantitative methylation of lysine-20. Chemical and proteolytic fragmentation of the amino terminally blocked 
alfalfa H 4  protein, dynamically acetylated by radioactive acetate in vivo, allowed protein sequencing and 
identification of selected peptides. Peptide identification was facilitated by analyzing fully characterized 
calf histone H4 in parallel. Acetylation in vivo of alfalfa histone H 4  was restricted to the lysines in the 
amino-terminal domain of the protein, residues 1-23. Lysine-20 was shown to be free of methylation, as 
in pea histone H4. This apparently makes lysine-20 accessible as a novel target for histone acetylation. 
The in vivo pattern of lysine acetylation (16 > 12 > 8 2 5 = 20) revealed a preference for lysines-16 and - 12 without an apparent strict sequential specificity of acetylation. 

c o r e  histone acetylation has been suggested to allow tran- 
sient displacement of histones from DNA by polymerases 
during gene transcription and DNA duplication and permanent 
displacement by protamines during spermatogenesis [for recent 
reviews, see Van Holde (1989), Grunstein (1990), and Csordas 
(1990)], Multiacetylated core histones H3 and H4 appear 
the functional forms for these processes (Van Holde, 1989; 
Delcuve & Davie, 1989; Boffa et al., 1990; Walker et al., 
1990). In both histones, the amino acid sequence of the histone 
amino-terminal protein domain with the multiple lysine res- 
idues which can be acetylated in vivo is highly conserved 
(Matthews & Waterborg, 1985). Experiments in yeast 
(Megee et al., 1990; Grunstein, 1990; Durrin et al., 1991), 
Physarum (Pesis & Matthews, 1986), Tetrahymena (Chicoine 
et al., 1986), Drosophila (Mu& et al., 1991), and animal cells 
(Couppez et al., 1987; Turner & Fellows, 1989; Thome et al., 
1990) have revealed functional differences between lysine 
residues, a nonrandom order of lysine acetylation, and a 
nonrandom distribution of steady-state acetylation patterns 
in histone H4. Nonrandom distributions of lysine acetylation 

and methylation have recently been described for two distinct 
histone H3 variants in alfalfa (Waterborg, 1990). This paper 
presents the pattern of acetylation of histone H4 in alfalfa. 

The highest level of histone H4 acetylation observed in 
animals and lower eukaryotes is four, restricted to lysines-5, 
-8, -12, and -16 in the amino-terminal domain of histone H4 
(Matthews & Waterborg, 1985; Van Holde, 1989; Thorne et 
al., 1990). Methylation of lysine-20 in lower eukaryotes like 
Physarum (Waterborg et al., 1983) and in animals ranging 
from sea urchins and fishes to birds and mammals (Van Holde, 
1989; Duerre & Buttz, 1990) precludes modification by 
acetylation. In contrast, when alfalfa cells were labeled in vivo 
with acetate, five radioactive, charge-modified forms of histone 
H4 were observed when histone H4 was fractionated in 
acid/urea/Triton (AUT)' gels (Waterborg et al., 1989, 1990). 
In vivo treatment of alfalfa cells with [32P]phosphate failed 
to label histone H4 (Waterborg et al., 1989), suggesting that 
phosphorylation (Ruiz-Carrillo et al., 1975) is not involved. 
This paper describes experiments that identify lysine-20 of 
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I AUT, acid/urea/Triton; BAP, 6-benzylaminopurine; BSA, bovine 
serum albumin fraction V; PTH, phenylthiohydantoin; TEMED, N,N,- 
N',N'-tetramethylethylenediamine; TFA, trifluoroacetic acid; TPCK, 
N-tosyl-L-phenylalanine chloromethyl ketone; 2,4D, 2,4-dichlorophen- 
oxyacetic acid. 
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