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ABSTRACT: Human cDNAs coding for angiogenin, a human tumor derived angiogenesis factor, were isolated 
from a cDNA library prepared from human liver poly(A) mRNA employing a synthetic oligonucleotide 
as a hybridization probe. The largest cDNA insert (697 base pairs) contained a short 5’-noncoding sequence 
followed by a sequence coding for a signal peptide of 24 (or 22) amino acids, 369 nucleotides coding for 
the mature protein of 123 amino acids, a stop codon, a 3’-noncoding sequence of 175 nucleotides, and a 
poly(A) tail. The gene coding for human angiogenin was then isolated from a genomic X Charon 4A 
bacteriophage library employing the cDNA as a probe. The nucleotide sequence of the gene and the adjacent 
5’- and 3’-flanking regions (4688 base pairs) was then determined. The coding and 3’-noncoding regions 
of the gene for human angiogenin were found to be free of introns, and the D N A  sequence for the gene 
agreed well with that of the cDNA. The gene contained a potential TATA box in the 5’ end in addition 
to two Alu repetitive sequences immediately flanking the 5’ and 3’ ends of the gene. The third Alu sequence 
was also found about 500 nucleotides downstream from the Alu sequence at  the 3’ end of the gene. The 
amino acid sequence of human angiogenin as predicted from the gene sequence was in complete agreement 
with that determined by amino acid sequence analysis. It is about 35% homologous with human pancreatic 
ribonuclease, and the amino acid residues that are essential for the activity of ribonuclease are also conserved 
in angiogenin. This provocative finding is thought to have important physiological implications. 

Angiogenesis, the process leading to the development of a 
vascular network in normal as well as in malignant tissues, 
occurs under various physiological and pathological conditions 
including wound healing, embryonic development, rheumatoid 
diseases, diabetic retinopathies, and progressive tumor growth 
(Folkman & Cotran, 1976; Gullino, 1981; Schor & Schor, 
1983; Vallee et al., 1985). The proteins that mediate an- 
giogenesis have been difficult to characterize since they occur 
in trace amounts. Recently, the first human tumor derived 
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angiogenesis factor, designated as angiogenin, has been isolated 
and characterized (Fett et al., 1985). It is a protein of mo- 
lecular weight - 14 000 and induces neovascularization on the 
chick chorioallantoic membrane at femtomolar levels and in 
the rabbit cornea at picomolar concentrations. It is purified 
from the serum-free conditioned medium of a human colon 
adenocarcinoma cell line (HT-29) (Alderman et al., 1985). 
The amino acid sequence of angiogenin isolated from this cell 
line is described in an accompanying paper (Strydom et al., 
1985). 

In the present report, the cloning and sequence of cDNAs 
and the gene for human angiogenin are described. The amino 
acid sequence predicted from the gene agrees completely with 
that obtained by protein sequencing studies. There is a high 
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FIGURE 1: Restriction map and sequencing for the cDNA and the gene for human angiogenin. The top portion refers to the cDNA and the 
lower portion to the genomic DNA. Solid bars indicate the regions encoded by the cDNA and the gene. The wavy lines at the 5' and 3' ends 
of the cDNA refer to the pUC13 vector. The direction and length of the sequencing by the chemical base cleavage method are shown by thin 
arrows. Arrows with solid circles, open circles, and thin vertical bars indicate the DNA fragments that were labeled at the PstI site, Hind111 
or BamHI site, and Sau3A site, respectively. The locations and directions of the three Alu sequences flanking the gene are shown by large 
hatched arrows. The length and direction of the sequencing by the dideoxy chain-termination method are shown by the thin arrows immediately 
below the Alu sequences. Each analysis was started at a site which was generated by sequential deletion with endonuclease Ba13 1. The thicker 
arrows indicate that DNA sequencing was carried out with specific synthetic oligonucleotides as primers. The arrow with two vertical bars 
indicates that DNA sequencing was performed on a KpnI fragment employing the synthetic probe as a primer. The positions of the two PVuII 
sites shown with dashed lines are only approximate. 

degree (35%) of sequence identity to the pancreatic ribo- 
nuclease family of proteins. 

MATERIALS AND METHODS 
A human cDNA library was prepared from human liver 

poly(A) mRNA employing plasmid pUC13 as a cloning vector 
(Maniatis et al., 1982). This plasmid was previously tailed 
with G's at its PstI site (Michelson & Orkin, 1982). A mixture 
of 26 synthetic oligonucleotides [ CCCTGAGGCTTAGC- 
(A/G)TC(A/G)TA(A/G)TG(C/T)TG] was purchased from 
P-L Biochemicals and employed as a hybridization probe. The 
nucleotide mixture was complementary to nucleotide sequences 
that code for Gln-His-Tyr-Asp-Ala-Lys-Pro-Gln-Gly. This 
sequence is present in the amino-terminal region of human 
angiogenin isolated from the colon adenocarcinoma cell line 
HT-29 (Strydom et al., 1985). The nucleotide mixture was 
radiolabeled with T4 kinase and [32P]ATP to a specific activity 
of approximately 3 X lo8 cpm/pg and employed for the 
screening of 350 000 transformants from the liver library by 
the method of Wallace et al. (1981). Recombinant plasmids 
that hybridized strongly with the probe were isolated and 
purified by cesium chloride gradient centrifugation. The DNA 
inserts in each of the positive clones were digested with various 
restriction enzymes and analyzed by polyacrylamide gel 
electrophoresis. Their sequence was determined by the 
chemical degradation method of Maxam & Gilbert (1980). 
Each sequence was determined 2 or more times, and greater 
than 85% of the sequence was determined on both strands. 

A human genomic 'library (Maniatis et al., 1978) consisting 
of about 3 X lo6 X Charon 4A bacteriophage was screened 
with a cDNA coding for human angiogenin (pHAG1) pre- 
viously radiolabeled by nick translation (Rigby et al., 1977). 
One strongly hybridizing phage clone identified by the method 
of Benton & Davis (1 977) was plaque purified, and the phage 
DNA was isolated by the plate lysis method (Maniatis et al., 
1982). The genomic insert was analyzed by digestion with 
various restriction enzymes. A DNA fragment generated by 
digestion of the insert with PVuII was about 5 kilobases in size 
and strongly hybridized to the cDNA probe. This fragment 

was subcloned into plasmid pBR322 and subjected to DNA 
sequencing by the dideoxy method (Messing et al., 1981; 
Norrander et al., 1983) employing [35S]dATPaS as described 
in the Amersham cloning and sequencing manual. A DNA 
fragment generated by digestion of the phage genomic insert 
with KpnI was about 3 kilobases in size and also strongly 
hybridized to the probe. It was then subcloned with the 
M13mpl8 phage vector and also subjected to DNA sequencing 
employing the synthetic oligonucleotide probe as a primer. 
Systematic deletions of the genomic DNA with endonuclease 
BaZ3 1 were carried out as described by Poncz et al. (1982), 
Guo & Wu (1983), and Yoshitake et al. (1985). About 95% 
of the genomic DNA sequence was determined 2 or more 
times, and greater than 50% of the genomic sequence was 
determined on both strands. 

Restriction endonucleases, T4 DNA ligase, T4 kinase, al- 
kaline phosphatase, endonuclease BaZ3 l ,  and the Klenow 
fragment (Escherichia coli) were purchased from Bethesda 
Research Laboratories or New England Biolabs. Reverse 
transcriptase (avian myeloma virus) was obtained from 
Seikagaku U.S.A., Inc. Dideoxynucleotide triphosphates, 
deoxynucleotide triphosphates, pBR322, and pUC 13 were 
purchased from P-L Biochemicals. Universal primers (hep- 
tadecamer) for dideoxy sequencing were purchased from New 
England Biolabs, and [ c Y - ~ ~ P ]  dATP, [T-~~PIATP,  and [j5S] - 
dATPaS were obtained from Amersham. 

RSULTS AND DISCUSSION 
Seven positive clones for angiogenin were identified when 

a human liver cDNA library of 350000 clones was screened 
with a radiolabeled synthetic probe corresponding to the amino 
acid sequence Gln-His-Tyr-Asp-Ala-Lys-Pro-Gln-Gly. The 
plasmid containing the largest cDNA insert (pHAG1) was 
then sequenced by the method of Maxam & Gilbert (1980) 
according to the strategy shown in the top of Figure 1. This 
cDNA insert contained 697 nucleotides and included 12 G's 
at the 5' end, a short noncoding sequence, a leader sequence 
coding for a signal peptide of 24 (or 22) amino acids, 369 
nucleotides coding for the mature protein of 123 amino acids, 
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TGTTTG CATTAAGTTC ATAGATTATA ATTTGTAATG GAATCAACAC CAAATGCAAA TTAGAAAGAG AGCCCACTTT GCTCACCCAG TCACGTCTTC 

CCATGTAACC ATAGAACGTT GGGGTCCTGT GTCTTTCTAG ATCCACAGTC TTGCTCTCAG AACAGGCTAG CCACACCACA GGCCTAGTGC CAGGACCCAT 

GGCCTTTTTT TAAGCTCAGA CTCCCTTCTG TGAACAGCAA TATCCCCACA ACTTGTACAA CATTGGTGCT TCCTGCAAGG GCTACAGAAC TATTTGATAC 

GRAAATGTTC ATTGACTTAC ACACAAGAGA AGCACAAAAT AAAAAATTAA TAATTAATTT AATGTCTTTG AAAATGTACC ATTTATTTTT ACATTTGGGG 

TCATAAGAAT TGTATTACAC TTAAGMTGC AATACAATTT GAAGATCAGA TTTTTCTCCC TTTGTGAGAA TTTCTCAGTA TGTGTGATGA CTACCAAGAA 

ATCATAGCCA GTCATAAATT CAGTGAGTTA CTCATAAACG AACAAGAACC ACCTACTTCT TGGGGAGGTA GGTCTGCTTC CCTTCAACTC AGGATACAAC 

TGCTTTCAAC TGCTTTCTTC ACATTAGCTG ACTAATTAGC TAGAAGCCTG TCGTAAACAA TTTTATGGTT GACTCCTTCC CTGGGCTCAG GGTTCCCTAG 

AACAGAGAGG TCCCCAAATC CCGGTCTGTG GCCTGTCCGC CTAAGCTCTG CCTCCTGCCA GATCAGCAGG CAGCATTAGA TTCTCATAGG AGCTGGACGC 

CTATTGTGAA CTGCGCATGT GCGGGATCCA GATTGTGCAC TCTTTATGAG AATCTAACTA ATGCTTGATG ATCTATCTGA ACCAGAACAA TTTCATCCTG 

AAACCATCCC CCACCAATCC ATAGAAATAC TGTCTTCCAC AAAAATGATC CCTGGTGCCA AAAATGTTAG AGACCACTCC CCTAAAACTC TCTTCTTAGC 

TCTCACCTCC TGTATTACTA TCTCATCTCA GTACATTGAA GCCCCCATCT TTTCCCCATG GATGCCTCAT TTCCTATTAG GGAGGUTTT TTTTATTTX 

TGTTTTTATT TTTTTCCGAG ACGGAGTCTC GCTCTGTCGC CAAGGCTGGA GTGCAGTGGC GCGATCTCGG CTCACTGCAA GCTCCGCCTC CCGGGTTCAC 

GCCATTCTCC TGCCTCAGCC TCCCAAGTAG CTGGGACTAC AGGCGCCCGC ACTACGCCCG GCTAATTTTT TGTATTTTTA GTAGAGACGG GGTTTCACCG 

~ T C A T  T G  

TTGGTATGTC TTAATGTGCC TCAGGACCTA GCACAGTCCC TGGTACCCAG TAGAGACCTA TGTAATGTTC GTTATTCAAT AATAAATACA TGAATTAAAG 

AGTGAGAGTG GATTTTGTAA TGTTACGACT GATAGAGAAA TACTCAGTGA TTCTAAGGGA TGGGGAAGAA CGGTTGGAGC TAGAGGTTGT GCTCAGGAAA 

CTATTAAATA GACGTTCCGC AGGAAGGGAT TGACGAAGTG TGAGGTTAAT GAGGAAGGGA AAATAGAA-~TTTGG TGGTGGAAAA GATCTGATTC 
0 
ATGATGCCGT GTCAGAGAGC AAAGCTCCTG TCCTTTTGGC CTAATTTGGT GATGCTGTTC TTGGGTCTAC CACACCTCCT TTTGCCCTCC GCAGGAGCCT 

-24 -20 -10 -1 
Met Val Met Gly Leu Gly Val Leu Leu Leu Val Phe Val Leu Gly Leu Gly Leu Thr Pro Pro Thr ~ e u   la 

GTGT8G-G AG ATG GTG ATG GGC CTG GGC GTT TTG TTG TTG GTC TTC GTG CTG GGT CTG GGT CTG ACC CCA CCG ACC CTG GCT 

+1 10 20 
Gln Asp Asn Ser Arg Tyr Thr H i s  Phe Leu Thr Gln H i s  Tyr Asp Ala Lys Pro Gln Gly Arg Asp Asp Arg Tyr Cys Glu 
CAG GAT AAC TCC AGG TAC ACA CAC TTC CTG ACC CAG CAC TAT GAT GCC AAA CCA CAG GGC CGG GAT GAC AGA TAC TGT GAA 

30 40 50 
Ser Ile Met Arg Arg Arg Gly Leu Thr Ser Pro Cys Lys Asp Ile As” Thr Phe Ile H i s  Gly Asn Lys Arg Ser Ile Lys 
AfC ATC ATG AGG AGA CGG GGC CTG ACC TCA CCC TGC AAA GAC ATC AAC ACA TTT ATT CAl GGC AAC M G  CGC AGC ATC AAG 

60 70 8 0  
Ala Ile Cys Glu Asn Lys As” Gly Asn Pro H i s  Arg Glu Asn Leu Arg Ile Ser Lys Ser Ser Phe Gln Val Thr Thr Cys 
GCC ATC TGT GAA AAC AAG AAT GGA AAC CCT CAC AGA GAA AAC CTA AGA ATA AGC AAG TCT TCT TTC CAG GTC ACC ACT TGC 

90 100 
Lys Leu H i s  Gly Gly Ser Pro Trp Pro Pro Cys Gln Tyr Arg Ala Thr Ala Gly Phe Arg Asn Val Val Val Ala Cys Glu 
AAG CTA CAT GGA GGT TCC CCC TGG CCT CCA TGC CAG TAC CGA GCC ACA GCG GGG TTC AGA AAC GTT GTT GTT GCT TGT GAA 

110 120 123 
A m  Gly Leu Pro Val H i s  Leu Asp Gln Sei I l e  Phe Arg Arg PrOSTOP 
AAT GGC TTA CCT GTC CAC TTG GAT CAG TCA ATT TTC CGT CGT CCG TAA CCAGCGGGCC CCTGGTCAAG TGCTGGCTCT GCTGTCCTTG 

CCTTCCATTT CCCCTCTGCA CCCAGAACAG TGGTGGCAAC ATTCATTGCC AAGGGCCCAA AGAAAGAGCT ACCTGGACCT TTTGTTTTCT GTTTGACAAC 

ATGTTTAATA AATAAAAATG TCTTGATATC AGTuiAATC AGAGTCTTCT C-ATTCT GGGCATATTG ATCTTTCCCC CATTTTCTCT AcTTGGCTGC - 
TCCCTGAGAG GACTGCATAG GATAGAAATG CcTTTTTfTT TTCTTTTCGT TTTTTTTTTT TTTTTTTTTT GAGATGGAGT CTCACTCTGT CGCCCAGGCT 

TAAGTGCAAT GGCACAATCT CGGCTCACTG CAACCTCTCT CTCCTGGGTT CAAGTGATTC TCCTGCCTCA GCCTCCCAAA TAGCTGAGAT TACAGGCATG 

CACCACCACA CCTGGCTAAT TTTTGTGTTT TTAGTAGAGA CAGGGTTTCA CCGTTTTGGC CAGGTTGGTC TTGAACTCCT GACCTCGGGA GATCCGCCCA 

CCTTGGCCTC TCTTTGTGCT GGGATTACAG GCATGAGCCA CTCAGCCGGG CCAfTTTTTc CTTATCAGTC AGTTTTTACA AGTCATTAGG GAGGTAGACT 

TTACCTCTCT GTGAAGGAAA GTATGGTATG TTGATCTACA GAGAGAGATG GAAAAATTCC AGGGCTCGTA GCTACTAAGC AGAATTTCCA AGATAGGCAA 

ATTGTTTTTT CTGTCAAATA ATAAGCTAAT ATTACTTCTA CAAATATGAG ACCTTGGAGA GAAGTTTCCA AGGACCAAGT ACCAACATAC CAACAGATTA 

TTATAGTTTC TCTCACTCTT ACACACACAC ACACACATAT ACACATATGT AATCCAGCAT GAATACCAAA ATTCATTCAG GGTAGCCACC TTTTGTCTTA 

ATCGAGAGAT AATTTTGATG TTTGAATGGA ATGCTCCCAG GATATTCTCT TGTCATGGTT ATTTTATATA AAATTCAAAA ACCAATTACA TTATTTCCTC 

TGTAATCTTT TACTTTATCA ACTAATGTCT GGCAAGTGTG ATGTTTTGGG GAAGTTATAG AAGATTCcGG CCAGGCGCTT ATCTCACGCT TGTAATCCAG 

CACTTTGGGA AGCTGAGGCG GACAGATCAC GAGGTCAAGA GATCAAGACC ATCCTGGACA ACATGGTGAA ACCTTGTCTC TACTAAAAAT GTGAAAATTA 

GCTGGGCGTG GTGGCACACA CCTATAGTCC CACCTACTCG GGAGGCTGAG GCAGGAGAAT CGCTTGAACC TAGGAGGCGG AGGTTGCACT GAGCCGAGAT 

CACGCCACTG CACTCCAGCS TGGGCGACAG AGCGAGACTC CATCTCAAAA MJULIVIARRA @ c e $ $ T $  GCAGTTTATC CCAGTTTATC CCTTATTCTT 
CCTCAATTCT CAAGATTTGT TTTTAAGTTA ACATAACTTA GGTTAACACA CTCTTTGTAA AATACACTGT TCAATCTACA GACTCAGTGG TTAGCTTCCT 

GTTAACTAAT TTCTGTTGAC AGGTACTTGG ATATTTTATT TAGAAAGTGG TTGCCAATAA ATTAGTTATA AGTCGCCAGT TTCACTGCCT TGTGAACACA 

TAATTATTGT GGTCTCAGTA TTCCCTATGG TGGCTTCTCC TGCTCCTGGT ATTGCCCTGA AATGGGCCAA AAGCCGTGGC TCCCCAATGC TCAGGTTATA 

GAACATTGTC CAGGTACCAC CTAGGAGAGC CCAGCCTCAC TGAAAGTATT CAAATTTAGG AATGGGTTTG AGAAGTAGGT AGCTGGTATG TGCTTAGCAC 

AAGAATCTCT CTTCCTTGGG TTAGTCTGTT TCAAAACTGA AAACACTGTC ATTCCTTAAG AWATAGGAA AAAGTATTCC AAACCTCTGT CACTAGAAAA 

TTTGCCATAT TACCAAATCT CAAAAACCTC TCAGGAAATG AGAAAGTCCC AGTTTCTGGT AAACTATTTG GGCCCTTTTC TCAAGTTCTC CTTCCAGTGC 

TATTTCCTTG AGGTGAGGCA AAGTTACTCA AGATCATCGC TGCCACTCAA GGCCTTGATA GGGCAAGTGA AAGGCATGGA CCATTATTAT ATTGATCACA 

GCATAAGCTG TGRAAACCCA CATCTTCTCC AAACATCTGC TTGGAGCATT ATCATCGCAT AGTTTGCTCT GGTGTTCAGG GAAATCGCTG TTTCATAGGA 

AATCACATGG CAGTGGGATG GGAGTGTTTC CTGACCTGCC GATGGTACTG GCACCTGAGC AAGCATTCCT AGTCCTTTTT GGTCTGGGCC TCTTGTTCTA 

TCACMCCAC AAGCTGTTTA AAATAAAAAC GTCAAGTCAC AGGCAGGTCA TTTTATCCTG CGTGAATCAA TTGAAG 

FIGURE 2: Nucleotide sequence for the cDNA for human angiogenin as well as its gene and flanking regions. The sequence for the cDNA 
is located between the two vertical arrows and corresponds to nucleotides 106-731 where the polyadenylation occurs. Amino acids present 
in the leader sequence are identified by negative numbers. The proposed transcription initiation site in the gene (nucleotide 1) is identified 
by a solid circle, while the proposed TATA box (nucleotide -32) is boxed. The two AATAAA sequences and the CACTG sequence are underlined 
with solid bars. The three Alu repeat sequences in the 5’- and 3’-flanking regions of the gene are underlined, while the direct repeat sequences 
flanking each Alu repeat are identified with dashed underlines. 

a stop codon, 175 nucleotides of 3‘-noncoding sequence, a to nucleotides 106-731 in the genomic DNA. It differs from 
poly(A) tail of 36 nucleotides, and 23 C’s on the 3’ end. The the genomic sequence (see below) at nucleotide 252 (G in the 
sequence for this cDNA is shown in Figure 2 and corresponds cDNA and A in the genomic DNA), corresponding to an Asp 
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50 100 
CONSENSUS SEQ, GGCTGGGCGT GGTGGCTCAC ACCTGTAATC CCAGCACTTT GGGAGGCCGA G6TGGGTGGA TCACCTGAGG TCAGGAGTTC AAGACCAGCC TGGCCAACAT 
REPEAT #1 C , G C C , , G C x  x , C , , . , , , ,  G , . , , , , , , ,  1 1 1 1 1 1 1 1 1 1  m s a m s e s a A a  , . C , , C G x , ,  n , n , x x o 8 a ,  , . , , , , , A , ,  G , , , , , , T , ,  . , . . T , C , , C  
REPEAT #2 , , . C C , , , T C  A x G . , , , , , T  G , , , . , , , , ,  , , , , , , , A A A  , A , , , , , , A ,  , , . , , , C , , .  , , T , , C , , , ,  1 1 1 1 1 1 1 1 1 1  . , , , , , , A , ,  , , , , , , , A , C  
REPEAT #3 , , . C A ,  I , , C  T x . A T ,  I I I I G , T ,  I , ,  I I I , x , , ,  I I I I I I I . , A . , T ,  I I , C ,  , A C A , ,  I , . . X X ,  I , ,  , , , A ,  , , A ,  I , , , , ,  , , T . ,  , , , A , ,  , , , ,  

150 200 
CONSENSUS SEQ, GGTGAAACCC CGTCTCTACT AAAAATACAA AAATTAGCCG GGCGTGGTGG CGCGCGCCTG TAATCCCAGC TACTCGGGAG GCTGAGGCAG GAGAATCGCT 

REPEAT #1 I I I I I , G ,  .G 
REPEAT #2 , , , , , , , , , ,  T , ,  C , , , .  . , , , , , , , , A  , , T , , , . , , ,  T . , 4 T , , . , ,  , . , , , T , , , ,  , , T , T , , , , ,  1 1 1 1 1 1 1 1 1 1  , , , , , . , A , ,  
REPEAT #3 , , , , I I . I ,  T T 1 1 1 1 1 1 1 1 1  . . , . , , G T G ,  , , , , , , , , T .  1 1 1 1 1 1 1 1 1 1  , A , A , A , , , A  , , G T , , . , , ,  1 1 1 1 , 1 1 1 1 1  1 1 1 , 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  

, $  , , ,  , 1 1 1 1 , 1 1  I , ,  I I + ,, I , ,  I , ,  , , , , , A , ,  , x  I ,E. I , ,  , ,  I I , G ,  I , ,  I I I , , ,  , T , ,  I I I I I I I I 

250 300 
CONSENSUS SEQ, TGAACCCAGG AGGTGGAGGT TGCAGTGAGC CGAGATCGCG CCACTGCACT CCAGCCTGGG CAACAGAGCG AGACTCCATC TCAAAAAAAA AAAAAAAAAA 

REPEAT #1 , , , , ,  , . G . ,  , ,  .C,  I I , C ,  I , ,  I I I I I I , ,  I , ,  I I I I I , ,  , ,  I , , ,  , ,  , , T . ,  , G , ,  , , , , ,  , I I , , ,  I , G , ,  I I I , T  I I , C a s  
REPEAT #2 , , A S A , , , , ,  , , , , C a n , , ,  , , , . , , T , T ,  , , , T , . , , , ,  T A ,  I . G , , , , , , T ,  1 1 1 1 1 1 1 1 1 1  I I I I . I I I I I  1 1 1 1 1 1 1 1 1 4  

REPEAT #3 I I I I I I ,xxx 

FIGURE 3: Sequence of the three Alu sequences that flank the gene for angiogenin. Alu repeats 1 and 2 are the inverted repeats from the 
complementary strand shown in Figure 2. Dots represent identity with the consensus sequence (Schmid & Jelinek, 1982), while x represents 

F 
, , , , , . T ,  , , , , , C , ,  , , , , , , ,  , C . ,  , , , , , , , , , , A , ,  , , , , , , , , , ,  , , , , , , , , , , . G , ,  , , , , , , , , , , , , , , ,  , I I I I I I I I I I 

a ddetion. 

at residue 23 rather than a Gly. The amino acid sequence of 
the protein isolated from the HT-29 cell line also contains Asp 
at residue 23 as did two other cDNAs. These results suggest 
that the Gly predicted in position 23 by the cDNA insert in 
pHAGl was due to a cloning artifact or polymorphism in the 
gene. 

The amino-terminal residue in the mature angiogenin is 
pyroglutamic acid (Strydom et al., 1985). This indicates that 
angiogenin is synthesized with a leader sequence of 24 (or 22) 
amino acids which is removed during processing by signal 
peptidase. Like other leader sequences in secreted proteins 
(Blobel et al., 1979), the sequence is rich in hydrophobic amino 
acids including Val, Leu, and Phe. At the present time, it is 
not known whether angiogenin biosynthesis starts at Met-24 
or Met-22. 

The amino acid composition of the mature protein was 
calculated as follows: Asp,, Asn,, Thr,, Ser,, Glu4, Gln,, Pro,, 

Trp,, and ‘/&Ys,. The molecular weight for the protein was 
calculated to be 14 193. The protein is free of potential car- 
bohydrate chains bound to Asn in the sequence of Asn-X-Ser 
or Asn-X-Thr. 

A human genomic library consisting of about 3 X 10, re- 
combinant X phage was then screened with the cDNA from 
plasmid pHAGl as a probe. A strongly hybridizing clone 
(XHAG1) was identified and plaque purified, and the DNA 
insert was subjected to Southern blotting after digestion with 
various restriction enzymes. A DNA fragment that was 
generated by digestion with KpnI was found to contain the 
gene for angiogenin, and this DNA was subcloned into 
M13mp18. It was then sequenced with the synthetic probe 
as a primer, and this confirmed the presence of the gene for 
angiogenin in this phage. The gene for angiogenin was also 
found in a DNA fragment of about 5 kilobases that was 
generated by digestion of XHAGl with PuuII. This DNA 
fragment was subcloned into pBR322 and subjected to DNA 
sequencing by the dideoxy chain-termination method em- 
ploying the strategy shown in the bottom of Figure 1. The 
complete sequence of the gene for human angiogenin (Figure 
2) indicated that the gene contains about 800 nucleotides and 
is free of intervening sequences in the coding and 3’-noncoding 
regions of the gene. The possibility of an intron(s) in the 
5’-flanking region cannot be excluded, however, since the 
largest cDNA did not extend into this region. 

Gly,, Ala,, Val,, Met,, 11% Leu,, Tyr4, Phes, Lys,, His,, Arg,,, 

The gene for angiogenin contains three Alu repetitive se- 
quences (Schmid & Jelinek, 1982) in its flanking regions 
(Figure 1 and 2). The first Alu repeat was located in the 
immediate 5’-flanking region of the gene, while the second was 
present in the immediate 3’-flanking region. These two Alu 
repeats were in the same inverted orientation. The third Alu 
repeat was located about 500 nucleotides downstream from 
the second Alu sequence in the 3‘-flanking region of the gene 
and was in the typical orientation with the poly(A) on the 3’ 
end of the 300-nucleotide sequence. Furthermore, each Alu 
repeat was flanked by a pair of short direct repeat sequences 
(Figure 2). The nucleotide sequences for the three Alu repeats 
were about 87% homologous to the consensus Alu sequence 
of Schmid & Jelinek (1982) (Figure 3). 

A tentative TATA box and a transcription initiation site 
were identified at nucleotides -32 and +1, but no potential 
CAAT box was found in the immediate vicinity. A sequence 
of TCAAT was identified, however, at nucleotide -225 which 
is about 190 base pairs upstream from the proposed TATA 
box. Two sequences of AATAAA which are involved in the 
polyadenylation or processing of the messenger RNA at the 
3’ end (Proudfoot & Brownlee, 1976) were identified at nu- 
cleotides 703 and 707. Polyadenylation of the mRNA occurs 
at nucleotide 731 which is 20 nucleotides downstream from 
the end of the second AATAAA sequence. The consensus 
sequence of CACTG, which also may be involved in poly- 
adenylation or cleavage of the mRNA at the 3’ end (Berget, 
1984), was present starting at nucleotide 747. A stretch of 
32 nucleotides with alternating purine and pyrimidine was 
found starting with nucleotide 1416. This sequence provides 
a potential region for a left-handed helix structure or Z DNA 
in the gene (Rich et al., 1984). 

It is of interest that the gene for human angiogenin is devoid 
of introns. This is not entirely unique among mammalian 
genes, however, since several other genes including those coding 
for proteins in mitochondria (Anderson et al., 1981), histones 
(Kedes, 1979), and a- and 0-interferon (Nagata et al., 1980) 
are also free of introns. 

Southern blotting of human leukocyte DNA digested with 
EcoRI, PstI, or Pod1 indicated the presence of only one DNA 
fragment for each enzymatic digest that hybridized with the 
cDNA probe (pHAG1). These data are consistent with the 
conclusion that there is only one copy of the gene for ang- 
iogenin in human DNA. Mammalian genes without introns, 
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FIGURE 4: Comparison of amino acid sequences for human angiogenin and human pancreatic ribonuclease [from Bientema et al. (1984)l. 
The positions of the disulfide bonds in angiogenin have been established (Strydom et al., 1985) and are analogous to those in ribonuclease. 
Amino acids that are homologous between the two proteins are circled. Chemical evidence (Strydom et al., 1985) indicates that the N-terminal 
residue of angiogenin is pyroglutamic acid (or glutamine). 

however, are often present in more than one copy in order to 
protect the gene from inactivation by mutations (Naora & 
Deakon, 1982). 

A computer search of the flanking regions of the gene for 
angiogenin as well as in the complementary strand showed no 
open reading frames. An extensive search for sequences ho- 
mologous to angiogenin using the NIH Genbank, however, 
revealed a number of short sequences that were homologous 
with other DNAs (18-23 identical nucleotides out of 25). 
Among these, the sequence starting at nucleotide -1635 
showed 23 out of 25 nucleotides that were identical with the 
mRNA for rabbit muscle actin starting at  residue 86. The 
significance of this finding is not clear. 

The amino acid sequence of human angiogenin is about 35% 
homologous with human ribonuclease. The structures of the 
two proteins are compared in Figure 4 in which residues in 
common are circled. Amino acid residues Gln-1 1, His- 12, 
Lys-41, Thr-45, His-1 19, and Asp-121 that are involved in the 
active site of ribonuclease (Wlodawer et al., 1982; Blackburn 
et al., 1982; Stern et al., 1984; Bientema et al., 1984) are also 
conserved in angiogenin (Gln- 12, His- 13, Lys-40, Thr-44, 
His-1 14, and Asp-1 16). The location of the disulfide bonds, 
determined by direct protein sequence analysis (Strydom et 
al., 1985), further emphasizes the homology to ribonuclease. 
This structural relationship has been discussed (Strydom et 
al., 1985), and a more detailed analysis of the homology be- 
tween the two proteins will be presented elsewhere. To date, 
angiogenin has not been found to exhibit ribonuclease activity 
toward a number of potential RNA substrates. 

At the present time, very little is known about the mecha- 
nism of action of angiogenin in the physiological processes 
leading to angiogenesis. The identification and chemical 
characterization of molecular entities involved in this phe- 
nomenon have been the subject of intense investigation for 
many years [see Vallee et al. (1985) and references cited 
therein]. The isolation and structural analysis of angiogenin 
are therefore a most significant accomplishment in this 
long-term study. Many of the past obstacles were due to the 
miniscule quantities of material available even from very 
large-scale cell culture facilities. The cloning of the gene for 
this protein now makes it possible to prepare adequate 
quantities of it in mammalian, yeast, and various microbial 

expression systems which will permit the study of its bio- 
chemical and physiological properties in greater detail. In 
addition, means are now available to explore the profound 
clinical and pharmacological implications of these findings so 
as to develop substantial and decisive inroads to the more 
general aspects both of organogenesis and of its antagonization. 
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Methylated Pyrimidines Stabilize an Alternating Conformation of 
Poly( dA-dU)*Poly( d A-dU)’ 
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ABSTRACT: We have investigated the effect of increasing percentages of methylated pyrimidines on the 
structure of poly(dA-dU)*poly(dA-dU). This was done by synthesizing analogous polynucleotides that 
contained deoxythymidine residues as well as deoxyuridine residues and observing their 31P N M R  spectra 
in increasing amounts of CsF. The results show that methylated pyrimidines play a large role in the 
stabilization of the “alternating B” conformation of DNA. 

x e  effect of DNA methylation on the expression of genes 
in eukaryotic cells has been reviewed several times in the past 
few years (Bird, 1984; Felsenfeld & McGhee, 1982). Ex- 
tensive methylation often is associated with gene inactivation, 
while undermethylation is sometimes required for a gene to 
be expressed. The methylated sites in chromosomal DNA are 
most often at the C5 position of cytosine in a -CG- dinucleotide 
sequence. There has been speculation that the effect of me- 
thylation is to alter DNA conformation since methylation df 
cytosines in a polymer of that sequence, poly(dG-m5dC). 
poly(dG-m5dC), was shown (Behe & Felsenfeld, 1981) to 
greatly facilitate the B to Z transition. However, no B-Z 
transition was seen when a plasmid containing the chicken 
adult P-globin gene was methylated at its -CCGG- sites by 
NpaII methylase (Nickol & Felsenfeld, 1983). 
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Grant 6-64106. 
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The presence of a methylated pyrimidine can cause other 
conformational variations besides the B-Z transition, however. 
It has been observed (Patel et al., 1982; Chen et al., 1983) 
that the methylated synthetic polymer poly(dG-m5dC).poly- 
(dG-m5dC) is in an “alternating B” conformation in solutions 
of moderate NaCl concentration but the analogous un- 
methylated polymer is not. The alternating B conformation 
was first proposed by Klug et al. (1979) for poly(dA-dT). 
poly(dA-dT), another polymer containing methylatea pyri- 
midines, and the appearance of a closely spaced doublet 
(0.2-0.3 ppm separation) in its 31P NMR spectrum greatly 
supported the alternating model (Shindo et al., 1979; Chen 
& Cohen, 1983; Patel et al., 1981). Klug et al. (1979) 
speculated that the alternating structure was stabilized by a 
stacking interaction involving the methyl group of the pyri- 
midine base. 

In order to elucidate the dependence of the alternating B 
conformation on methylated pyrimidines, we have examined 
the 31P NMR spectra of several synthetic polynucleotides. The 
polymers studied include poly(dA-dU)-poly(dA-dU), poly- 
(dA-dT).poly(dA-dT), and analogous polynucleotides con- 
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