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ABSTRACT
The precise location of the 3' ends of the chicken pro a2(I) collagen

gene have been identified by S1 nuclease protection of overlapping genomic
fragments by calvaria poly A containing RNA and size determination of the
protected fragments on DNA sequencing gels. The gene ends 300 and 306 bp and
754 and 777 bp from the translation stop codon. The two sets of ends explain
the major and minor pro a2(I) collagen mRNAs previously observed, which may
result from either RNA polymerase readthrough of the first termination site
and/or different processing sites.

INTRODUCTION

The structure of the chicken pro a2(I) collagen gene with its fifty odd

exons distributed over 38,000 bp of genomic DNA has by now been well docu-

mented (1-4). The 5' end of this gene was precisely located by S-1 nuclease

protection, primer extension (5), in vitro transcription (6) experiments and

by cloning cDNA to the 5' end of the mRNA (7). The precise location of the 3'

end of the gene however, was only deduced from the DNA sequence of cDNA clones:

the eight terminal adenines were identified as the beginning of the poly A

tail since they are preceeded by two overlapping canonical poly A addition

sites, AATAAA (8). In addition, the existance of 300 bp of untranslated but

transcribed genomic sequence was consistent with the size of the 3' most exon

determined by electron microscopy (2,9). However, we had previously found

that both the pro al(I) and the pro a2(I) collagen cDNAs clones (10,11)
hybridize to a major and at least one minor procollagen mRNA species that

differ in size by 1500 and 500 bp respectively (12). The larger minor species

is moreover too abundant to be an incompletely processed precursor, or result

from cross hybridization to a different procollagen mRNA. Since only a single

5' end of the mRNA has been identified, it seemed likely that the two mRNAs

differed only in the size of the 3' untranslated regions. To obtain a clear

identification of the 3' end of the pro a2(I) gene, and to establish that the
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larger mRNA resulted from either RNA polymerase readthrough of the first

termination site, or from an alternative processing, the end or ends of the

gene were mapped by Sl nuclease protection of genomic fragments by procollagen

mRNA and by sizing the protected fragments on DNA sequencing gels.

MATERIALS AND METHODS

1. Isolation of DNA

A 1.3 kb EcoRI - Bgl II fragment located at the 5' end of the 3.7 EcoRI

fragment of a2CG241, a pro a2(I) collagen gene clone (9),was subcloned in

pBR322 and then separated from pBR322 fragments on a 6% acrylamide gel. Over-

lapping fragments were produced by cutting the fragment with Hinf I and Dde I

(New England Biolabs). The 3' ends were labelled using a-P32 labelled

nucleotide triphosphates and the large fragment of E. coli DNA polymerase I

(New England Biolabs) (13). The labelled fragments were isolated from an 8%

acrvlamide. 7% urea denaturing gel. The strands were separated by denaturing

the fragment with 30% Me2SO and then electrophoresing on a 5% acrylamide,

0.1% bisacrylamide gel (13). Separated complementary strands were used for

Sl-nuclease protection experiments.

2. DNA sequence determinations

The nucleotide sequence of the separated strands was determined as

described by Maxam and Gilbert (13).

3. RNA isolation

Embryonic chick calvaria poly A containing RNA was isolated as described

by Tate et al. (7).

4. Sl nuclease protection studies

The isolated strands from Hinf I and Dde I fragments were hybridized to

calvaria poly A containing RNA and then treated with Sl nuclease as described

by Favolaro et al. (14), except that formamide was omitted from the

hybridization. In brief, a twofold molar excess (=20,000 cpm) relative to the

pro a2(I) collagen mRNA content of calvaria poly A containing RNA (0.05 to

O.lug) in 40 mM Pipes pH 6.4, 1 mM EDTA, 0.4 M NaCl, were sealed in glass

capillary tubes, heated 2' at 900 C and then incubated at 450 C for 24 h.

After incubation the capillaries were opened and the 10 pl samples were

diluted into 400 4l of icecold S1 buffer, 30 mM Na Acetate pH 4.6, 4 mM ZnSO4,

0.28 M NaCl, 5% glycerol, containing 6.25 ig/ml of salmon sperm DNA. 1 mg

(113 U) of S1 nuclease (Bethesda Research Laboratories) was added and reaction

was carried out at 150 C for 2 h. The reaction was stopped by addition of 80 pl
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0.5 M Tris-HCl pH 9.5, 1 M NaAc, 20 mM EDTA and two volumes of ethanol.

After precipitation and washing, the samples were run on a denaturing 8%

acrylamide, 7% urea gel. As controls, identical hybridizations were carried

out but either no S-1 nuclease was added, the RNA was omitted, or calvaria

poly A containing RNA was replaced by 0.1 ig of total yeast RNA.

5. All experiments were carried out under the guidelines established by

the N.I.H.

RESULTS

To locate the 3' end or ends of the pro a2(I) collagen gene, adjacent

and overlapping Hinf I and Dde I restriction fragments were identified and

isolated from a 1300 bp EcoRI - BglII fragment within which the gene ends.

The arrangement of the fragments is shown in Fig. 1. The 593 bp and 352 bp

Hinf I fragments and the 417 bp and 357 bp Dde I fragments were 3' end

labelled, denatured, strand separated, and hybridized to calvaria poly A+ RNA,

as described in MATERIALS AND METHODS. The RNA protected two fragments about

200 bp long as well as the entire 593 bp Hinf I fragment when the latter was

hybridized to it, as shown in lane B2 in Figure 2. This strongly suggests

that one pro ci2(I) mRNA ends 200 bp 3' to the 5' most Hinf I site while the

other extends 3' to the second Hinf I site. This suggestion was confirmed

when the 352 bp Hinf I fragment was hybridized to calvaria poly A+ RNA and

-500-.I-I---1---I--10000--bp

RI 424 593 352 18
71 t 417 35 211

230 108 26

224 85

113 224

Figure 1. Restriction Map of the 3' ends and flanking regions of the chick
pro a2(I) collagen gene. Distances are shown in base pairs (bp). +, arrows
pointing down are Hinf 1 sites, +, arrows pointing up Dde I sites. The solid
lines ending in X show the size of the two protected fragmentsobtained when
the 593 bp and the 352 bp Hinf 1 fragment were hybridized to calvaria mRNA
prior to S1 nuclease digestion. The dotted line represents the part of the
fragment whose sequence was reported previously (8). Horizontal arrows
at the bottom show fragments whose DNA sequence has been determined.
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Figure 2. Protection of genomic fragments by calvaria mRNA from digestion
with Si nuclease. A. Hybridization of complementary strand of 352 bp Hinf 1
fragment to calvaria RNA without Si nuclease digestion (lane 1), with nuclease
digestion (lane 2), without RNA (lane 3) and with yeast RNA (lane 4). The
352 bp fragment that is protected from Sl digestion in the absence of RNA,
or by yeast RNA must be a double stranded DNA contaminant of the isolated
strand. B. Same as A, except 593 bp Hinf 1 fragment was used.

only two fragments, about 100 bp long, were protected, as shown in Fig. 2,

lane A2. Lanes 1, 3, 4 in Fig. 2 are the controls: minus S1 nuclease, minus

RNA, hybridized to yeast RNA. The four protected fragments which mark the

four ends of the gene are identified in the map in Fig. 1. Their precise

size was determined on a DNA sequencing gel (data not shown).

The DNA sequence of the first 335 bp at the 5' end of the RI-Bgl II

fragment had been determined by sequencing pro a2(I) collagen cDNA clones (8).

In order to verify the cDNA sequence as well as to examine the DNA sequence

surrounding the ends of the gene, the DNA sequence of some 1000 bp was deter-

mined following the sequencing scheme shown at the bottom of Fig. 1. The

results presented in Fig. 3 show four canonical poly A addition sites,

identified in boxes numbered 1 through 4. These are located 21 to 22 bp

from the end of the gene, identified by one or more arrows over the terminal
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1 Dde Hinf
fi * * * *4, * * * * * *

CTCAGAATTATTCTTTGTCATTTCTTTTTGTAATGAGAGCTGACTCCTTCCATMTT CTGTTCATCTACTTGCTTMACTCTGGGCGAAGAGAAGG

101
* * * * * * * * * *

AGMGAATTGATTGGAGCATTGTGCMTGAMTTTMTACAGCCCcMMGGACTTGGAAGTCTTTCAAGATTTMCACCTTGCTrTGGGMATGTCAAC

201 21 BI B2* 44
CTTTGTAAGAMAA ACCAAAAAAA AAACCAGAAAI ITG TGATGAAAGTTTGCACCACTTGTGGCCTTTGACTATCTTCCACAGA

301 L 22
* * * * * * * * * *

GGAAGTTTMAACCACGACTTCCMAAGGTTTMACTACCTCATACACTAMCCAAGTGTGATCCACATCCTTTGTAGGCATTTCTCCATATCATATGAGT

401 Dde
* 4.i *__ * * * * * * * *

TACTTTCAGTTCCACTCAc[TATAGTGGTGCTAATTTCATATTCCAGAGTGTGTTTCCAATACTTGAATTTT4RITGCTAGCAGCAGTTAAGTATT
501

73 aa
-

* * * * * * * * * *

601 Hinf
* * * 4 * * * * *-*-3--

CCAATCTCATTTTCATCTTCTCCAUu TAUiAAAIiAAILAALA I-1 -1

701 Al A2 Dde Dde
* 4 *l * 44L * * * * i*

TTGTGAAAGL55TAAWATGTCCAGTGTTCC AAAAGAGGTATCGAATCiTTAAAAT ACTTGCTTAGGTGCATCAGCAGAAATTCATACTC
- 21 L..I . 21

801
* * * * * * * * * *

AG=MTAGAGT&TGTCTTCATTATTCTTAMTCATTGCTGTAAAATATTACTTACAGCATTCMGACTGCCTACTGCTGTCTTCTGGCTGTAATTG

Hinf
*** * * * * *~~~~~~~~~~~~0

TCTACTTGACCCTTCMTTCAACATCCCCT'ETTGAGGAMGCCCCCAAGAMCCATGCCTCATAGCATGCGAGCTTCAAGTAGAAGAGATTCTTCATT

1001

TTATCTGA

Figure 3. DNA sequence of 1 kb of 3' untranslated and flanking gene regions
of the pro a2(I) collagen gene. Four canonical poly A addition sites are in
boxes labelled 1,2,3, and 4. Two related poly A addition sites, used in
other genes, are each enclosed by a dashed box. The four most prominent
protected fragments end at several adjacent nucleotides identified by
arrows at Bl, B2, Al and A2. The longest open reading frame is underlined,
with the ATG and TAA start and stop signals enclosed in boxes.

nucleotides. These 3' untranslated and 3' flanking gene regions are very AT

rich with a GC content of only 35%. This is in sharp contrast to the 56% GC
content of 5' untranslated region and the 67.5 GC content of the 400 bp

5' flanking gene region (4). The high AT content is marked by several runs

of A's which of course provide possible poly A addition sites which differ

from the canonical sequence by one nucleotide. Other sequences found in this

region which differ by only one nucleotide include ATTAAA, at 758, the poly A

addition site used in the chicken lysozyme gene (15) and the mouse pancrease

o-_amylase gene (16) and AATATA at 420, also used in the mouse ot-amylase gene
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(17). Other than the poly A addition site, the nucleotides at the four ends

of the gene have little or no homology. The 1000 bp sequence in Fig. 3 has

several open reading frames including one located between the two sets of ends

of the gene. The latter codes for 73 amino acids, many of which are hydro-

phobic. The sequence begins with AUG in position 475 and ends with UAA in

position 697 and hence may be translated in vivo. Unlike the hydrophobic

exons in the same region of the mouse IgM gene (18), there is no evidence that

this 219 bp region is ever spliced to a donor site 5' to the termination codon.

Finally the first two ends of the gene, Bl and B2, are some 450 and 475 bp

from the second two ends, Al and A2, as predicted by the 500 bp difference in

the size of the major and minor pro a2(I) collagen mRNAs (12).

DISCUSSION

The precise location of the 3' end of a gene, arbitrarily defined as the

nucleotide to which adenines are added post transcriptionally, rarely

coincides with the 3' end of the primary transcripts of the gene, in the

relatively few instances where these have been determined (19,20). We do not

know if the four poly A addition sites identified at the 3' end of the

pro a2(I) collagen gene are also RNA polymerase termination sites, or serve

as processing signals. The latter seems the more likely possibility since

RNA polymerase is clearly capable of reading through the first set of over-

lapping signals and proceeding an additional 450 to 475 bp downstream.

Chicken type I procollagen genes are not the only collagen genes which

have multiple transcripts for the same single copy gene. The chicken al(II)

procollagen gene also has at least two transcripts (21) while the human a2(I)
gene has four transcripts (22). Only for the chicken type II collagen gene

is there evidence for differential expression of the two transcripts

during development (21). Multiple transcripts of different sizes from single

copy genes have also been reported for the mouse a-amylase gene (16,17), the

dihydrofolate reductase gene (23), the chicken X gene (24), the mouse

immunoglobin IgM gene (18), and quite recently, the Drosophila melanogaster

myosin heavy chain gene (25), the chicken vimentin gene (26), and the 8-micro-
globulin gene (27). These can result from different splicing modes at 5' end

of the gene, as is the case of the a-amylase (16), or at the 3' end, as is the

case of the Drosophila melanogaster myosin heavy chain (25) and the mouse IgM

(20) genes with different modes used in different tissues or at different

times during development. Alternatively they can reflect RNA polymerase read-

through at the 3' end of the gene and alternate poly A recognition and
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addition signals whose use is not developmentally regulated as appears to be

the case in the chicken vimentin (26) and pro a2(I) collagen genes. Since the

AATAAA sequence has been highly conserved, and since processing and/or poly

adenylation absolutely requires the preservation of this sequence (20), it

may well have proved beneficial to incorporate more than one copy of this

sequence to insure the correct generation of a polyadenylated 3' end.

The AAUAAA sequence is clearly necessary but not sufficient for proces-

sing and/or polyadenylation to proceed efficiently since this sequence

occurs frequently in collagen introns. Earlier suggestions that a specific

hairpin secondary structure may be involved (28) became unlikely after many

3' ends of poly A containing RNAs had been sequenced which could not form

such a structure (19,29). The DNA sequences and factors required for

efficient processing at the 3' end have received relatively little attention,

especially when compared to the many studies of the sequences required for

efficient and precise initiation of primary transcripts. However, an under-

standing of efficient termination or processing of collagen genes is a

challenge. One cannot help but wonder what sort of sequence or structure

the RNA polymerase recognizes as signalling termination after it has trans-

cribed some 38,000 bp, of which 34,000 bp are AT rich intron sequences which

contain several copies of the canonical AATAAA sequence that do not function

as poly A addition sites.
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