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ABSTRACT
The DNA sequence corresponding to the 1.3 kb 3' untranslated region of

the 6.5 kb human procollagen axl(IV) mRNA was determined and compared with
the mouse sequence obtained from 3' cDNA and genomic clones overlapping the
reported 5' half (Oberbaumer et al., 1985, Eur. J. Biochem. 147:217).
Although four AAUAAA hexanucleotides are found in the human and seven in the
mouse RNAs, Northern blot hybridization showed almost exclusive utilization
of the most 3' sequence, in contrast to the pattern seen when using al(I),
a2(I), al(III) and a2(V) procollagen probes. Moreover, the ninety
nucleotides 5' to the poly A tail in the major al(IV) mRNAs exhibit a much
greater degree of interspecies homology than those encompassing the other
three shared AAUAAA recognition signals. Further examination of this highly
conserved area revealed the presence of two "consensus sequences" found in
the 3' noncoding region of a number of RNA polymerase II transcribed genes
(Mattaj and Zeller, 1983, Embo J. 2:1883) and, unexpectedly, some similarity
with the nucleotides 5' to the poly A attachment signals in other
procollagen mRNAs.

INTRODUCTION
In the last several years, DNA sequencing of cDNA and genomic clones

has allowed determination of a number of 3' untranslated regions (UTRs).
These areas are receiving increasing attention in attempts to understand why
a strong selective pressure is exerted upon the noncoding nucleotides (1).
Very often striking interspecies homology is observed, especially in the
vicinity of those sequences involved in polyadenylation and correct 3' end
formation (2-16). Recently, Yaffe et al. presented an extensive description
of the cardiac, skeletal and 0-actin UTRs and, in addition, discussed the
interspecies relationship of the 3' noncoding region of 10 other mammalian
and avian genes (17 and refs. therein). These authors noted that while the
length of the UTRs is quite similar in isotypic genes, both the lengths and
the distribution of the conserved sequences vary greatly in nonhomologous
genes. In this report we have concentrated on the human, mouse and avian
procollagen UTRs which have not received the critical examination necessary
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to assess the extent of nucleotide conservation.
Collagens are the primary structural components of the extracellular

matrix and consist of 10 formerly classified homo- or heterotrimeric types.
The closely related polypeptide chains are encoded by at least 20 genes
exhibiting coordinate and differential developmental and tissue specific
expression (for recent reviews see refs. 18-21). Of the major collagens,
type I ( tl (I )2 a2(I), al(I)3 ) is found in bone and is the predominant
collagen in most connective tissue except for cartilage and basement
membranes. Type III ( al(III)3) and type V ( a l(V)3, al(V)2 a2(V),
al(V) a2(V) a3(V)) have a distribution similar to type I but are usually
present in lesser amounts (I III> V). Type II ( cl(II)3) is almost
exclusively located in cartilage and only type IV ( al(IV)2 a2(IV),
al(IV)3) is present in basement membranes.

The 3' UTRs of this gene family have generated particular interest due

to the presence of multiple poly A attachment signals generally resulting in
the transcri ption of two or three different sized RNAs with an as yet
unknown significance (22-33). Some AAUAAA or related hexanucleotides are

utilized to a similar extent, whereas others are infrequently recognized.
Since these sites are often located 0.5-1 kb apart, the UTRs of the larger
RNAs are exceptionally long and their length surpasses almost all 3'
noncoding regions examined to date (17). Here we have focused primarily on
the al type IV procollagen transcripts, but we have also obtained relevant
information by comparing the types I, II, III and V human and/or avian 3'
UTRs. Specific "subsegments" (34) of these regions display homology greatly
exceeding the 50% value expected between human and mouse and the <30% value
expected between human and avian in the absence of evolutionary constraints
(17). Furthermore, most of these sequences are situated 5' and 3' to poly A
attachment signals and show considerable inter- and/or intraspecies homology.

MATERIALS AND METHODS
Mouse and Human Procollagen DNA Clones

We previously reported the isolation and characterization of the
following cDNA clones used in these studies: mouse al(IV) pcIS (35), human
al(IV) KK4, RR6 and NB3 (31), human cxl(I) ac12 (27), human a2(I) Hf32
(25), human al(III) E6 (27) and human a 2(V) NH20 (33). The 2 kb mouse
al(IV) EcoRI genomic subclone I17 extends 5' from the EcoRI site in the
cDNA clone pcI5 (Fig. 1) (Wang and Gudas, unpublished results).

4500



Nucleic Acids Research

DNA Sequencing Strategy
HindIII/BamHI, HindIII/PstI, EcoRI/HindIII, HindIII and PstI

restriction fragments of the four a1l(IV) cDNA clones shown in Fig. 1 were
ligated to appropriately cleaved M13mpl8,19 vectors. Sanger dideoxy-
sequencing reactions were performed essentially as described by Messing
(36). The universal primer of 17 nucleotides (Collaborative Research) was
used for the sequencing in addition to four 15 or 17 nucleotide primers
(noted in Fig. 1 by triangles) which were synthesized using sequences from
the clones KK4, NB3 and pcI5 (University of Pennsylvania, Department of
Chemistry). Mouse al(IV) sequences were also determined from pcI5 (3'+ 5'
of both PstI fragments) and from I17 (5'-> 3' of a PvuII/PstI fragment) by
Maxam and Gilbert procedures (37). One hundred nucleotides obtained from
I17 provided the 65 nucleotides linking the 3' part of the UTR to the 5'
half reported by Oberbaumer et al. (29). DNA sequences of the 3' EcoRI/PstI
fragment of the human al(III) cDNA clone E6 (27) were obtained using the
universal primer and M13mpl8,19 vectors.

Alignment and Sources of DNA Sequences
The 3' untranslated regions of acl(IV), a2(I), al(II) and al(III)

were aligned manually to show maximum homology with the least number of
insertions and deletions. Unless otherwise stated, homology (%) was
calculated as the ratio of identical bases or amino acids to the total
number in which each gap was considered a mismatch. Sequences, i ncl uded
here but not determined in this report, were obtained from the following
manuscripts: Myers et al. (33), Oberbaumer et al. (29), Yamada et al .
(38), Stoker et al. (39), Ninomija et al. (40), Sandell et al. (41), Myers
et al. (25), Fuller and Boedtker (42) and Aho et al. (23).
Poly A+ RNA Isolation and Northern Blot Hybridization

Poly A+ RNA was isolated from normal mouse (43) and human fibroblast
cell lines (GM3348 from the Human Genetic Mutant Cell Repository) by lysis
and incubation of the cells in an SDS/proteinase K buffer followed by
passage through an oligo dT-cellulose column (44). The RNA (0.2-1.5 ug per
lane) was electrophoresed in a 1% agarose gel containing 2.5M formaldehyde
for 22 hours at 30V. Transfer to nitrocellulose filters was carried out at

40 for 16-18 hrs in lOxSSC (lxSSC = O.15M NaCl, O.015M NaCitrate, pH
6.8). Hybridization to the 32P nick-translated probes (5-8xlO8cpm/ug)
was in a solution containing 50% formamide, 5xSSC for 18-24 hours at

38-400 and final washing of the filters was at 65,0O.2xSSC or 600,
0.5xSSC for the human and mouse RNAs, respectively.
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FIGURE 1. Mouse and Human al(IV) cDNA Clones and Sequencing Strategy.
Asterisks indicate insertion into the PstI site of the pBR322 vector
(31,35). Lines below the restriction maps show the sequencing strategy
described in Methods. Triangles denote the location of specific al(IV)
oligonucleotide primers also used for the DNA sequenci'ng.

RESULTS
Hybridization of Procollagen Clones to Human and Mouse Fibroblast RNAs

In our previous studies aimed at determining the structure of the human
axl(IV) COOH-terminal noncollagenous peptide, we sequenced most of a 1.7 kb
cDNA clone KK4 which contains the 5' part of the 3' untranslated region
(31). Hybridization of KK4 (Fig. 1) to normal human fibroblast poly A+
RNA identified a major 6.5 kb transcript and two 5.9 and 5.3 kb minor
species (Fig. 2). The 6.5 and 5.9 kb al(IV) species were also observed
using the clone RR6, but only the 6.5 kb transcript was seen with NB3 (Figs.
1 and 2). In parallel experiments using mouse RNA and probing with
homologous al(IV) DNA clones I17 (a 2 kb genomic subclone extending 5' from
the EcoRI site in pcI5) and pcI5 (Fig. 1), the same basic profile was found
except for the absence of the intermediate-sized RNA (Fig. 2). Polymorphic
RNAs are characteristic of all human procollagen genes examined so far with
the possible exclusion of al(II) (45,46). The differences in length of the
al(I), a2(I), al(III) and a2(V) transcripts are primarily, if not
entirely, attributable to utilization of various polyadenylation sites in
the 3' UTRs (25, 28, 30, 33).

To investigate the evolutionary persistence of other multiple
procollagen mRNAs, we hybridized human al(I), a2(I), al(III) and a12(V)
cDNA clones to filter-bound mouse and human fibroblast poly A+ RNAs (Fig.
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FIGURE 2. Hybridization of Human (H) and Mouse (M) Fibroblast RNA to
al(IV) Procollagen Clones. In the left lanes are the profiles obtained
from hybridization of human RNA to the 5' clone KK4 and the 3' clones RR6
and NB3 (Fig. 1). The 5.9 kb transcript detected with RR6 was also seen
using NB3 when the filters were washed at 560 (not shown). In the right
two lanes of mouse RNA, the probes were I17, a 2 kb mouse al(IV) genomic
subclone encoding all of the 3' UTR except for the 3' 25 bases, and pcI5,
the 3' mouse al(IV) cDNA clone (Fig. 1). RNA sizes were determined from
35S poliovirus RNA and 28S and 18S ribosomal RNA markers (31).

3). The ratios of the type I ( al and a2) mouse transcripts are very
similar to the human except for the absence of the minor a 2(I) RNA. In
contrast, two prominent al(III) species of 5.4 and 4.9 kb are present in
the human population, whereas only the 4.9 kb RNA was detected in the
mouse. A similar, but more pronounced, difference is found in the a2(V)
profile. Although the larger of the two human transcripts predominates,
only the smaller 5.0 kb mouse RNA is retained.
Comparison of the Complete Human and Mouse al(IV) 3' Untranslated Regions

Several observations prompted investigation of the mouse and human
al(IV) 3' UTRs at the nucleotide level. Restriction analysis revealed this

area to be unusually long and the Northern blot profiles implied the
presence of multiple, infrequently used polyadenylation sites, as compared
to those in other procollagen genes (Figs. 2 and 3). Furthermore, the human
clone NB3 was identified by strong hybridization to the mouse pcI5 insert
(31), and both clones were subsequently found to consist entirely of
noncodi ng sequences. Therefore, we asked the following questions: Was the
homology in the 3' al(IV) UTRs localized or interdispersed? Were the major
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FIGURE 3. Hybridization of Human (H) and Mouse (M) Fibroblast RNA to Types
I, III and V Human Procollagen cDNA Clones. Sizes of the al(I) RNAs (5.8
and 4.8 kb) were determined by DNA sequencing of the human al(I)
procollagen gene (28). Using these values, the human a2(I) transcripts are
estimated to be 5.2, 4.6 and 4.4 kb (28), and the human al(III) and a2(V)
RNAs, 5.4 and 4.9 kb, and 6.3 and 5.0 kb, respectively (33). The 2.4 kb
insert of the al(I) clone al2 codes for about 800 residues of the
collagenous region and the 2.1 kb insert of the a2(I) clone Hf32 codes for
almost half of the collagenous region and 80% of the COOH-propeptide
(47,48). The 2.4 kb insert of the al(III) clone E6 codes for 411 collagen-
ous residues, the COOH-propeptide and the entire 3' UTR of the 4.9 kb RNA
(27 and Fig. 7). The 1.35 kb insert of the a2(V) clone NH20 codes for 165
collagenous residues, the COOH-propeptide and 45 bases of the 3' UTR (33).

poly A attachment signals in the same positions and, if so, did the adjacent
nucleotides display any features distinguishing them from those surrounding
the polyadenylation sequences not generally utilized?

Initial sequencing of the 3' human (NB3) and mouse (pcI5) al(IV) cDNA
clones disclosed poly A tails of 25 and 17 bases, respectively, which were

preceded by an AATAAA hexanucleotide. From the three overlapping human
Ol(IV) clones 1300 3' UTR nucleotides were obtained, while 619 nucleotides
were derived from the mouse 3' clone. During the course of these
experiments, the human al(IV) UTR sequences were also derived by
Pihlajaniemi et al. (32) and 594 nucleotides containing the 5' half of the
mouse 3' UTR were reported by Oberbaumer et al. (29). Si nce the mouse 5'
sequences did not overlap with our 3' sequences, 100 nucleotides beginining
at the PvuII site, common to both the mouse and human clones (Fig. 1), were

determined from a genomic subclone. These provided the linking 65 bases

4504



Nucleic Acids Research

al (IV)
1 TAA--- TGAAGCCTGACTCAGCTAATGTCACAACATGGTGCTACT --------TCTTCTTCT----------- TTTTGTVAACAGCAACGAACCCTAG
I CTA T TC C T C CC CCCCCCCTTG C CCCTCCCATTG A TGL T

7 7 AAAT AT ATCCTGT GT ACC TCAC TGTCCAATATGAAAACCGTAAAGTGCC TTATAGGAArTTTCG6TAACTAACACACCC TGC TTrcATTrGAccTrcTACTrTrGC
101 G C A G C C G G GT

177 TGAAGGAGAA--AAAGACAGCGATAAGCTTTCAATAGTGGCAT--ACCAAATGGCACTTTTC.ATrCAgii-iATATCA --TATTTTCTGCAATCCAAT
201 GG C G GAG C A CAT G CC CCL |G. GJTTGC -- G

270 GCACTGATGTGTGAAGTGAGAACTCCATCAGAAAACCAAACGGTGCTAGGAG-GTGTCCGCTCCTTCCTACATACTTTCCCATTTTC ATTC TTGTrAT TAT
299 C GG C A C - CC A CGCT - C A---- C-AG CCG -

369 AATTAATTTCTACCCAGAGATAAAGTTTGTT-T--ATATC-ACTGTCTACTGTTTCAAAATTTAGTCCCTT---GGTCTGTACAAAAATAG-C
3lS C CC- -G - - -- --G AG C G CC - CC C - C C C- CGAG G A G G G C T

461 AATGTAAAAATGGTTTTTTGAACCTCCAA-ATGGAATTACAGACTCAGTACCCATATCTTCCAACCCCCCACTATAAATTTCTGCTCTrCTGCTATGTGT
474 G G --C C CC T T T C -------------CT CGT -G AA CACA ---------C A CC

660 GGTACTTGCAGCTGCCTTTTGCAGAAATCACAATTTTCCTTGATAG A ATCGTCCAAA-AATAGTCAAA ---------------4.AA ATAT
S49 A TG G TGGC TCt ATCC AT AAAAGCT A

643 ATATATATTAGTAATTTATATAGATGTCAGCAATTAGGCAGATCAAGGTTTAGT T TAACTTCCACTGTTATA iiiCTTACATAGTTT TCTTCCTTTG
649 A G G T C CG GAGC TGT - CC TC GCTCG

743 AAAGACTGTGCCTTCCTTTAACATAGCTTTTTAAAGACTAGGATATTCAATGTGAAACATCCCTTTTCATTCT--TCACTTCTAAACCAAAAATTATGTG
746 G A A A C -- G ACC C TC CC C C A C C CAAAC C G GGAGG A

641 TT----GCCAAAACCAAACCCAGGTTCATGAATATCCTCTCTATTATACTGAAACATGTACTTTGCACTTATTCTTTTTATTCTGTATTAAATATTTICA
846 AGATA G -- C A C GA AT A C-- C G C G C C C CCC CG GG G

937 CGCTTTTAAACACTAATCACAAACTCAATGACTTGACTTCAAAAGCAACAACCTTAAAGGCCGTCATTTCATTAGTAT TCC TCATTC TGCATCCTGGCTT
942 CC C G - CCGTA G G --- T TG CC C t C

1037 CAAAAACACCTCTCTTCAATCACAGTATCAGTATTTTCACACCTAAGCACATTCGGGCCATTTCCCTCGTTTC TCATGAGCTGTGTTCACAGACCTCAGC
1031 ---------------------------- GCA C C CAA A C CA C C- TC A- C CT-

1137 AGGGCCCATCCCATACCGCAGGACGCCACATTCCGACCACTACCCCTCAAATGACATTTCACTAAAAGTCTCCA ----------------- AAACATT TC
1099 A C ACA T - C T T C AC CCCTCCAAAAAAAAAA4L AG T

1220 TAAGACTACTAAGGCCTTTTATGTAATTTCTTTAAATGTGTATTTCTTAAGAATTCAAATTTGT 6iCTATTTGTAlI1 3 1300
1196 C G 7 1278

FIGURE 4. Complete DNA Sequence of the Human and Mouse al(IV) 3' UTRs.
Human sequences are shown on the top line and only differences in the mouse
UTR are on the bottom 1 ine. Dashes indicate absence of a corresponding
nucleotide. All AATAM sequences are within boxes and the three most highly
conserved regions are within brackets. The two 9 nucleotide repeats which
resemble the Mattaj and Zeller "consensus sequence" (50) (discussed in the
text) are designated by a bar. The length of the poly A tails in the cDNA
clones NB3 and pcI5 (Fig. 1) is given in subscripts.

and, therefore, the complete mouse al(IV) 3' UTR of 1278 nucleotides.
Surpri si ngly, seven AATAAA sequences are found i n the mouse UTR and

four of these are represented in the human DNA (Fig. 4). The additional
three murine sites (two are overlapping) are located within tandem A/T rich
repeats of which only one remains in the human gene. Overall, the alignment
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TABLE I: COMPARISON OF HUMN AND MOUSE
al (IV) PROCOLLAGEN SEQUENCES

REGION

3 ' Gly-X-Y
(GG of Gly incl.)

3 ' Gly-X-Y
(GG of Gly excl.)

S' Half
C-propeptide
3' Half
C-propeptlde
3' UTR
(5' QUARTER)
3' UTR
(5' MIDDLE)

3' UTR
(3' MIDDLE)

3' UTR
(3' QUARTER)
AATAAA Sequence
#1 (5'-3' )

AATAAA Sequence
#2 (5'-*3')
AATAAA Sequence
#3 (5'-*3')
AATAAA Sequence
#4 (5'1-3')

NUCLEOTIDES DIVERGENCE

495 .178

389 .226

342 .155

345 .098

300 (M-1 )
323 (M-2)

300 (M-1 )
323 (M-2)

300 CM-1 )
323 (M-2)

300 (M-1 )
323 (M-2)

90 (M-1)
90 (M-2)

90 (M-1)
90 (M-2)

90 (M-1)
90 (M-2)

90 (M-1)
90 (M-2)

.i60

.207

.253

.374

.273

.291

.173

.207

.200

.277

.210

.277

.200

.211

.055

.055

Nucleotides coding for the human and mouse al(IV) Gly-X-Y and COOH-
propeptide regions have been reported (29,31,32). The 3' UTR sequences are
shown in Fig. 4. Sequences #1-4 (90 bases) include the AATAAA, 73 positions
5' and 11 positions 3'. Calculations for divergence (1) were based on the
methods of Miyata et al. (1). In M-1 all gaps were excluded from the
comparison and in M-2 a gap was counted a 'mlsmatch". Those sites with more
than 10 consecutive gaps were excluded from both analyses. M-1 equal M-2
values for the nucleotides encoding Gly-X-Y and COOH-propeptide regions.

of the uncommonly large 3' UTRs shows remarkable interspecies conservation
with the exception of several groups of insertions and deletions. However,
since more variability was noted overall in the central portion, we
calculated the divergence of each quarter separately according to the
methods of MNyata et al. (1). In Method 1 (M-1), only positions represented
in both genes were counted, while in Method 2 (M-2), all mismatches and
gaps, except for deletions greater than 10 consecutive bases, were
included. As shown in Table 1, the divergence of the 5' and 3' quadrants is
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clearly lower than that of the two middle quadrants and, moreover, is the

same or less than the divergence of the nucleotides coding for the Gly-X-Y

region and 5' half of the COOH-terminal propeptide. When we focused on the

four AATAAA hexanucleotides conmnon to both UTRs, it was apparent that the

distal and primarily utilized poly A attachment signal is embedded in the
most conserved area (Sequence #4 in Table 1). Strikingly, 5' to this AATAAA

there are 73 nucleotides in which only 5 substitutions have occurred, while
3' there are 11 identical nucleotides preceding the poly A tail. These 90
bases were then compared to the corresponding ones around the three

additional AATAM signals (Sequences #1, #2 and #3). The M-1 and M-2 values

are equal only in Sequence #4 and, more significantly, are four to five

times lower than the values for Sequences #1, #2 and #3.
Analysis of Human and Avian Types I, II and III Procollagen 3' Untranslated
Regions

To determine i f other procollagen 3' UTRs shared preferential
nucleotide conservation in close proximity to polyadenylation sites, we

examined the sequence of the human and avian types I, II and III noncoding
regions. In the a 2(I) 3' UTRs, multiple AATAAA hexanucleotides are found
at similar positions, i.e., +278, +292, +795 and +816 versus +274, +279,
+728 and +751 for human and avian, respectively, (+1 designates the first

nucleotide of the termination codon). Both sets, and probably the similar
ones occurring in the mouse 3' UTR, appear from nuclease SI experiments
and Northern blot profiles to be almost equally utilized (23, 25 and Fig.
3). We aligned the 3' noncoding regions of human and avian a2(I) to

determine the extent of homology previously noted when only the 5' several
hundred nucleotides prior to the AATAAA's were compared (47). In three
discrete areas exhibiting 84%, 88% and 88% homology (indicated by brackets
in Fig. 5), minimal deletions have taken place. The first area occurs in

the 5' part of the UTR, the second is located 3' to the initial AATAAA set

and the third contains two closely spaced 3' AATAAA hexanucleotides common

to both the human and avian a 2(I) genes. Similarity deteriorates rapidly
following the site of poly A attachment for the larger a2(I) RNAs (23,25).

An apparently different situation exists with a1l(I). Human al(I)
AATAAA sequences are present at +248, +252 and +1253 and these designate
poly A addition in the 4.8 and 5.8 kb RNAs (28 and Fig. 3). The 3' UTR of

the 4.8 kb human RNA (28,48) does not show any recognizable homology with

the beginning of the chick UTR which consists mostly of large A tracts and

includes an AATAAA of unknown significance at +92 (42). However, this
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a 2(1)
1 TAAATGAACTCAATCTAAATTAAAA----------AAGAAAGAAATTTGAAAAAACTTTCTCTTTGCCATTTCTTCTTCTTCTTTTTTAA GAAAGCTG
1 G A AT C GGCCCCCCCCTC TT ----------------T T T G --------- G

91 AATCCTTCCATTTCTT--CTGCACATCTACTTGCTTAAATTGTGGGCAAAAGAGAAAAAGAAGGATTGATCAGAGCATTGTGCAAiCAGTTTCATTAAC
76 C T TT TT C C G GG A TG A A AC -

189 TCCTTCCCCCGCTCCCCCAAAAA---TTTGAATTTTTTTTTCAACACTCTTACACC-TGTTATGGAAAATGTCAACCTTTGTAA-GAAAA----------
175 -------------G GGAC G ---G C G T - A T C T G A AAAACCAAAA

274 --------- CCAA T TA GA CCATAAAC GCACCACTTGTGGCTTTTGAATATCTTCCACAGAGGGAAGTTTAAAACCCAAA
258 AAAAAAAAA T ATG ----- G A C C - ACG

365 CTTCCAAAGGTTTAMCTACCTCAAAACACTTTCCCATGAGTGTGATCCACA GTTAGGTGCTGACCTAGACAGAGATGAACTGAGGTCCTTGTTTTGT
352 T - AAA -- C T TA ---G A TTCTCC T C TA T A -- CA

465 TTTGTTCATAATACAAAGGTGCTAATTAATAGTATTTCAG------------ATACTTGAAGAATGTTGATGGTGCTAGAAGAATTTGAGAAGAAATACT
444 CCAC G T GT -- CA C AGTGTGTTTCCA --- T C C G --A T T

553 CCTGTATTGAGTTGTATCGTGTGGTGTATTTTTTAAATTTGATTTAGCATCATATTTTCCATCTTATTCCCAATTAAAAGTATGCAGATTATT--
537 T C G T------------------------------C AA CTATC --------------- C GCTTGG C TG C TT

651 GCCCMAGTTGTCCTCTTCTT-CAGATTCAGCATTTGTTCTTTGCCAGTCTCATTTTCATCTTCTTCCATGGTTCCACAGAAGCTTTGTTTCTTGGGCM
592 C T TCT T C C A A G TG C G -C A A C A C A-G A T AACA ----

750 GCAGAAAAATTAAATTGTACiATTTTGTATATGTGAGATGTTTAPiA-IrTGTGAAAAAAATG--ATA CATGTTTGGTTTTCCAAGA AT
686 A- AA G AAAG-t G AAAAiI CCA G J G

848 ATTG----AGTAMATTCCTTGCTTCMTGCTCTTTGCMTATAMTATGCATCTCTACCAGCCATTAGACCAAGTGCCTCTG-ATTAGATAG-AMTTA
783 C AATG T G A AGG -- A -- GC G - - -A -- MT ---- ATG TC TT CTT C

942 T-GC---AAAAAGGGCAGTTTGGTG-TGG--TAGAAAGAGCAGAGAACGAGG 986
870 T TGT -----TA AC TACA CA TC - T CCT TGCT 915

FIGURE 5. DNA Sequence of the Human and Avian a2(I) 3' UTRs. All hunan
a2(I) 3' UTR nucleotides (top line) but only those which differ in the
avian (bottom line) are shown (23,25,42). Dashes indicate lack of a
corresponding nucleotide. The AATAAA sequences are within boxes and the
three highly conserved regions (discussed in the text) are enclosed by
brackets. A bar is drawn above the nucleotides resembling the "consensus
sequence" reported by Mattaj and Zeller (50). The polyadenylation sites for
the larger a2(I) RNAs are 25-30 bases after the 3' AATAAA sequences (23,25).

observation may be premature since only after the initial 81 base insertion
in the avian al(II) UTR can homology with the human al(II) UTR be detected
(Fig. 6). The two major avian al(I) RNAs of 4.7 and 4.9 kb are electro-
phoretically similar to the 4.8 kb human and mouse species but the minor 6.7
kb avian al(I) RNA differs greatly both in size and representation from the
abundant human and mouse 5.8 kb transcripts (28,49 and Fig. 3).

Stoker et al. (39) recently reported the sequence of the human al(II)
3' UTR and pointed out two specific areas, inclusive of AATAAA or related
hexanucleotides, highly homologous to the avian 3' UTR determined by
Ninomija et al. (40) and Sandell et al. (41) from cDNA and genomic clones.
We compared the entire 3' UTRs to ascertain how limited the conservation was
and how the two areas compared with analogous regions in a2(I) and
al(IV). The 5' halves of the al(II) UTRs are characterized mainly by
large deletions and insertions interdispersed among very short regions of
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aI(l
1 TAAM----A------C--------------------------------_----_----------------------------ACCCTGAACCCAGAA
1 AAAGGGTTGTTGTTATTTGTGTGMGMGTTGTTTGGTTGTTGTTTTTTGTTTCTTTTTMTTTTTTTMAAAAAAG --- G- T

20 ACAACACAATCCGTTGCAM---------------CCCAAAGGACCCAAGTACTTTCCAATCTCAGTCACTCTAGGAC-TCTGCACTGAATGGCTGACCT
93 C G C CA A- GCAAACCAGTCCCAC -T -- C G C G A ----------- T C A G AC

104 GACCTGATGTCCATTCATCCCACCCTCTCACAGTTC-GGACTMTTCTCCCCTCTCTMTCTAAGAGACCTGAAC GGCAGACTGCAAjATCTCGG
178 ------------------- G G - -- -- ----G C - GTC{ G C C A

203 TGTTCTAMAMATTG1TCTTCC-TMACT----TCG--GGTCAAGGCAGAGGCAGGAAACTAACTG----GTGTGA--G-TCAAATGCCCC-CT
240 GC A C A- G AGTT TA G -G TG TG T A T GCAG CG CC CCC - A A

288 GAGTGA-CTGCC---CCCAGCCCAGGCCAGAAGA-CCTCCCTTCAG-GTGC--CGGGCGCAGGAACTGTG--TGTGTC---CTACACATGGTGCTATT
337 A G T G AAA G GTATC -- TCC C CCC TAT ACCA G- CTAA A ATA A G A

374 CTGTGTCAAACACCTCTGTAMTTTAAAACATCAATT' i----ATGAAAAGATTAT-------TGGAAAGTACATATTGAC
434 - A AG -- G| A ACM A M ACTTTTGG tA -GC -

FIGURE 6. DNA Sequence of the Human and Avian al(II) 3' UTRs. Human
sequences are on the top 1 ine and differences in the avian are below
(39-41). Location of the poly A tail in the avian cDNA clone is indicated
by an arrow. Brownlee-Proudfoot hexanucleotides or variations (*) are
wi thi n boxes. The two conserved areas are designated by brackets and the
sequence found both in human al(II) and al(IV) is shown by a bar.

similarity. In the 3' halves are the two prominent areas of 51 and 59
nucleotides which display 84% and 86% homology, respectively, (indicated by
brackets in Fig. 6). In the first conserved region, these sequences begin
13 bases 5' to an AATAAA in the human gene and extend mostly 3', while in
the second region, the homology pertains exclusively to the sequences
preceding a poly A attachment signal utilized in the avian system (40). The
polyadenylation site(s) for the human al(II) RNA(s) have not yet been
identified.

We derived the 3' UTR of the 4.9 kb human al(III) RNA from the cDNA

al (111)
1 TAAACCAAA--CTCTATCTGAAATCCCAACAAAAAAAATTTAACTCCATATGTGTTCCTCTTGTTCTAATCTTGTCAACCAGTGCAAGTTACCGA
L T GATCCTG T C C G C G T CAC AC C - T C C J

94 CAAAATTCCAGTTATTTATTTCCAAATGTTTGGAAACAGTATAATTTGACAAAGAAAAATGATACTTCTCTTTTTTTGCTGTTCCACCAAATACAATTC

194 AAATGCTTTTTGTTTTATTTTTTTACCAATTCCAATTTCAAAATGTCTCAATGGTGCTATA jTTTCAACACTCTTTATGATAA]A

FIGURE 7. DNA Sequence of the 3' UTR of the Smaller Human al(III ) RNA.
The human sequence (top line) was derived from the a I (III) cDNA clone E6
(Methods). The 3' 78 nucleotides of the avian UTR (38) are delineated by
corner symbols (bottom line). Specific sequences discussed in the text are
shown by a bar and overlapping AATAM sites are enclosed.

4509



Nucleic Acids Research

clone E6 (27) that terminates in a poly A tail 22 bases following
overlapping AATAAA sequences at +254-263 (Fig. 7). Although only the 5' 78
nucleotides of the avian al(III) 3' UTR are currently known (38), a high
degree of conservation can already be detected. From the data of Chu et al.
(30), the larger human al(III) UTR extends to +870 and contains an unusual
variation of the canonical sequence. The major avian al(III) RNA of 5.5 kb
(49) is analogous to the 5.4 kb human species in contrast to the mouse
al(III) RNA which corresponds to the 4.9 kb human transcript (Fig. 3).
Inter- and Intraspecies Correlation of Nucleotides Preceding Poly A
Attachment Signals

Mattaj and Zeller identified a homologous region 3' to the coding
sequence of Ul and U2 sn RNA genes that is partially shared by a number of
RNA polymerase II transcribed genes (50). Although this unit is usually
located 3' to AATAAA hexanucleotides, in the human leukocyte interferon a-l
gene it is positioned 5' and in the Drosphilia hsp 70-1 gene, the sequence
is found both 5' and 3'. Within al(IV) Sequence #4 are two direct repeats
(Figs. 4 and 8), TTTC/TTAAGA and TTCTTAAGA that closely resemble this
"consensus sequence". Surprisingly, the identical human al(IV) sequence,
TTTCTAAGA, is also seen just 5' to the AATAAA in human al(II) (Fig. 6).
The fact that neither sequence is conserved in avian al(II) may be
significant. Furthermore, in the human and avian a2(I) UTRs, the
nucleotides TTTGTAAGA and TTTGTAAAGA, respectively, are in close proximity
5' to the first set of AATAAAs (Fig. 5) and a variation GGTTTAAGA occurs in
the human a2(V) UTR 44-52 bases preceding two overlapping AATAAA sites at
+286 and +290 (33).

Although sequences in human al(III) and al(I) are less similar, they
do show an unexpected relationship to each other. The a1(III) sequence
TTTGGAAACA found 131 bases 5' to the AATAAA (Fig. 7) is paralleled in a 1(I)
121 bases 5' to the AATAAA as TTTGGAAAATA (28,48). A second set of
sequences, CCACCAAA in al(III) and CCAACCGAA in cxl(I), are located 46 and
47 nucleotides, respectively, 3' to the first sequence. The homology for
the 5' sequence is 82% versus 78% for the second set. The sizes of the UTRs
in the smaller RNAs are approximately equal since the AATAAAs are at +254
and +248 in al(III) and al(I) (Fig. 7 and ref. 28).

Because of these observations and the localized interspecies homology,
we compared the al(IV) Sequence #4 with the regions 5' to the utilized poly
A attachment signals in the types I, II, III and V procollagen genes. With
the exception of al1(I), which is therefore not included, the nucleotide
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al(IY) A A A C A|T T T C T A A G A C T A C T. A A G G C C T T T T A T G T 1243

mal(OI) - - - A G - - - T - - - - - - - - - - - - - - - C - G - - - 1221

aa2(Y) TT T - -A G - - - - - - - T G- - C - - T - A - A A - G - C C A

3CI(III) C- C - - A A AA- - C A - A - T - A - - T - - A- - - - A - - -v
TT

CalCII) T - - T - - A -- A T - C - A C-G A - -v- - Tv- - A - - C - A-
T G

a al(II) G - - -v- - G -G-vC C T - A - T - - Tv- - A - - C - -
T GT G

Ca2(I)s G- - G T C - --C - - T -A A- - - C A - - - .- - T - -G
G

302(I)s G- - T T - - ---V- - C - - - - T - C A - - - G - - - - - C
TTC

CZIl(I) A A T T T C T T T A A A T G T G T A T T T C T TAAGAATT C A 1276

. aI(nI) - - - - - - - - - -|- - - - - - 1254

0a2(Y) CC - - - G C AG- - - AAAV G A T - G T -[- Al- A-
a aI(III) T--- T - - - -v- - - T C C A - - - - - A A --T G T C---

CC
C al(II) AAG - A A A AC - - G - C - - - - - - - T - - - - C -

1al(II) AAG - C A A AC- C C - C - - - - - - - T - - -vA - - -
C

C a2(I)s GA A A A A AAA- - - - - - C A -V- - - G - A - - - -V- A AV C
cc A5 CCA13

1 a2(I)s -A A A A AAAA- - - - - - C A -v- - - G -- - - - - A A v-

a2(I)L T----A-G--TG

al(OI) A A T T T G T ATAAAACTATTTGTAT 1300

31al(I) - - [- - - - - - - - - - - - - - - - 1278

a2(V) -]

a al(111) -A-G--VT--- T - A A]

C al(II) G --G A - - T A - - - - - A

a alt(I) - V- - T - - - --.*

Ca2(I)s -- A A A [ - [-]-TA-A]

a a2(I)s --A - A A - -

FIGURE 8. Procollagen Sequences 5' to Poly A Attachment Signals. The 3' 90
nucleotides of the human (H) and mouse (M) 3' UTRs (Fig. 4) are shown on the
top two lines. Mattaj and Zeller "consensus sequences" (50) in al(IV) are
within boxes. Location of the human al(III), human and chick (C) al(II)
and human and chick a2(I) sequences within the 3' UTRs (Figs. 5-7) are
shown by the position of the AATAAA (brackets) or variations (*). Dashes
indicate the same base as found in al(IV). Open triangles denote lack of a
corresponding nucleotide. The letters S and L refer to nucleotides
preceding poly A attachment signals for the smaller and larger a 2(I) RNAs
(Fig. 5). The 31 bases shown i n the human a2(I) large (L) UTR are
identical to the chick. The human a2(V) AATAAA sequences for the smaller
RNA occur 286 bases 3' to the end of translation (33).

adjustments shown in Fig. 8 could generally be equated with those made in
order to align parts of the UTRs of the same gene in different species. In
this alignment, the a2(V) "consensus sequence" discussed above corresponds
to the 5' al(IV) repeat, and the a2(I) "consensus sequence" corresponds to
the 3' al(IV) repeat.
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DISCUSSION
The Northern blot profiles and DNA sequences of the 3' UTRs presented

here show that the multiple human and mouse al(IV) AAUAAA hexanucleotides
5' to the most distal and conserved site (Sequence #4) are rarely, if at

all, utilized in the fibroblast cell lines. The minor human al(IV) RNAs
appear to result from poly A attachment designated by AAUAAA Sequences #1
and #2; weak hybridization of the 3' clones to the 5.9 kb RNA implies that
Sequence #3 is not functional (Fig. 2). This same representation of the
three al(IV) transcripts is found in poly A+ RNA isolated from cultured
lhuman umbilical endothelial cells (unpublished data). In the mouse
fibroblast RNA, only the 5' and 3' a I(IV) hexanucleotides seem to be
utilized. The five middle AAUAAA sequences are bypassed even though three
of these occur within a span of 21 nucleotides (Fig. 4). Major and minor
mouse a 1(IV) RNAs of 6.7 and 5.4 kb, respectively, have also been detected
in a parietal yolk sac cell line by Oberbaumer et al. (29).

A number of genes other than the collagens contain more than one poly A
attachment signal in the 3' UTR resulting in multiple transcripts from
differential utilization without additional internal 3' RNA splicing varia-
tions. These genes include the mouse (51,52) and human (53) dihydrofolate
reductase, the mouse a-amylase (54), the chicken ovomucoid (55), the
chicken vimentin (56), the eel calmodulin (57), the rat 02U-gl obulin
(58), the mouse 8-2 microglobulin (59) and the human 8-tubul i n (60).
Tissue specific differences in the distribution of the vimentin and
calmodulin RNAs have been described (61,57).

Evidence for a tissue specific relationship in the type I ( al and a2)
avian and human procollagen RNAs is suggested by several reports. Merlino
et al. (24) detect a shift towards the lower molecular weight avian a2(I)
RNA accompanied by an increase in gene transcription during embryonic
development. Gerstenfeld et al. (49) state that they have seen greater
quantities of both the smaller avian al(I) and ac2(I) RNAs in fibroblasts
and calvaria than in nWoblasts. Barsh and co-workers (62) have correlated
the presence of DNase I hypersensitive sites in the 3' end of the human
al(I) procollagen gene with preferential representation of the al(I) 4.8
kb transcript in placenta as compared to skin fibroblasts. Future studies,
facilitated by the recent isolation of clones encoding other procollagen
chains, should yield more comprehensive results.

The factors involved in polyadenylation and in accurate and efficient
3' RNA processing have been addressed in a number of elegant experiments.
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Deletions and point mutations strongly implicate sequences in addition to

the Brownlee-Proudfoot hexanucleotide or variations (3-16). DNA sequencing
has revealed the presence of poly A attachment signals in regions distant

from the 3' termini of mRNAs. Furthermore, mutations in the AAUAAA sequence
greatly affect processing in some systems, while in others, the same

variations occur naturally with efficient utilization (10). Pertinent to
the procollagen genes, the poly A attachment signals for the avian a l(II)
(40) and the larger human al(III) RNAs (30) are so unusual that within the

groups AUAUAAAA and AUUAUAAUA, respectively, the precise sequences are

difficult to recognize. In the UTRs analyzed here, most of the highly
conserved "subsegments" (34) involve sequences inclusive of or adjacent to

utilized poly A attachment signals.
To fully perceive the extent of conservation in the human and mouse

al(IV) UTRs, the divergence of the coding nucleotides is shown in Table I.
Generally, the first two nucleotides of each codon are subject to intense

selective pressure to maintain the same residue or an allowable
substitution. However, the third position is comparatively free of

evolutionary constraints except when an unacceptable amino acid conversion
results. In the third position of the Gly-X-Y and 5' COOH-terminal
propeptide codons, 44% and 40% divergence have occurred while only 7.9% and

4.3% of the amino acids have changed. The 3' synmnetrical half of the
COOH-terminal propeptide (29,31,32) appears to be a more recent duplication
since 27% of the third position nucleotides and 1.7% of the 115 amino acids
have diverged.

Discrimination among first, second and third positions is presumably
not operative in the al(IV) 3' UTRs unless these nucleotides are also

translated. This event seems unlikely in that the reading frame would be

changed by i nterdi spersed deletions and insertions. Therefore, the

divergence of the 3' UTR should parallel or exceed that of the third codon

position in the absence of a requirement to maintain specific nucleotides.
In the human and mouse al(IV) 3' UTRs, three areas, in particular, are far

more conserved (within brackets in Fig. 4). Area One, consisting of 198

bases with 84% homology (4 deletions), occurs in the 5' quadrant and

terminates 3' subsequent to AATAAA Sequence #1. Area Two, consi'sti ng of 74

bases with 85% homology (no deletions), is centrally located and contains

AATAAA Sequence #2. Area Three with 95% homology (no deletions) consists of

the 3' terminal 90 bases including the primarily utilized AATAAA Sequence #4.
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Similar regions containing 95, 109 and 76 nucleotides with 84%, 88% and
88% homology, respectively, are found in human and avian a2(I) (indicated
by brackets in Fig. 5). The first occurs in the 5' segment, the second
closely follows the 5' AATAAA set and the third extends both 5' and 3' from
the second set of AATAM sequences. Notably in this last set, the 24
nucleotides prior to the first AATAAA are 100% homologous and can be aligned
with sequences in al(IV) (Fig. 8). The human and avian al(II) 3' UTRs are

extremely divergent explaining why the two conserved areas are so striking
(Fig. 6). These relatively short regions of 51 and 59 nucleotides are 84%
and 86% homologous, respectively. The first extends 5' and 3' to the AATAAA
i n human al(II) and the second is 5' to and inclusive of a variation
recognized at least in avian al(II) (40).

The interspecies homology in the procollagen 3' UTRs is in accord with
that found for the actins (17 and refs. therein). However, major
differences between these two gene families reside in the intraspecies
nucleotide homology 5' to poly A attachment signals shown in Fig. 8 and the
intraspecies conservation of the lengths of the UTRs, especially in the
smaller RNAs. In all 5 procollagen genes from which multiple RNAs are
transcribed, the 5' AATAAA sequences are found at extremely similar
positions: human al(I) + 248, +252; human a2(I) +278, +292 (chick +274,
+279); human al(III) +254, +258; human al(IV) +239 (mouse +267) and human
a2(V) +286, +290. Also except for al(IV) is the unusual occurrence of

these being overlapping or in tandem. Although the location of the 3'
signals are more diverse, those in human al(I) are at +1253 versus +1284 in
human al(IV) (mouse +1262), and those in human al(III) are at +855 versus
+795 and +816 in human a2(I) (chick +728 and +751).

The significance of conservation in the 3' untranslated regions awaits
the results of alternative approaches to DNA sequencing such as those of
Krowczynska and Brawerman (63). Their investigation of the "complex
configuration at the 3' end of the globin mRNAs" provides evidence for a
double stranded structure around the poly A junction and, furthermore, one
which probably results from association with another region of the same
molecule. Similar studies using RNAs with multiple polyadenylation
attachment signal s may distinguish differences in secondary structure at
sites frequently or infrequently utilized and whether the conserved
sequences in the 3' UTRs are involved in these interactions.
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