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ABSTRACT To study the structure and function of the gene
for parathyroid hormone, we obtained recombinant plasmids con-
taining bovine parathyroid hormone cDNA. The nucleotide se-
quence at the 5' terminus (relative to the sense strand) ofthe cDNA
insert in a recombinant plasmid, pPTHi4, was different from that
previously reported for the bovine parathyroid hormone cDNA
insert of another recombinant plasmid, pPTHml [Kronenberg,
H. M., McDevitt, B. F., Majzoub, J. A., Nathans, J., Sharp, P.
A., Potts, J. T., Jr. & Rich, A. (1979) Proc. Natl Acad Sci USA
76, 4981-4985]. The first 50 nucleotides of the pPTHml insert
were an inverted complement of nucleotides 2-51 of the pPTHi4
insert. The cDNA insert of another plasmid, pPTHi8, contained
a sequence identical to nucleotides 2-51 of the pPTHi4 insert but
also contained an additional 42 bases at the 5' terminus. The first
41 bases of the pPTHi8 insert were an inverted repeat of an in-
ternal sequence of the pPTHi4 insert corresponding to nucleotides
184-224. Restriction endonuclease analysis of pPTHi8 indicated
that the internal sequence corresponding to this region was re-
tained. The nucleotide sequence of a restriction fragment hybrid-
ized to parathyroid hormone mRNA and extended toward the 5'
terminus of the mRNA with reverse transcriptase confirmed that
the sequence at the 5' terminus of the pPTHi4 insert was an ac-
curate copy of the parathyroid hormone mRNA sequence. These
data suggest that two types ofsequence rearrangements may occur
during molecular cloning of cDNA: (i) an inversion of a sequence
at the 5' terminus, as occurred in pPTHml, and (ii) an inverted
repeat of an internal sequence, as occurred in pPTHi8.

The construction of recombinant plasmids containing cDNA to
produce large amounts of pure nucleotide sequence corre-
sponding tomRNA is an important and common procedure. The
accuracy of the enzymatic reactions involving avian myeloblas-
tosis virus (AMV) reverse transcriptase and Escherichia coli
DNA polymerase was demonstrated in early studies of cloned
globin cDNA, in which the sequences determined for the
cloned cDNA agreed with the sequence of the mRNA (1). In
these studies, however, transversions of dAT base pairs were
observed in the dA-T homopolymer extensions added during
the cloning procedures. Recently, more substantial rearrange-
ments near the 5' terminus (relative to the sense strand) of the
cloned cDNA inserts have been reported. Restriction analyses
of several recombinant plasmids containing cDNA inserts for
human interferon (2) or mouse immunoglobin heavy chains (3)
indicated that inverted repeats occur near the 5' terminus of
the cDNA. Comparison of the sequences of the cDNA inserts
for chicken /-globin (4) and fibronectin (5) in recombinant plas-
mids also showed rearrangement of sequence near the 5' ter-
minus. A rat insulin cDNA insert (6) and a chicken ovalbumin

cDNA insert (7) contained inversions at the 5' terminus, when
compared with the sequences of the cloned genomic genes.

As part of our studies on the regulation of the biosynthesis
ofparathyroid hormone (PTH), we have isolated several recom-
binant plasmids containing bovine PTH cDNA inserts. Com-
parison of the sequences of these plasmids with each other and
with the sequence previously reported for a bovine PTH cDNA
insert in the plasmid, pPTHml (8), showed different sequences
at the 5' terminus of the cDNA inserts. In the present study,
we compare the nucleotide sequences of these plasmids at the
5' terminus with the sequence of PTH mRNA and show that
artifactual inversions or inverted repeats occur in some of the
cDNA inserts.

METHODS

Enzymes. AMV reverse transcriptase was obtained from J.
W. Beard (Life Sciences, St. Petersburg, FL) and the Division
of Program Resources Biological Carcinogenesis Branch, Na-
tional Cancer Institute. Restriction endonucleases were ob-
tained from Bethesda Research Laboratories (Rockville, MD),
New England BioLabs, or Miles. Terminal deoxynucleotidyl-
transferase was obtained from PL Biochemicals. T4 polynu-
cleotide kinase was supplied by 0. Uhlenbeck (University of
Illinois, Urbana, IL), and bacterial alkaline phosphatase was
from Sigma.

Isolation ofPTH cDNA Clones. PTH mRNA was isolated to
"=50% purity as described (9). Double-stranded PTH cDNA was
synthesized by the method of Wickens et aL (10) with modifi-
cations (11) and inserted into the Pst I site ofpBR322 by dG-dC
homopolymer extension techniques (12). Plasmids containing
PTH cDNA were detected by restriction analysis of the cloned
cDNA inserts and comparison with the restriction map of PTH
cDNA (11). Before December 1979, experiments involving re-
combinant plasmids were carried out in accordance with the P2/
EK2 containment guidelines of the National Institutes of
Health. After that time, Pl/EK1 containment procedures were
used.

Nucleic Acid Sequence Determination. The nucleotide se-
quences of the 5'-terminal regions of the cDNA inserts were
determined as described by Maxam and Gilbert (13). The sense
strands were sequenced from a radiolabeled Hpa II site in the
pBR322 DNA sequence, =50 nucleotides from the 5' terminus
of the cDNA inserts. The antisense strands were sequenced
from a radiolabeled Sau 3A site in the cDNA, 160 nucleotides
from the 5' terminus of the cDNA insert. To more directly se-
quence the mRNA, a restriction fragment was isolated from the
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cDNA insert of pPTHi4 that extended from nucleotide 76, an
Mbo II cleavage site, to nucleotide 160, a Sau 3A site. The frag-
ment was labeled with 32P04 at the 5'-terminal nucleotide of
the Sau 3A site. About 2.5 pmol of the cDNA fragment and 4.0
pmol of PTH mRNA (50% pure) in 36 ,ul of 10 mM 1,4-piper-
azinediethanesulfonic acid, pH7/50 mM EDTA/40 mM NaCI
in 70% formamide were heated to 80°C for 2 minutes and then
incubated at 52°C, 45°C, and 40°C for 20 min each. The
DNARNA hybrid was collected by ethanol precipitation. The
pellet was dissolved in 25 ,ul of50 mM Tris HCl, pH 8.3 (42°C)/
40 mM KCV10 mM MgClJ/30 mM 2-mercaptoethanoV200
,uM each of dATP, dCTP, dGTP, and TTP/4 mM sodium py-
rophosphate containing actinomycin D at 156 ,ug/ml and 30
units ofAMV reverse transcriptase. After incubation at 42°C for
30 min, the reaction mixture was extracted with phenol satu-
rated with 50 mM Tris HC1, pH 8.0; residual phenol in the
aqueous phase was removed by extraction with diethyl ether,
and nucleic acids were precipitated twice with ethanol. The
pellet was washed with 95% ethanol and dried under reduced
pressure. The sequence of the extended fragment was deter-
mined as described by Maxam and Gilbert (13).

RESULTS
Detection of an Inversion at the 5' Terminus ofCloned PTH

cDNA. The plasmid, pPTHi4, contains a PTH cDNA insert of
-800 bases including the homopolymer extensions of =50 nu-
cleotides added during the cloning procedures (11). As PTH
mRNA contains =750 bases (9), this plasmid contains a near full-
length PTH cDNA insert. The nucleotide sequence of the first
66 nucleotides at the 5'-terminal noncoding region of the sense
strand is shown in Fig. 1A. The initiator codon begins at nu-
cleotide 93. The sequence of this region was determined un-
ambiguously three times, twice for the sense strand and once
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FIG. 1. Comparison of nucleotide sequences of the sense strands
of the cDNA inserts ofpPTHml and pPTHi4 with the sequence ofPTH
mRNA. The sequences of the inserts were determined from restriction
fragments by the method of Maxam and Gilbert (12). PTH mRNA se-
quence was determined from a restriction fragment hybridized to PTH
mRNA and extended with AMV reverse transcriptase as described in
Methods. (A) identical bases between the cDNA inserts and PTH
mRNA are indicated by vertical lines. (B) pPTHml sequence drawn
antiparallel to that of pPTHi4; complementary bases are indicated by
vertical lines. The nucleotide sequence in parenthesis at the 5' ter-
minus of pPTHi4 is the probable sequence of the sense strand, based
on identical sequences in pPTHi7 and pPTHi8.

for the antisense strand. Also shown in Fig. LA is the sequence
reported earlier for the PTH cDNA insert of pPTHmL (8). Be-
ginning at nucleotide 44 for the pPTHi4 insert and nucleotide
54 for the pPTHm1 insert, the two sequences are identical as
shown and in fact are identical through the coding region to the
last nucleotide in pPTHm1, nucleotide 470 (not shown). The
5'-terminal regions of the two sequences, however, are quite
different. Although the two cloned cDNAs could have been
derived from two variants of PTH mRNA, the identity of most
of the sequence suggested that an artifact had been introduced
at the 5'-terminal region of one clone.
To determine which of these two sequences was represent-

ative of PTH mRNA, we determined the sequences of the 5'-
terminal regions of four additional plasmids containing PTH
cDNA inserts and of a restriction fragment hybridized to PTH
mRNA and extended toward the 5' terminus with reverse tran-
scriptase. The cDNA inserts of these additional plasmids con-
tained some or all of the disputed sequence between pPTHm1
and pPTHi4; in each case, the sequences agreed with that of
pPTHi4 (not shown). To sequence PTH mRNA more directly,
a restriction fragment corresponding to nucleotides 76-160 of
the pPTHi4 insert that was labeled with 32P04 at nucleotide 160
was isolated. The restriction fragment was hybridized to PTH
mRNA, extended with reverse transcriptase toward the 5' ter-
minus of the mRNA, and then sequenced by the Maxam and
Gilbert technique. The sequence could be determined to nu-
cleotide 2 of pPTHi4, although larger fragments were present,
indicating that additional nucleotides are present in the mRNA
at the 5' terminus. The sequence as shown in Fig. 1A was in
agreement with that of the pPTHi4 insert; thus, the 5' terminal
sequence reported for the pPTHm1 insert is incorrect. As
shown in Fig. 1B, nucleotides 1-50 of the pPTHm1 insert are
a perfect inverted complement of nucleotides 2-51 of the
pPTHi4 insert. If the inversion generated the artifactual dif-
ferences, it should extend to at least guanine-53 of pPTHml,
which should be a cytosine. Shown in parenthesis above the
sequence for pPTHi4 is an additional sequence of PTH mRNA
based on a common sequence in this region for two other cloned
cDNA inserts, pPTHi7 and pPTHi8. From these data, the in-
verted complement potentially extends to guanine-58. It is in-
teresting that the region adenine-54 through guanine-58 could
be generated either by inversion or by correctly copying the
mRNA. In addition, the sequence present in the pPTHml in-
sert could not be generated simply by an inversion of sequence,
as the first three nucleotides at the 5' terminus are an inverted
repeat of nucleotides 59-61 of the pPTHm1 sequence. The ar-
tifact in pPTHml thus is an inversion of53-58 nucleotides with
an inverted repeat of an internal sequence of 3-8 nucleotides
at the 5' end, depending on exactly where the inversion
occurred.

Detection of an Inverted Repeat at the 5' Terminus of
Cloned PTH cDNA. In the process of analyzing other cloned
PTH cDNAs to determine whether pPTHml or pPTHi4 con-
tained the correct sequence at the 5' terminus, we found that
the pPTHi8 cDNA insert had 42 more bases at the 5' terminus
than the pPTHi4 cDNA insert. As shown in Fig. 2, the first 41
nucleotides of the pPTHi8 insert are an inverted repeat of an
internal sequence of the pPTHi4 insert corresponding to nu-
cleotides 184-224. The sequences are identical from thymine-
2 of the pPTHi4 insert and thymine-44 of the pPTHi8 insert as
far as the sequence of the pPTHi8 insert has been determined.
By comparison with the sequence of the insert of another plas-
mid, pPTHi7, the sequence beginning with adenine-35 in the
pPTHi8 insert appears to be correct with respect to PTH mRNA
(not shown). The region adenine-35 to cytosine-41 thus can be
generated either by an inverted repeat ofthe internal sequence
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FIG. 2. Comparison of sequences of the sense strands of the cDNA
inserts of pPTHi4 and pPTHi8. The upper set of sequences are drawn
antiparallel to the lower to illustrate the inverted repeat at the 5' ter-
minus of the pPTHi8 insert, which results in complementarity be-
tween nucleotides 1-41 of the pPTHi8 cDNA insert and nucleotides
184-224 of the pPTHi4 insert. The lower set of sequences illustrates
the identity of sequence beginning with nucleotides 2 of pPTHi4 and
44 of pPTHi8. The diagram at the bottom illustrates the relative lo-

cation of the sequences of pPTHi8 in the sequence of pPTHi4. The
crossed lines indicate an inversion.

or by correctly copying the mRNA.
To distinguish whether the inversion at the 5' terminus of

the pPTHi8 insert resulted from a rearrangement of the se-

quence from the internal region to the 5' terminus or was an

inverted repeat or copy of the internal sequence, the cDNA
insert was analyzed by restriction analysis. Inserts of pPTHi4
and pPTHi8 with -50 nucleotides ofplasmid sequence at either
end were isolated after digestion of the plasmids with Hpa II.

Cleavage of the pPTHi4 insert fragment with Sau 3A produces
fragments of230, 300, and 340 base pairs, with the internal 300-
base-pair fragment containing the region that was inverted at
the 5' terminus of the pPTHi8 insert. The sizes of the expected
fragments for the pPTHi8 insert were 270 and 200 base pairs
at the 5' and 3' termini, respectively, and either 300 base pairs
if the inverted sequence was still present in its normal internal
location or 260 base pairs if it was absent. As shown in Fig. 3,
a 300-base-pair fragment was present in the pPTHi8 insert,
which was the same size as the corresponding fragment in
pPTHi4, confirming that the sequence at the 5' terminus of
pPTHi8 is an inverted repeat of an internal sequence and not
a rearrangement.

DISCUSSION

We have shown that segments of bovine PTH cDNA may be
rearranged when the cDNA is cloned by recombinant DNA
techniques. These rearrangements are either primarily inver-
sions of sequences at the 5' terminus or inverted copies of in-
ternal sequences. We have examined the sequences of the 5'
terminus of the bovine PTH cDNA inserts of several plasmids.
In addition, the structure ofPTH mRNA at the 5' terminus was

determined more directly by sequencing a restriction fragment
hybridized to the mRNA and extended from the 5' terminus
with AMV reverse transcriptase. The sequence of these plas-
mids and that ofPTH mRNA at the 5' terminus disagreed with
the sequence reported previously for a bovine PTH cDNA in-
sert in pPTHm1 (8). The first 50 nucleotides of the sequence
ofthe sense strand ofthe pPTHm1 insert were an inverted com-
plement of the corresponding sequence of the pPTHi4 insert.
In addition, another plasmid, pPTHi8, contained an insert with
an inverted repeat of an internal sequence at the 5' terminus,
which was also present in its normal internal location. These two
kinds of inversions share the property that several nucleotides

A B C
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FIG. 3. Restriction analysis of cDNA inserts of pPTHi4 and
pPTHi8. The two plasmids were digested with Hpa II, and the frag-
ments containing the cDNA inserts were isolated. The fragments were
digested with Sau 3A and analyzed by electrophoresis in 5% acryl-
amide gels. The DNA bands were stained with ethidium bromide. The
marker indicates the 300-base-pair internal fragment of the pPTHi4
insert that contains the sequence complementary to the first 41 nu-
cleotides of the pPTHi8 insert. The numbers indicate the number of
base pairs in fragments of 4X174 DNA digested with Hae III. Lanes:
A, pPTHi4; B, pPTHi8; C, Hae III-digested 4X174 DNA.

at the 3' terminus of the inverted sequence could result either
from the inversion process or from correct reverse transcription
of the mRNA.
Two conclusions about the structure of PTH mRNA based

on the pPTHmL insert sequence are no longer valid because
of the inverted 5'-terminal sequence. A stable secondary struc-
ture at the 5'-terminal region predicted from the pPTHm1 in-
sert involved the inverted repeat of three nucleotides at the 5'
terminus and is not possible in the correct sequence derived
from the pPTHi4 insert, although another stable secondary
structure can be drawn (not shown). In the pPTHmL insert, an
AUG codon was present before the actual initiator codon for
preproparathyroid hormone. This premature AUG codon was
present in the inversion of the pPTHm1 insert, but no pre-
mature AUG codons are present in the sequence ofthe pPTHi4
insert. For the sequence of PTH mRNA currently known, the
initiator codon of PTH mRNA, like that of nearly all other eu-
karyotic mRNAs, is the first AUG codon and is therefore con-
sistent with the hypothesis that protein initiation starts at the
first AUG codon from the 5' terminus (14).

Similar rearrangements at 5' termini of cloned cDNA se-
quences for other mRNAs have been reported, as have small
inverted sequences in chicken 83-globin cDNA inserts. How-
ever, these cDNAs were inserted into plasmids by blunt-end
ligation techniques, and the error was postulated to be intro-
duced by DNA polymerase during the process of making the
ends ofthe cDNA perfectly blunt. The artifacts described in this
paper and for the cDNAs described below involved incorpo-
ration of the cDNA into plasmids by techniques that did not
involve the use of DNA polymerase to produce blunt ends. A
rat insulin cDNA insert had an inversion of 39 nucleotides and
a chicken ovalbumin cDNA insert had an inversion of 56 nu-
cleotides, both of which were similar to that in the insert of
pPTHmL (6, 7). Larger inversions (>100 bases) have been de-
tected by restriction analysis of interferon cDNA inserts (2).
Detailed analysis of fibronectin cDNA (5) showed inverted re-
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FIG. 4. Possible models for generation of inverted sequences in
pPTHm1 and pPTHi8. The key step in models A and B is the folding
back of the single-strandedDNA during reverse transcription with the
generation of some double-stranded DNA. This is followed by heat de-
naturation, synthesis of the second strand by DNA polymerase, and
cleavage of the hairpin loop and some nibbling of the double-stranded
cDNA by nuclease S1. The numbers in parenthesis in the mRNA in-

peats similar to those of the interferon cDNA inserts, with the
repeats at either end ofthe insert separated by a central portion
ofa different size. The last two examples ofinverted repeats are
similar to that of pPTHi8, except that the inverted repeat of
pPTHi8 contains fewer nucleotides.
The mechanism by which these inversions occur cannot be

determined conclusively from the data available. Proposals to
explain these artifacts have included double-stranded DNA for-

' mation during the reverse transcription step or breathing and
slippage of the DNA during the DNA polymerase reaction to
synthesize the second strand (3, 5, 7). An important similarity

Ws, in the two types ofinversions described in this report is that the
beginning or 3' terminus of the inverted sequence can be gen-
erated either by correctly copying the mRNA or by the inver-

5 sion process. In other words, the beginning of the inversion
corresponds to a sequence toward the 5' terminus ofthe mRNA
that is complementary to an internal sequence. The same phe-
nomenon occurs in the inversions in the ovalbumin and insulin
cDNAs, although, in the latter, only six of the first seven nu-
cleotides are complementary to an internal sequence. Such in-
versions could be generated during the synthesis of cDNA by
reverse transcriptase if the self-complementary region of the
cDNA permitted the DNA to fold back and hybridize to the
internal sequence, and this was followed by continued DNA
synthesis. Models incorporating this idea to explain the inverted
sequences in pPTHi8 and pPTHml are shown in Fig. 4. Gen-
eration of the cDNA insert of pPTHi8 (Fig. 4A) would involve
the synthesis of the sequence -A-G-C-T-G-T- near the 5' ter-
minus of the mRNA, which can loop back and hybridize to a
complementary internal sequence. For the DNA molecule to
loop back on itselfand hybridize, the RNA template would have
to be removed. This potentially could be mediated by the
RNase H activity associated with reverse transcriptase, as has
been postulated for similar loop-back transcription during re-
verse transcription ofavian sarcoma virus RNA (15). Continued
reverse transcription then produces an inverted copy at the 5'
terminus if, after denaturation ofthe DNA, a smaller loop forms

W, at the 5' terminus and serves as primer for the extension of the
seconc1sstrand by DNA polymerase. One possible small loop of
30 bases is shown in the figure. The incubation of the double-
stranded cDNA with nuclease SI then results in removal ofthe
single-stranded loop and some nibbling ofthe double-stranded
region to produce the final sequence ofthe pPTHi8 insert. The
initial step in the formation of the inversion in the cDNA insert
ofpPTHml may be similar to that described above, except that
the complementary internal sequence is much nearer the 5'
end, as shown in Fig. 4B. In this case, after synthesis of the
sequence -A-G-C-T-G-, looping back, hybridization to an in-
ternal sequence, and continued synthesis of DNA can occur.
After denaturation, a shorter loop, possibly as shown in the fig-

5 ure, can be formed. After the DNA polymerase reaction and

dicate the number of bases between the sequences shown. The itali-
cized bases inA for pPTHi8 represent the entire inverted repeat of the
5' terminus. In B, for pPTHml the italicized bases represent the in-
verted repeat generated during reverse transcription and preserved
after nuclease S1 digestion. The resulting eight-nucleotide inverted
repeats at the ends of the sequence that is inverted in pPTHmi are
underlined by the half arrows. To generate the inversions in pPTHm1,
a second step involving an inversion of this sequence must occur, pos-
sibly during the transformation of the bacteria. In model C, single-
stranded cDNA is synthesized by reverse transcription and themRNA
is removed. During synthesis of the second strandbyDNA polymerase,
a nick by a contaminating nuclease may be introduced in the first
strand. The unfolding of the loop after nicking, followed by extension
of the first strand byDNA polymerase by usingthe now inverted first-
strand sequence as a template, generates the observed inverted se-
quence in pPTHm1.

Proc. Nad Acad. Sci. USA 78 (1981)
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cleavage ofthe hairpin loop, eight nucleotides at the 5' terminus
are an inverted copy ofan internal sequence. Generation of the
inversion seen in the cDNA insert of pPTHml, requires a sec-
ond step, an inversion of the region of the DNA containing the
inverted repeats at its ends, presumably during the transfor-
mation procedure in the bacteria. Inverted repeats are char-
acteristic of the ends of DNA sequences that undergo rear-
rangement, such as transposons. A serious drawback to this
hypothesis is the fact that such inversions would be expected
to occur at a very low rate in recA strains, such as the E. coli
X1776 used to obtain pPTHml.
An alternative hypothesis proposed to explain the inversion

in an insulin cDNA insert similar to the inversion in pPTHml
is shown in Fig. 4C (S. J. Chan, personal communication). In
this mechanism, a DNA copy of the mRNA is synthesized by
reverse transcription. After removal of the mRNA, the DNA
folds back on itself to form a hairpin loop. During the DNA
polymerase reaction to form the second strand, contaminating
DNase, present in many commercial DNA polymerase prepa-
rations, may nick the DNA on the first strand side ofthe hairpin
loop. If the loop then unfolds, DNA polymerase could then
"repair" the first strand by using the now inverted first-strand
sequence as a template, yielding the inversion observed in
pPTHml. This model has the advantage of not requiring an in-
version to occur in the bacteria. On the other hand, inverted
repeats as occurred in pPTHi8 are not easily explained by this
mechanism.

Models based on "slippage" ofDNA during the polymerase
reaction (3, 5, 7) have also been proposed to explain the arti-
factual inversions. This explanation seems less likely because
it would require slippage of 40-50 base-paired nucleotides at
the relative low temperature of the DNA polymerase reaction.
If the reverse transcriptase model is correct, artifactual inver-
sions might be expected to occur more frequently for mRNAs
that have considerable secondary structure because this would
increase the potential for looping back. These inversions may
be reduced under conditions in which the looping back and
continued reverse transcription is inhibited, as in the presence
of actinomycin D or where RNase H activity is inhibited by
addition offluoride. If nicking by DNase is required, then such

artifacts should be reduced if DNase-free DNA polymerase is
used. It is clear that these types of artifacts are reasonably fre-
quent and that the sequence of a mRNA, particularly at the 5'
terminus, cannot be unambiguously determined on the basis
of a single cloned cDNA sequence.
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