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ABSTRACT

We describe a method for the formation of hybrid genes by in
vivo recombination between two genes with partial sequence homo-
logy. DNA structures consisting of plasmid vector sequences,
flanked by the a2 interferon gene on the one side and a portion
of the al interferon gene (homology about 80%) on the other, were
transfected into E.coli SK1592. Appropriate resistance markers
allowed the isolation of colonies containing circular plasmids
which arose by in vivo recombination between the partly homolo-
gous interferon gene sequences. Eleven different recombinant
genes were identified, six of which encoded new hybrid inter-
ferons not easily accessible by recombinant DNA techniques.

INTRODUCTION
Twelve or more a-interferons are encoded in the human ge-

nome (for a review, see ref. 1), most of which are expressed to
some degree (2,3,4). Some of these exhibit widely different anti-
viral activities on cultured cells of different animal origin
(5,6,7). For example, the specific activity of interferon al is
comparatively low on human cells but high on mouse cells, where-
as the opposite is the case for interferon a2 (5,6,7). Genetic
engineering techniques were used in vitro to construct hybrid
interferon genes consisting of al and a2 specific sequences
joined at either of two restriction sites present in both genes
at homologous positions (5,6,7). The specific antiviral activi-
ties of hybrid interferons containing the C-terminal half of
interferon al were high on mouse cells; on the other hand, high
activity on human cells was dependent on the presence of the N-
terminal half of interferon a2.

The types of recombinants that can be created by this
approach are limited by the number of appropriate restriction
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sites. As the nucleotide sequence homology between the genes for

interferon al and a2 is about 80% it seemed likely that the re-

combination machinery of E.coli cells could be used in vivo to

obtain recombinant genes with crossovers at any site showing
sufficient homology.

In this paper we show that by an appropriate choice of con-

structions it is possible to generate with minimal effort a va-

riety of hybrids not easily obtained by ordinary genetic engi-
neering techniques. The positions of the desired crossovers can

be directed to predetermined regions. The method should be gene-
rally applicable to the formation of recombinants between not

too distantly related genes.

MATERIALS AND METHODS
1) Plasmids and bacteria.

Plasmids pMll and pM21 (see description in Results and Dis-
cussion section) were constructed by Dr. M. Mishina (unpublished
results). For the construction of plasmid pMllkan a derivative
of plasmid pBR322 conferring resistance to tetracycline, ampi-
cillin and kanamycin was first prepared. pBR322 was partially
digested with HaeII in presence of 50 gg/ml ethidium bromide, to
yield mostly full-size linear molecules. These were ligated with
an equivalent amount of a complete HaeII digest of a pCRI plasmid
(containing, for incidental reasons, a bacteriophage Q3 cDNA in-
sert; kindly supplied by Dr. M. Billeter). Transfectants were se-
lected for resistance against kanamycin and ampicillin,and sub-
sequently tested for tetracycline resistance. For unknown reasons
simultaneous selection for resistance against all three antibio-
tics yielded no clones. Restriction mapping showed that the 1430

bp HaeII fragment conferring kanamycin resistance had been in-
serted in pBR322 at the HaeII site in position 2352. Plasmid
pMllkan was then constructed by ligating the following 3 compo-
nents: (1) The 4400 bp PstI-SalI fragment of the kanamycin-resi-
stant pBR322 derivative, (2) the 1000 bp ClaI-PstI fragment of
pMll, (3) the ClaI-SalI fragment (about 800 bp) of a pBR322 de-
rivative carrying a small insertion (a small lambda DNA fragment
linked by poly(dG:dC) tracts) in the BamHl site. The 3 fragments
were isolated by electrophoresis on 1% low-melting agarose gels
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(SeaPlaque agarose, FMC Corporation). Aliquots of the gel sli-
ces were melted at 650 and used directly for the ligation reac-
tion (8). Transfectant colonies were selected for kanamycin resi-
stance and tested for tetracycline and ampicillin sensitivity.
The structure of the desired plasmid pMllkan was confirmed by
restriction mapping.

E.coli SK1592, a phage Tl-resistant derivative of strain
SK1590 (9), was obtained from Dr. S. Kushner (University of Geor-
gia) and E.coli 803 from Dr. K. Murray (University of Edinburgh).
Enzymes were purchased from New England Biolabs Inc. and labeled
nucleotides from Amersham.
2) In vivo recombination.

The SalI-PstI fragment (1580 bp) of pM21 and the SalI-BglII
fragment (4970 bp) of pMllkan were isolated by electrophoresis
on low melting agarose (1.2% and 0.8%, respectively) in 40 mM
Tris-acetate, 1 mM EDTA (pH 7.8). Ligation was in reaction mix-
tures (20 jl) containing 20 mM Tris-HCl (pH 7.8), 10 mM MgC12,
10 mM DTT, 0.5 mM ATP, 10-20 fmol of each DNA fragment (2-5 jl
aliquots of agarose slices melted at 650, final concentration of
agarose 0.35%) and DNA ligase (400 units, New England Biolabs)
at 160 for 18 h. Aliquots (2.5 4l) were used in transfection mix-
tures (100 4l) containing 10 mM CaC12, 10 mM MgC12, 10 mM Tris-
HC1 (pH 7.5), and 65 4l of a suspension of CaC12-treated E.coli
(prepared according to ref. 10 and stored in 50 mM CaC12, 20%
glycerol at -800). The suspensions were kept at 00 for 15 min,
at 420 for 2 min, then diluted with L-broth (1 ml) and incubated
with shaking at 370 for 90 min. Aliquots were spread on agar
plates containing L-broth plus kanamycin (50 gg/ml) and tetra-
cycline (20 gg/ml). The number of colonies varied between 1'600
and 90'000 per pmol DNA fragments; control plates with tetra-
cycline alone gave 5-12x107 colonies/pmol pBR322. Plasmids were
prepared by modifications of published methods (11,12). DNA se-
quences were determined as described by Guo and Wu (13), using
the EcoRI, BglII or PvuII sites as first or second cleavage
sites.

RESULTS AND DISCUSSION
The principle of the experiment is outlined in Fig. 1. The

two parental interferon genes (or overlapping portions thereof)

5663



Nucleic Acids Research

itIRecomnaon in vivo

B amHI

sail
bd/1 TotR

Pat

D

Figure 1. Construction of DNA amenable to recombination in vivo
to yield a2-al-interferon hybrid genes. A. Plasmid pMllkainis a
pBR322-derived expression plasmid for interferon al production
in E.coli. It contains a DNA segment conferring kanamycin resi-
stance in position 2352 and has a small insertion in the BamHl
site, which abolishes tetracycline resistance. The mature inter-
feron al coding sequence is joined to the 1-lactamase promoter
and ribosome binding region and replaces the N-terminal portion
of the 3-lactamase gene. B. In plasmid pM21 the interferon a2
gene is inserted in the same way into pBR322 as al in pMllkan;
the remaining pBR322 sequences are unmodified. C. Appropriate
fragments from both parent plasmids are ligated to yield linear
(probably concatenated) DNA structures linked via the SalI site,
thus reconstituting the tetracycline resistance gene. Details are
given in the text. D. General structure of the interferon a2-al
recombinant plasmids. The dotted regions indicate a2-specific,
the hatched regions al-specific sequences. The black regions ad-
jacent to the PstI sites indicate short poly(dG:dC) tracts
(15-30 bp). BamR, destroyed BamHl site; TetR, KanR, tetracycline
and kanamycin resistance genes; TetS, inactivated tetracycline
resistance gene.
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with the vector sequences between them are supplied to the host

cell as parts of a linear DNA structure. Circularization of such

structures by recombination within the interferon genes leads to

replicating plasmids. An appropriate arrangement of two antibio-
tic resistance genes allows the easy selection of recombinants.

The linear DNA structures (presumably concatenates of the

molecules shown in Fig. 1C) were constructed by ligation of two

restriction fragments, each derived from a plasmid containing one

of the parental interferon genes and an antibiotic resistance
gene. Plasmid pM21, constructed for high expression of interferon
a2 in E.coli (St. Mishina, unpublished results), contained the DNA

sequence coding for mature interferon a2, fused to an AUG triplet
6 nucleotides downstream from the Shine-Dalgarno sequence of the
3-lactamase gene of plasmid pBR322. The interferon segment re-

placed the f-lactamase sequences up to the PstI site, to which
it was joined by a poly(dG:dC) tract. The remainder of the plas-
mid was identical to pBR322, including the intact tetracycline
resistance region. In the other parental plasmid, pMllkan, the
interferon al sequence was inserted into pBR322 in exactly the

same way as a2 in pM21. In addition, the kanamycin resistance

gene of plasmid pCRI (1430 bp HaeII fragment; ref. 14) had been
inserted into the HaeII site at position 2352 and the tetracyc-
line resistance region inactivated by a small insertion into the
BamHI site.

To obtain linear DNA structures suitable for in vivo recom-

bination between the al and a2 genes, the SalI-PstI fragment
(1580 bp) of plasmid pM21 was ligated to the SalI-BglII fragment
(4970 bp) of plasmid pMllkan and the resulting DNA transfected
into CaC12-treated E.coli SK1592. Selection on agar plates con-

taining both tetracycline and kanamycin yielded only bacteria
transformed by ligation products containing elements of both

parental moieties linked correctly at the SalI site, as the pro-
ximal portion of the tetracycline resistance region has to be
provided by the a2 parent plasmid whereas the distal portion of
the tetracycline resistance region as well as the kanamycin resi-
stance gene originate from the al parent. As the IFN gene seg-
ments were the only homologous regions on the linear ligation
products, it was expected that circularization by recombination
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1 10 20 30 40 50

IFN cr2 T6TGATCT6CCTCAAACCCAA6CCT6CTTCA.AG6CCTT6AT6CTCCT6
aOsMP LE io z Hla MS SER L£UgaUAM MEHIEUOEET IEU IEU

1 10

Cl'SMr LW0Mdi 41 HS SER LlJD A AM MD L8Or 5IEUJ
IFN a1 T6T6ATCTCCCT§ACCCACA6CCTGG6TATCA66A66ACCTT6AT6CTCCT6

I 10 20 30 40 S0

60 70 s0 90 100 110 120 130 140

cr2 CVACAT66UAAiTCTCTCTTaCTCCT6LTT'AAGACA6ACATGACTTTG6AM CCCCA666AM M---GCAACcA6TTC
MJA(C2404PAM ILESER W SYR CIS LMP 0 S MPEGOX HE M GUGWG RE G-Y ASNCW2 RE

20 so 40

ALA GIN MET AAE ILE SER5 SER CS Ull ;JIASP AlI HIS ASP R1E 0LY R1E PD GM CUJ GM RE S aY ASN GA ROE

al 6CACAAtATG 6TWCTCTTTCCTGITGAIC6I6AC 6CAT6ACM AMCC66 GA 6MCCmS6CMCCGTTC
60 70 0 9'0 100 1io 120o 1 0 140

A
1S0 160 170 10 190 200 210 220 230

a2 CdW6CT6AkRCATCtCTG TCCTCCiT6aGA"^qMTCiTCMC^TCTfECATCMATCATCT4CTGCTTV,GT
GLN LYS AL AQ ILE ti VALLEU HIS GW IOLE 0210301 RPE AS 52U RME SEH LYS ASP SER SERAAAMA T AS

50 60 70
S0 60 y 70

GIN LYS ALA ILE R VAL LEU HIS G0W M ILE 02 CM4 ILE RE SNI JQERE 1HR LYS ASP SER SER ALAALA W ASP

al CA6,AGCTCACATCTCTGTCC TCCATGAVTG Tc6AT-c-CAACCTCTTTA'"CACAMAGTTCATCTGCTGCTTGGGAT
1S0 160 170 180 190 200 210 220 230

B C D
2$0 2p0 2t0 270 200 290 300 310 320

c2 6AXccCTtcTmAmTTcrkAc^T cTcTKx6c T6 TCET6 .ACTGTGTGATkAGGbGTG&M TtG
(3l U IEUAL P LYS RE 3 1Nl a. L051YR LEO1C 342AP1 AAQS MA CIS 'RL ILE (3. MY V0(aY VAL 1HR0LU

to 90 . 100

so 9I0 100
(3 JD01J LOU ASP YS FME CM EGL LU17TMGA0 ( LBJAM A0N0(Ia)=,1A CYS RL AV G(4 Ml &i JR VAL (GU)

al 6bJLMCCT ACTA W TTCTY CTCAC,i ,iT6ACTT66M 6CTTGT6ATAG,G.AGTi6 GM
240 210 260 270 200 290 300 310 320

E F G
'330 340 310 360 370 380 390 400 410

a2 ACTCCCCtGATW.6ATCCATYEtf6CT6T~66AMTACTTCLA6TCACTCTCTATCTTACATCCLT
I1E0 LOU Mr ASP ER IEIUMUMAVAL LYS TRE gAG ILE LO) TYR L YS GW LYS LYSTYR SEPM

110 120 130
HE M LWJIET ; KAASP 93t ILE LlAlA VALJ LYS TYFM0E AG OLE lH L0 TYR1 IU050 02 L S Y57R SER0M)

cr1 ACTCCCCT6AT6AATG6C6ACTCCATLTCTGI6TTGT6A6TACTTCCTAAGAATCACTCTCTATCTGAAGAGAAAAATACA6CCCT
330 3;0 310 360 370 300 390 400 410

H I J
420 430 440 4S0 460 470 480 490 S00

a2 TGTGCCTGGG66Tr6TCA66a6MWTCAT§LTCm6fTfCMCTTCAACbAAATV6AMTTAAGAA6TAAGGAAT6WALOS AMA T G1 SALVMSAL MRIAJA (3W OEILErAN S Rl SE WJ St 1EAS4 LJ GIX4GWWL0 AW LYS G20
140 SO 160 16S

140 1S0 160 166
CYS ALA GW VALVAL RGAIA G0 IlIETAEG SR S0R3EU SE4RAMTHR.9(3W2 UL AEAt LYS C0U

a1 TGTGCCT6GGAGGrTTGTA66GATCATGA4;TCC,CTCTCMATCAACAAACTT6tAAGTAAAGATTMG 66AAAT6AIC
420 430 440 410 400 470 400 490 S00

K
110 120 S30 S40 110 S60 S70 100

cr2

a1 CT66TCCAACAACAAMT TTTGA4TQTA CCA66fCAC TTC, GTCAMCAC TCTCAC_CCTGCTA
S10 120 S30 140 110 S60 S70 S10 190
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would occur predominantly if not exclusively between the BglII
site (around position 190) and the end of the interferon DNA,
i.e. the PstI site.

Plasmids from tetracycline and kanamycin resistant clones
were subjected to restriction and sequence analysis. Of 63 clones
analyzed, 62 appeared to have arisen by correct homologous re-

combination, i.e., without any gaps or insertions, as judged by
restriction mapping and by the finding that 20 out of 20 cell-
free extracts from the bacterial clones had levels of interferon
activity similar to the a2 parent strain when tested on human
HEp2 (CCL23) cells. Thirteen recombinants lacked the unique EcoRI
site located downstream of the IFN-al coding sequence and pro-
bably contained entirely a2-specific coding sequences; they were
not analyzed further. Forty-four of the remaining plasmids were
sequenced between the upstream BglII site and the EcoRI site. As
shown in Fig. 2, 11 different crossover regions were identified
in this interval. The 11 recombinant sequences encoded 9 differ-
ent interferons, 8 of which were hybrids. Only two of these had
been obtained previously using conventional genetic engineering
techniques (5,6,7).

Five of the clones yielded plasmid DNA preparations which
were heterogeneous with regard to the downstream BglII site, one
also with regard to the EcoRI site. Heterogeneity could be due
to segregation from a heteroduplex recombination intermediate or
to transfection by several copies of (possibly concatenated) re-
combination-competent DNA. Homogeneous plasmid preparations were
obtained after retransfection and cloning, except for one sub-
clone, where the BglII restriction pattern again indicated hete-
rogeneity, with two components being present in about equal
quantity. Since this DNA preparation consisted mainly of dimeric
plasmids, it seemed likely that two different recombinants were
linked in a tandem dimeric circle.

The number of recombinant plasmids recovered for each cross-

Figure 2. Location of 11 crossover regions (A through K) be-
tween the interferon a2 and al genes observed in the in vivo re-
combination experiments. Recombinants with crossovers in regions
D, E, F, G, H and I/J code for new hybrid interferons. Cross-
overs in B and C as well as I and J give sequences differing
only by silent nucleotide changes.
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over region varied greatly, however, the experimental conditions
used for selection did not ensure that all hybrids were indepen-
dent isolates. The dependence of recombination frequency on the
degree of homology, on the length of the homologous region and
on specific sequence features remains to be determined. In any
event, crossovers were found in regions with as few as five or
even three bp of uninterrupted homology (Fig. 2, regions D and
K). It should be noted however that the actual crossover point
need not correspond to the region in which recombination is ini-
tiated, and that recombination might require regions of higher
homology.

In additional experiments the actual recombination step be-
tween the plasmid components was carried out in vitro leaving
only heteroduplex repair to take place in the host cell. Plasmid
pMllkan was linearized at the BglII site (position 189); plasmid
pM21 was partially digested with BglII to yield mostly linear
full-size molecules, 60-70% of which were cut at the downstream
BglII site (position 446) as shown by restriction analysis. Both
linearized plasmid preparations were digested with T4-DNA poly-
merase to convert the terminal 300-400 nucleotides into a single-
stranded form; they were mixed in about equal proportion and
annealed. Remaining gaps were filled in with DNA polymerase, the
products were cleaved with restriction endonuclease SalI and
circularized by ligase. Transfections were carried out into
E.coli strains HB101 (recA-), 803 (rec+) and SK1592 (recA+sbcB).
Colonies resistant to both tetracycline and kanamycin were ob-
tained from all three strains, but among 21 plasmids analyzed
all but one, a hybrid generated in E.coli HB101 with a cross-
over in region C, were found by restriction mapping to contain
deletions or otherwise rearranged sequences. It would seem that
the in vivo process is both more efficient and simpler to carry
out, but that in principle similar results could be produced in
vitro.

The method we have described can be further refined to
yield crossovers in predetermined regions. For example, if the
linear concatemers are formed between the pMllkan SalI-BglII
fragment and a pM21 fragment extending from the SalI to the
PvuII site in position 273, recombination would be confined to
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the 89 bp region between the BglII and the PvuII sites.

It will be of interest to determine how much homology be-
tween two genes is required to allow this type of recombination.
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