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 baboon with a high virus load in its PBMCs,
 widespread infection of lymphoid tissues,
 and a dramatic loss of CD4+ lymphocytes,
 clinical signs and symptoms including ex-
 tensive fibromatosis were observed. More-
 over, a second HIV-2-infected animal ap-
 pears to be following a similar clinical
 course. These features closely resemble
 those in human and simian AIDS. Al-
 though other investigators have shown that
 baboons are susceptible to infection with
 HIV-2 strains (23), our results show viral
 persistence and pathogenesis in this animal.
 HIV-2 infection of baboons thus offers a
 promising, reproducible, and affordable an-
 imal model for studies of HIV persistence
 and pathogenesis. This model is particularly
 important when protection against infec-
 tion, as well as disease development, must
 be assessed.
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 Design of a G*C-Specific DNA Minor
 Groove-Binding Peptide

 Bernhard H. Geierstanger, Milan Mrksich, Peter B. Dervan,*
 David E. Wemmer*

 A four-ring tripeptide containing alternating imidazole and pyrrole carboxamides specif-
 ically binds six-base pair 5'-(A,T)GCGC(A,T)-3' sites in the minor groove of DNA. The
 designed peptide has a specificity completely reversed from that of the tripyrrole dista-
 mycin, which binds A,T sequences. Structural studies with nuclear magnetic resonance
 revealed that two peptides bound side-by-side and in an antiparallel orientation in the

 minor groove. Each of the four imidazoles in the 2:1 ligand-DNA complex recognized a

 specific guanine amino group in the GCGC core through a hydrogen bond. Targeting a
 designated four-base pair G-C tract by this synthetic ligand supports the generality of the
 2:1 peptide-DNA motif for sequence-specific minor groove recognition of DNA.

 During the past decade, efforts to alter
 the sequence specificity of naturally oc-
 curring small molecules that bind to the
 minor groove of DNA have met with lim-
 ited success (1, 2). The natural products
 netropsin and distamycin are N-meth-
 ylpyrrole-containing di- and tripeptides
 that bind in the minor groove at sites of at
 least four successive AT base pairs (1,
 3-6). Inspired by the x-ray structure of the
 1:1 complex of netropsin with A,T-rich

 B. H. Geierstanger and D. E. Wemmer, Graduate Group
 in Biophysics and Department of Chemistry, University of
 California, Berkeley, CA 94720, USA.
 M. Mrksich and P. B. Dervan, Arnold and Mabel Beck-
 man Laboratories of Chemical Synthesis, California Insti-
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 DNA (4), efforts were initiated to synthe-
 size ligands capable of recognizing G,C-
 containing sequences through specific hy-
 drogen bonding to the guanine amino
 group in the minor groove (7, 8). Initial
 attempts based on the 1:1 complex led to
 molecules with increased tolerance for
 GC base pairs in the binding site, but not
 to high specificity (7). The limitations of
 this approach became apparent when it was
 realized that two distamycin molecules could
 be combined side-by-side in the minor
 groove of DNA (9-11). The 2:1 binding
 mode had been observed for peptide analogs
 containing a single imidazole or pyridine
 ring, which bind sequences containing both
 AT and GC base pairs, emphasizing the
 importance of the sequence-dependent
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 REPORTS

 width of the minor groove (12-20). We
 used this motif to design a molecule that
 binds to the minor groove of 5'-(A,T)-
 GCGC(A,T)-3' sequences with high spec-
 ificity and affinity, completely reversing the
 natural binding specificity of distamycin for
 A,T sequences.

 An imidazole-pyrrole-pyrrole dipep-
 tide, 1-methylimidazole-2-carboxamide-
 netropsin (2-ImN), was shown to specifi-
 cally bind the mixed sequence 5'-
 (A,T)G(A,T)C(A,T)-3' as a side-by-side
 antiparallel dimer (12-14) (Fig. 1A). Each
 ligand of the homodimer interacts with
 one of the DNA strands in the minor
 groove. The imidazole nitrogen of each li-
 gand hydrogen bonds specifically with one
 guanine amino group. The side-by-side com-
 bination of one imidazole ring on one ligand
 and a pyrrole ring on the second ligand
 recognizes GC, whereas a pyrrole-imidazole
 pair targets a CG base pair (12-14). A
 pyrrole-pyrrole combination is partially de-
 generate and binds to either AT or TA
 base pairs (12-14). The generality of the 2 :1
 motif has been demonstrated by targeting of
 other designated sequences of mixed G,C
 and A,T composition with heterodimers and
 covalently linked homo- and heterodimers
 (15-20). 2-ImN can be combined with dis-
 tamycin in a heterodimer to target a 5'-
 (A,T) G(A,T)3-3' site (Fig. 1B) (17, 18). A
 pyrrole-imidazole-pyrrole peptide and dis-
 tamycin bind the sequence 5'-
 (A,T)2G(A,T)2-3' (Fig. 1C) (16). Howev-
 er, a designed ligand targeted to a pure G,C
 sequence has never been documented.

 From previous work, general features of
 the 2:1 peptide motif for recognition of
 mixed A,T and G,C sequences emerge
 (12-20). The side-by-side ligands are ar-
 ranged in an antiparallel head-to-tail ori-
 entation, with a single charged end point-
 ing toward the 3' end of the contacted
 DNA strand. Each imidazole ring contacts
 G on the adjacent DNA strand by forming
 a specific hydrogen bond with the guanine
 amino group, and a pyrrole ring from the
 adjacent ligand optimizes the fit. Ligands
 with n rings pair to recognize an n + 2
 base-pair site. Therefore a four-ring ligand,
 ImPImP, consisting of alternating imida-
 zole-pyrrole-imidazole-pyrrole carboxam-
 ides, should form a homodimeric complex
 recognizing the 5'-GCGC-3' core of six
 base-pair sites of sequence composition
 5 '-(A,T)GCGC(A,T)-3' (Fig. 1D). We
 report here the direct structural character-
 ization of the synthetic ligand ImPImP
 (Fig. 2) in complex with a pure G,C DNA
 sequence.

 The ImPImP ligand was synthesized in
 eight steps from readily available starting
 materials (12) and purified by reversed
 phase chromatography (21). Footprinting
 experiments show that ImPImP specifically

 binds the six base-pair sites 5'-TGCGCA-
 3' and 5'-AGCGCT-3'. Affinity cleavage
 studies of ImPImP-EDTAFe indicate that
 the ligand binds these two sites in two equal
 orientations, which is consistent with an
 antiparallel side-by-side dimer in the minor
 groove (21). The ligand fails to bind the
 5'-TGGCGT-3' and 5'-TCGGCA-3' sites,
 which demonstrates that G-C and C-G base
 pairs can be discriminated in the minor
 groove by side-by-side ligands. However,
 ImPImP binds the single hydrogen bond
 mismatch site 5'-AACGCA-3' site with a
 third of its affinity for 5'-(A,T)GCGC-
 (A,T)-3' (21).

 The complex of ImPImP with d(CG-
 TAGCGCTACG)2 was characterized by
 1H nuclear magnetic resonance (NMR)
 (22, 23). This oligomer duplex is symmet-
 ric, leading to one set of resonances for the
 two strands. Binding of a single ligand
 would break the symmetry and double the
 number of DNA resonance lines (5). If the
 resulting complex is symmetric (as antici-
 pated for a 2:1 complex), the number of
 DNA lines remains the same. When sub-
 stoichiometric amounts of ImPImP are add-
 ed to d(CGTAGCGCTACG)2, a new set
 of DNA lines appears and the intensities of
 the free DNA lines decrease (Fig. 3A). At
 an ImPImP:DNA ratio of 2:1, the number

 T G A C T \N
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 + - \
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 NA

 B H N
 T G T T A ts

 *}0'0(0 HN 10
 A C A A T

 N N-

 AA TT H N

 +XX>O
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 A G C G C T
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 Fig. 1. (left) Specific 2:1 complexes with mixed
 A,T and G,C sequences. (A) 2-ImN homodimer
 (12-14). (B) 2-lmN-Dst heterodimer (17, 18). (C)
 2-lmD-Dst heterodimer (16). (D) the designed
 four-ring ImPImP homodimer. The shaded and
 light circles represent imidazole and pyrrole rings,
 respectively. The top strands of the sites read 5' to
 3', with the specifically targeted guanines high-
 lighted. Fig. 2. (right) Structure of four-ring
 crescent-shaped tripeptide ImPlmP.

 of lines clearly indicates a symmetric com-
 plex. The sharpness of the lines indicates
 that the exchange between free DNA and
 the complex is very slow on the NMR
 time scale. Even at a molar ratio of 0.2:1
 ImPImP:DNA, no lines from a 1:1 com-
 plex are observed, which indicates high
 cooperativity for the formation of the 2:1
 complex. This behavior has been seen
 with all complexes of distamycin and its
 analogs at mixed G,C and A,T sites (10,
 15, 16, 18, 19). The 2:1 stoichiometry and
 the symmetric binding mode indicate an
 antiparallel side-by-side arrangement that
 is confirmed by the 2D nuclear Over-
 hauser effect spectroscopy (NOESY) data
 presented below.

 In order to create a detailed molecular
 model of the ImPImP complex with d(CG-
 TAGCGCTACG)2, 2D NOESY spectra in

 D20 and H20 were recorded at a molar 2 :1
 ImPImP:DNA ratio (Fig. 3B) (22, 23). The
 intermolecular ligand-DNA and intermo-
 lecular ligand-ligand nuclear Overhauser ef-
 fect (NOE) crosspeaks observed are summa-
 rized in Table 1 and Fig. 3C. NOE cross-
 peaks between amide and pyrrole protons of
 the ligand and DNA protons place the
 ImPImP ligand in the minor groove span-
 ning nucleotides 5'-G5-C6-G7-C8-T9-3'.
 The first imidazole ring is located near gua-
 nine G5, whereas the second imidazole con-
 tacts G7. The presence of NOE crosspeaks
 involving the guanine amino protons indi-
 cates the formation of hydrogen bonds, as
 previously discussed (16, 18). The methyl-
 ene protons and the N,N-dimethyl group
 show NOEs to the C2H protons of ad-
 enines A4 and A10, which places the tail
 of the ligand deep in the groove. The
 antiparallel ligand arrangement is con-
 firmed by NOEs between the H4-1 and
 H5-1 protons of one ImPImP molecule
 and the protons of the methylene tail of
 the second, and by crosspeaks between
 H3-2 and NH-4 as well as between pyrrole
 N-methyl NCH3-4 protons and the H5-1
 proton (Fig. 3C and Table 1).

 NMR data from NOESY spectra in H2)
 and D20 at 100 ms mixing time were used
 to derive semiquantitative distance re-
 straints (23, 24). Two sets of 39 intermo-
 lecular ligand-DNA, 3 ligand-ligand, and 6
 intra-ligand restraints for each of the sym-
 metry-related ligands were used to model
 the 2:1 ImPImP-DNA complex. The results
 are presented in Fig. 4. The ligands sit deep
 in the minor groove, with the positively
 charged tail pointing toward the 3' end of
 the adjacent DNA strand. The two ligands
 are stacked in an antiparallel orientation, as
 in previous 2:1 DNA complexes of three-
 ring ligands (13, 15, 16, 18). Molecular
 modeling indicates hydrogen bonds be-
 tween each ligand amide and acceptor
 groups on the bases of the adjacent DNA
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 Fig. 3. NMR data (22, 23) [protons of ImPImP are labeled /

 according to C]. (A) Titration of d(CGTAGCGCTACG)2 with H- \4
 ImPImP (250C, 600 MHz). The aromatic and Cl'H regions of CH3 \\ /
 spectra in D20 are shown. The approximate ligand:DNA ratio N
 is indicated. Stars mark the lines of adenine C2 protons in the
 free duplex and in the complex. Dots indicate ImPImP ligand H \ N H4-1/
 resonances in the complex. The H3-4 resonance line (second 8' ""'H;N-CH31
 dot from the right) is broadened by motions of the ligand tail 0 N I 2HN i5 N-
 group. (B) Expansion of the aromatic and amide region of \H3
 a NOESY spectrum of the 2:1 complex of ImPImP with 3HC, n'tt""":g ::4f 0
 d(CGTAGCGCTACG)2 (in 90% H20 and 10% D20, 25?C, 600 N H "" , I""H2_ N
 MHz, Fmix = 200 ms). Sequential aromatic-to-Cl'H connec- H 2 't".,, / \ 5-2
 tivities are shown as solid lines. (C) Summary of selected 3,"4,,,,,,, N
 intermolecular ligand-DNA and ligand-ligand NOEs, confirm- N-H2,, " "'. "CI
 ing the ligand arrangement in the 2:1 motif. For clarity, sym- 0 g ""... 1 c

 2H "H3 metrically related NOEs are not shown.

 N Ni CH3 C

 CH3-N 20
 2 H

 4'.%40 ..... H 3 H -

 strand (25). Each of the imidazole nitrogen
 atoms forms a hydrogen bond with the gua-
 nine amino proton that does not participate
 in Watson-Crick base pairing (26). The
 center part of the complex, with the 5'-
 GCGC-3' sequence, is essentially symmet-
 rical, although the symmetry-related ligands
 were free to move independently (with an

 identical set of restraints applied) during
 the energy minimization. However, the pos-
 itively charged tail groups adopt distinctly
 different conformations, which reflects the
 uncertainties of the modeling and of the
 NOESY data as well as the dynamic behav-
 ior of the tail suggested by temperature-
 dependent spectra (27).

 According to the NMR data and the
 molecular model, the curvature of the
 ImPImP ligand in the 2:1 ImPImPDNA
 complex closely follows the curvature of the
 DNA minor groove surface. The present
 molecular model of the 2:1 ImPImP-DNA
 complex does not indicate any major dis-
 tortions of the DNA, which suggests that
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 Fig. 4. Molecular model of the 2:1 ImPlmP*DNA complex with d(CGTAGCGCTACG)2. (A) Molecular
 model obtained by energy minimization with the use of semiquantitative distance restraints derived from
 NOESY data (24). ImPImP ligands are shown as a space-filling model in blue, with imidazole rings and
 the positively charged end group highlighted in yellow and green, respectively. The DNA is shown as van

 der Waals surface in cyan, with the model overlaid in white. (B) Stereodiagram of the same model. For clarity, hydrogen atoms are omitted from the DNA but
 not from the ligands. The guanine amino groups recognized by the imidazole nitrogens of the ImPImP peptides are highlighted as van der Waals surface.

 Table 1. Selected ligand-DNA and ligand-ligand intermolecular NOE contacts.

 ImPImP Ligand-DNA: DNA Ugand-ligand: ImPImP 2

 H4-1 G5 C1 'H, G5 NH2, C6 C4'H C19, C18, C20 Hs, NH(CH)2*
 H5-1 C6 C5'Hs, C6 C4'H NCH3-4
 NH-2 G5 NH2,C6 C1 'H, G7 NH2 NH-4
 H3-2 G7 C1 'H, G7 NH2,C6 C1'H NH-4
 H5-2 G7 C5'Hs, G7 C4'H
 NH-3 G7 NH2,G7 C1'H
 H5-3 C8 C5'Hs, C8 C4'H
 NH-4 G7 NH2, G5 NH2, C8 C1 'H
 H3-4 G5 NH2,T9 C1'H
 NH-5 G5 NH2,T9 C1 'H
 C18, C19 Hs A4 C2H
 C20 Hs A4 C2H, A10 C2H
 NH(CH3)2* Al 0 C2H, A4 C1 'H, A4 C2H

 *Contact to methyl protons.

 this motif might be expanded to longer
 sequences using oligopeptides of this type
 (28).

 The most striking feature of the ImPImP
 complex is its sequence specificity. Un-
 doubtedly, a combination of electrostatic,
 van der Waals, and hydrogen bonding inter-
 actions between DNA and ligand contribute
 to the free energy of binding. However, the
 specificity of binding is determined by hy-
 drogen bonds between the imidazole nitro-
 gens of the ligands and guanine amino
 groups in the minor groove of DNA. Molec-
 ular modeling shows that each imidazole
 ring of the ImPImP dimer is positioned so
 that it only interacts with one unique amino
 group of the guanine on the proximal DNA
 strand. Guanine amino resonances are usu-
 ally broadened by exchange through rota-
 tion about the N-C bond (29). NOE cross-

 peaks are observed to the guanine amino
 protons of G5 and G7, resonating at four
 different chemical shifts, providing indirect
 evidence for the specific hydrogen bonds to
 the ligand imidazole nitrogens (16, 18). The
 crosspeaks to the amino protons of G7 are
 distinctly broader than equivalent cross-
 peaks to the G5 amino protons. This may
 reflect a slightly more favorable geometry for
 the formation of a hydrogen bond at the first
 ring than at the third ring position. In the
 molecular model of the 2:1 ImPImP-DNA
 complex, the lengths of the four imidazole to
 guanine amino group hydrogen bonds are
 similar (26). The relative strengths of the
 hydrogen bonds are probably determined by
 the details of the interaction and cannot be
 directly determined. Imidazole nitrogens in
 the different rings may not contribute equal-
 ly to the binding energy.

 The four-ring ligand ImPImP forms a
 2:1 complex with the six base-pair sites
 5'-(A,T)GCGC(A,T)-3' with positive co-
 operativity. A decade after the determina-
 tion of the seminal 1:1 x-ray structure of
 the natural product netropsin with an A,T
 tract (4), a design strategy based on a 2:1
 structure has been identified for synthetic,
 sequence-specific, minor groove-binding
 ligands targeted to a pure G,C sequence.
 Until more is understood about the se-
 quence-dependent variation in minor
 groove width and structure in double-heli-
 cal DNA, it remains to be seen whether it is
 now possible to target any G-C base pair
 within a designated sequence with the 2:1
 peptide-DNA motif.

 REFERENCES AND NOTES

 1. P. B. Dervan, Science 232, 464 (1986); C. Zimmer
 and U. Wahnert, Prog. Biophys. Mol. Biol. 47, 31
 (1986).

 2. J. A. Hartley, J. W. Lown, W. B. Mattes, K. W. Kohn,
 Acta Oncol. 27, 503 (1988).

 3. J. S. Taylor, P. G. Schultz, P. B. Dervan, Tetrahedron
 40, 457 (1984); P. G. Schultz and P. B. Dervan, J.
 Biomnol. Struct. Dyn. 1, 1 1 33 (1 984).

 4. M. L. Kopka, C. Yoon, D. Goodsell, P. Pjura, R. E.
 Dickerson, Proc. Natl. Acad. Sci. U.S.A. 82, 1376
 (1985); J. Mol. BioL. 183, 553 (1985).

 5. R. E. KJevlt, D. E. Wemmer, B. R. Reid, Biochemistry
 25, 3296 (1986); J. G. Pelton and D. E. Wemmer,
 ibid. 27, 8088 (1988).

 6. M. Coll, C. A. Frednck, A. H.-J. Wang, A. Rich, Proc.
 Nati. Acad. Sci. US.A. 84, 8385 (1987).

 7. J. W. Lown et a/., Biochemistry 25, 7408 (1986); K.
 Kissinger, K. Krowicki, J. C. Dabrowiak, J. W. Lown,
 ibid. 26, 5590 (1987); M. Lee et al., ibid. 27, 445
 (1988); M. Lee, D. M. Coulter, R. T. Pon, K. Krowicki,
 J. W. Lown, J. Biomol. Struct. Dyn. 5, 1059 (1988);
 M. Lee et a!., J. Mol. RPcgnit. 2, 84 (1989); M. Lee,
 A. L. Rhodes, M. D. Wyatt, S. Forrow, J. Hartley,
 Biochemistry 32, 4237 (1993); G. Burckhardt et a!.,

 SCIENCE * VOL 266 * 28 OCTOBER 1994 649

This content downloaded from 
������������129.105.116.28 on Tue, 23 Jun 2020 18:15:23 UTC��2:34:56 UTC 

All use subject to https://about.jstor.org/terms



 Biochim. Biophys. Acta 1009, 1 1 (1989).
 8. W. S. Wade and P. B. Dervan, J. Am. Chem. Soc.

 109, 1574 (1987).
 9. J. G. Pelton and D. E. Wemmer, Proc. Natl. Acad.

 Sci. U.S.A. 86,5723 (1989); J. Am. Chem. Soc. 112,
 1393 (1990).

 10. D. E. Wemmer et al., in Structural Biology: The State
 of the Arts, Proceedings of the Eighth Conversation
 on Biomolecular Stereodynamics, R. H. Sarma and
 M. H. Sarma, Eds. (Adenine Press, Guilderland, NY,
 1994), vol. 2, p. 301.

 11. X. Chen, B. Ramakrishnan, S. T. Rao, M. Sundaral-
 ingam, Nat. Struct. Biol. 1, 169 (1994).

 12. W. S. Wade, M. Mrksich, P. B. Dervan, J. Am. Chem.
 Soc. 114, 8783 (1992).

 13. M. Mrksich et al., Proc. Natl. Acad. Sci. U.S.A. 89,
 7586 (1992).

 14. W. S. Wade, M. Mrksich, P. B. Dervan, Biochemistry
 32,11385 (1993).

 15. T. J. Dwyer, B. H. Geierstanger, Y. Bathini, J. W.
 Lown, D. E. Wemmer, J. Am. Chem. Soc. 114, 5911
 (1992).

 16. B. H. Geierstanger, T. J. Dwyer, Y. Bathini, J. W.
 Lown, D. E. Wemmer, ibid. 115, 4474 (1993).

 17. M. Mrksich and P. B. Dervan, ibid., p. 2572.
 18. B. H. Geierstanger, J. P. Jacobsen, M. Mrksich, P.

 B. Dervan, D. E. Wemmer, Biochemistry 33, 3055
 (1994).

 19. M. Mrksich and P. B. Dervan, J. Am. Chem. Soc.
 115, 9892 (1993); T. J. Dwyer, B. H. Geierstanger,
 M. Mrksich, P. B. Dervan, D. E. Wemmer, ibid., p.
 9900.

 20. M. Mrksich and P. B. Dervan, ibid. 116, 3663 (1994).
 21. _ _, unpublished results.
 22. DNA oligomers were synthesized and purified as re-

 ported previously (9). NMR samples contained 10
 mM sodium phosphate buffer (pH 7) in 0.5 ml
 99.96% D20 or 90% H20 and 10% D20.
 ImPImP-HCI was dissolved in 99.96% D20 (with 10
 mM sodium phosphate buffer), yielding a stock so-
 lution of approximately 26 mM as determined by

 ultraviolet (UV) absorbance (E312 4.5 x 104 M-1
 cm-1). Stock solutions were stored at -70?C. The
 concentration of d(CGTAG,CG,CTACG)2 was 1.4
 mM duplex as determined by UV absorbance at
 80?C (E260 = 1.13 x 105 M-1 cm-1).

 23. NMR experiments were done on a Bruker AMX-600
 (Bruker Instruments, Billerica, MA) at 600 MHz or on
 a GE Omega-500 (General Electric, Fremont, CA) at
 500 MHz. ImPImP was titrated into the NMR sample
 containing duplex DNA in approximately 0.2 mole
 equivalents per addition. 1 D spectra in D20 (128
 scans), 2D NOESY spectra (100 ms and 200 ms
 mixing time; 550 to 743 t1 experiments with 32 or 48
 scans) in D20 and H20, and double-quantum filtered
 correlation spectroscopy spectra in D20 (775 or 810
 t1 experiments with 16 or 32 scans) were acquired as
 described previously (13, 15). The data were pro-
 cessed with FELIX 2.30 (Biosym, San Diego, CA) on
 Silicon Graphics workstations. DNA and ligand res-
 onances were assigned by standard sequential
 methods and as previously described (13, 15).

 24. Intermolecular distance restraints for the modeling of
 the 2:1 ImPlmP:DNA complex with d(CGTAGCGC-
 TACG)2 were generated from crosspeak volumes in
 the 100 ms H20 NOESY spectrum as described
 previously (13, 15). The crosspeak volumes were
 classified semiquantitatively into three categories:
 strong (1.8 to 2.5 A), medium (2.5 to 3.7 A), or weak
 (3.7 to 4.2 A), relative to the cytosine C5H-C6H
 crosspeak volumes. In all, two identical sets of 39
 intermolecular ligand-DNA restraints, 3 intermolecu-
 lar ligand-ligand restraints, and 6 intramolecular re-
 straints for each of the symmetry-related ligands
 were used. Hydrogen bonds for standard Watson-
 Crick base pairing were included as NOE restraints
 as described previously (18). The model of the d(CG-
 TAGCGCTACG)2 duplex was constructed with the
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 Transgenic X. Iaevis Embryos from Eggs
 Transplanted with Nuclei of Transfected

 Cultured Cells

 Kristen L. Kroll* and John C. Gerhart

 Transgenic Xenopus laevis embryos were produced by transplantation of transfected
 cultured cell nuclei into unfertilized eggs. A Xenopus cell line, X-C, was stably transfected
 with plasmids containing a hygromycin-resistance gene and genes for either ,B-galacto-
 sidase with a heat shock promoter or chloramphenicol acetyltransferase (CAT) with a
 muscle-specific actin promoter. Nuclei transplanted from these cells into unfertilized eggs
 directed development of embryos containing stably integrated copies of the plasmids in
 each cell. Transgenic embryos showed somite-specific expression of CAT and uniform
 expression of ,B-galactosidase. Transgenic embryos produced by nuclear transplantation
 should be useful for testing the function of cloned genes in amphibian development.

 Xenopus laevis (the African clawed toad)
 is widely used for the study of vertebrate
 development because the embryos are eas-
 ily manipulated and accessible at all stag-
 es. Gene products that mediate inductive
 and morphogenetic events in the early
 Xenopus embryo have been identified.
 However, it has only been possible to
 study the function of products of these
 cloned genes by analyzing transiently ex-
 pressed RNA or DNA injected into fertil-
 ized eggs or early cleavage stage embryos.
 Injected RNAs are translated immediately
 and are often degraded before the induc-
 tive interactions and morphogenesis of the
 gastrula stage have begun. Thus, although
 RNA injection can be effectively used to
 study maternally expressed genes, the en-
 dogenous products of which are present at
 early stages in the embryo, it is unfavor-
 able for the study of zygotic gene products
 expressed after the mid-blastula transition,
 which occurs when the embryo has about
 4000 cells. DNA injection has been used
 for analyzing zygotic gene expression, but
 the usefulness of this approach has been
 limited by the extremely mosaic expres-

 Department of Molecular and Cell Biology, University of
 California, Berkeley, CA 94720, USA.

 *To whom correspondence should be addressed.

 sion of such DNAs in the embryos after
 injection.

 Transgenesis has been attempted in Xe-
 nopus by injecting plasmid DNA into fertil-
 ized eggs, raising embryos to adults, breed-
 ing the offspring, and screening them for
 transmission of injected sequences (1).
 However, the long generation time of Xe-
 nopus (8 months minimum) makes this ap-
 proach cumbersome, and in the test case,
 the adults produced were mosaic for the
 introduced sequences, integrated the DNA
 into the germ line only at low frequency,
 and produced offspring that failed to express
 the introduced reporter gene.

 We have developed an alternate ap-
 proach for transgenesis in Xenopus. Cul-
 tured cells are transfected with reporter se-
 quences, stable integrants are selected, and
 these cells are used as donors for nuclei that
 are then transplanted into unfertilized eggs.
 Nuclei from various Xenopus cells are able
 to support embryonic development after
 such transplantations, although the extent
 of development depends on the prolifera-
 tive and differentiated state of the donor
 cells (2).

 The Xenopus cell line X-C was generated
 from stage 34-38 whole tadpoles (3). Like
 other established lines, the line is slightly
 aneuploid (4). We used lipofection to stably
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