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 where R, T, and I/c are the reciprocal space
 cylindrical coordinates and r,, f,, and z, are the
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 The correct selection rule for Pfl virus at low
 temperature is / = 26n + 71 m, where there are 71
 asymmetric subunits containing two protein sub-
 units each, yet there are still 71 individual subunits
 in 13 turns. For DNA, when n is an even number,
 the diffraction of the O-P-O groups appears as if
 from a helix of O-P-O groups following the pro-
 tein symmetry exactly; when n is an odd number,
 the diffraction appears to be from two such heli-
 ces, thus revealing the existence of two strands.
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 Specific Interaction of Type I Receptors of the
 TGF-4 Family with the Immunophilin FKBP- 1 2

 Tongwen Wang, Patricia K. Donahoe, Antonis S. Zervos*

 Transforming growth factor-p (TGF-P) family members bind to receptors that consist of
 heteromeric serine-threonine kinase subunits (type I and type 11). In a yeast genetic screen,
 the immunophilin FKBP-1 2, a target of the macrolides FK506 and rapamycin, interacted with
 the type I receptor for TGF-, and with other type I receptors. Deletion, point mutation, and
 co-immunoprecipitation studies further demonstrated the specificity of the interaction. Ex-
 cess FK506 competed with type I receptors for binding to FKBP-1 2, which suggests that
 these receptors share or overlap the macrolide binding site on FKBP-1 2, and therefore they
 may represent its natural ligand. The specific interaction between the type I receptors and
 FKBP-1 2 suggests that FKBP-1 2 may play a role in type I receptor-mediated signaling.

 Transforming growth factor-, elicits its
 effects by binding to a heteromeric complex
 of type I and type II receptors (1-3). Four
 transmembrane serine-threonine kinases-
 RI, R2, R3, and R4-have been cloned
 (4-11). These are the type I receptors for
 members of the TGF-,B family. R4 is the
 functional type I receptor for TGF-,B (7,
 12), and RI and R3 both can bind activin
 and TGF-,B when expressed with the appro-
 priate type II receptors (5, 6, 10, 13). RI

 T. Wang, Cutaneous Biology Research Center and
 Pediatric Surgical Research Laboratory, Massachu-
 setts General Hospital, Boston, MA 02114, USA.
 P. K. Donahoe, Pediatric Surgical Research Laborato-
 ry, Massachusetts General Hospital, Boston, MA
 02114, USA.
 A. S. Zervos, Cutaneous Biology Research Center,
 Massachusetts General Hospital, Charlestown, MA
 02129, USA.

 *To whom correspondence should be addressed.

 mRNA is specifically localized in the mes-
 enchyme surrounding the Mullerian duct
 during embryonic Mullerian duct regres-
 sion, which suggests that it is a candidate
 type I receptor for Mullerian inhibiting
 substance (4).

 To study type I receptor-mediated sig-
 naling, we used a variant of the yeast
 two-hybrid system (14-16) to identify pro-
 teins that interact with the cytoplasmic
 domain of RI (RIC). The entire cytoplas-
 mic domain of RI was fused with the DNA
 binding domain of LexA to serve as the
 "bait" (17). Because RI is expressed in
 heart tissue (4), a yeast expression comple-
 mentary DNA (cDNA) library from neona-
 tal rat heart was used for screening. Seven-
 ty-six cDNAs were isolated (14), partially
 sequenced, and grouped. The largest fami-
 ly, consisting of 47 cDNAs of about 1.5 kb,
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 was almost identical to the DNA sequences
 of genes encoding mouse and human FKBP-
 12. The predicted amino acid sequence
 encoded by the cDNA differs from that of
 mouse FKBP-12 only at PIOS and S79P
 (18); thus, the cDNA encodes the rat
 homolog of FKBP-12 (GenBank accession
 number U09386). A second family consist-
 ed of 10 cDNAs that did not have the first
 6 to 15 base pairs of the coding region of the
 gene encoding rat FKBP- 12.

 The specificity of the interaction be-
 tween RiC and FKBP-12 was tested with
 several unrelated molecules, all of which
 failed to interact with FKBP-12 (Fig. 1A).
 When the cytoplasmic domains of R3 and
 R4 were tested, positive interactions were
 detected (Fig. 1B); however, the cytoplas-
 mic domains of the TGF-3 type II receptor
 (tRIIC) and of the activin type II receptor
 (aRIIC) failed to interact (Fig. 1B). Be-

 cause FKBP-1 2 interacted with all of the
 type I receptors tested but failed to interact
 with the type II receptors used here, FKBP-
 12 may be a common binding protein of the
 type I receptors. When we quantified inter-
 actions between different type I receptor
 cytoplasmic domains and FKBP-12 by mea-
 suring the 3-galactosidase activities of the
 transformants, the strongest interaction was
 found between RlC and FKBP-12 (19).

 Because a point mutation of Lys230 to
 Arg (18) within the adenosine triphosphate
 binding site of R4 completely abolishes its
 ability to transduce TGF-1-induced signals
 (12), we tested the binding of R4C K230R
 to FKBP-12 (20). The strength of the in-
 teraction was weakened (Fig. iB), and
 when 3-galactosidase activity was quanti-
 fied, we observed a decrease to one-twenti-
 eth its original value (19).

 We made a number of constructs encod-

 C.- itfii; -32.5
 1 2 3 4 5 6

 Fig. 1. Specificity of the interaction of FKBP-12 with Rl1C. (A) A
 full-length FKBP-12 cDNA fused in-frame with a transcriptional
 activation domain B42 was transformed into yeast cells containing
 (a) LexA-R1 C (1 7) or one of several unrelated molecules (14, 16), d
 including (b) LexA-c-Myc-COOH-terminus, (c) LexA-Max, (d)C
 LexA-bicoid, (e) LexA-cyclin C, or (f ) LexA-Cdc2. Transformants
 were tested on glucose or galactose X-gal plates (shown here). A
 blue color indicates a positive interaction. (B) Yeasts were trans- _ __
 formed with an FKBP-1 2 B42 fusion construct together with LexA _
 fusion constructs of various type I receptor cytoplasmic domains
 [(a) LexA-R1C; (b) LexA-R3C; (c) LexA-R4C; or (d) LexA-R4CK230R] or of various type 11 receptor
 cytoplasmic domains [(e) LexA-tRIIC (c,vtoplasmic domain of the TGF-P type 11 receptor) or (f)
 LexA-aRIIC (cytoplasmic domain of the activin type 11 receptor)]. Various suiomains of RA C were fused
 with LexA (21) to generate (g) LexA-R1 C-JM; (h) LexA-R1 C-K-T; (i) LexA-R1 C-K; or (j) LexA-R1 C-JM-K
 and were tested as described in (A). Abbreviations are as in (C). (C) A protein immunoblot with antiserum
 to LexA shows the expression of the LexA fusion proteins 1 d147 to 509); JM (residues 147
 to 209) (the juxtamembrane domain); K-T (residues 21 0 to 509) (Rl1C with the juxtamembrane domain
 deleted); K (residues 21 0 to 485) (the Rl1C kinase domain with the last eight amino acids deleted from
 domain X(); JM-K (residues 147 to 485) (R C with a 24 amino acid deletion from the COOH-terminus);
 and R4C (residues 147 to 501) (lanes 1 to 6, respectively). The numbers indicate the number of the
 amino acids from the start codon. Each dot points to the corresponding protein made in yeast. (D)
 Weakened interaction of truncated FKBP-12 with the cytoplasmic domains of the type I receptors. Yeasts
 transformed with constructs LexA-R1 C (a), LexA-R3C (b), LexA-R4C (c), LexA-R4C K23tR (d), and
 LexA-tRIIC (e) were retransformed with a B42 fusion construct of full-length FKBP-12 (lowercase letters)
 or FKBP-12a5 (uppercase letters), which lacks thveir re amino acids from the NH2-terminus. The
 tran ts were tested on glucose or galactose X-gal plates.

 ing various domains of R1C (Fig. IC) (21)
 that directed synthesis of the encoded fusion
 proteins. None interacted with FKBP-12

 Fig. 2. Interaction of LexA- R4C JM
 R4C with FKBP-12 in vitro.
 Single colonies of LexA-R4C e
 or LexA-RlC-JM yeast trans-
 formants were grown in glu-
 cose medium lacking uradine
 and histidine. Cell lysates
 were prepared (23), incubat- -45
 ed with rabbit preimmune se-
 rum coupled to protein ,
 A-Sepharose beads to pre-
 clean, and then incubated
 with antiserum to LexA (15 ,ul)
 coupled to protein A-Sepha- -21.5
 rose beads overnight at 40C
 with shaking. The protein w -14.5
 A-Sepharose beads were
 collected by centrifugation, 1 2
 washed four times with phosphate-buffered saline
 (PBS), resuspended in PBS, and then incubated
 with lysate of wild-type mink lung cells as a source
 of FKBP-12 (200 pI) (prepared from 106 cells in
 the same lysis buffer used for yeast extracts) for 4
 hours at 40C, with shaking. The beads were
 collected, washed four times with PBS, resus-
 pended in concentrated (x2) sample buffer for
 SDS-polyacrylamide gel electrophoresis, and
 boiled for 10 min. Supernatants were loaded onto
 a 15% polyacrylamide gel. Fusion proteins were
 detected after electrophoresis by protein immu-
 noblotting with antiserum to LexA (19). Immuno-

 blotting with human antiserum to FKBP-12 was
 performed to detect FKBP-1 2 co-immunoprecipi-
 tated with LexA-R4C (lane 1) or LexA-R1 C-JM
 (lane 2). Molecular size markers are shown on the
 right in kilodaltons. The dotted band represents
 the co-precipitated FKBP-12.

 150

 > 100 ... ...

 6 12 24

 Time (hours)

 Fig. 3. Competition of FK506 and R4C for binding
 to FKBP-12. Single colonies of LexA R4C-FKBP-
 1 2B42 transformants were picked and grown
 overnight in 5 ml of glucose medium lacking
 uradine, histidine, and tryptophan. Cells were
 collected by centrifugation, washed, and resus-
 pended in galactose medium lacking uradine,
 histidine, and tryptophan in the presence (+) or

 absence (-) of FK506 (1 ,uM). Cells were collect-
 ed after 6, 12, or 24 hours, and 1-galactosidase
 (,8-Gal) activities were measured. The average
 ,B-galactosidase activity for the FK506-treated
 group (n = 4) was 53.9 ? 5.4, whereas the mean
 for the untreated group (n = 4) was 111.7 ? 5.5
 (SEM); (P < 0.0003 by the unpaired t test).
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 (Fig. 1B), which indicates that an intact
 RiC may be necessary for FKBP-12 binding.
 We also tested FKBP-12A5 (a clone of
 FKBP-12 lacking the first five amino acids)
 for interaction with a panel of type I receptor
 molecules (Fig. 1D), all of which showed
 weakened interaction with FKBP-12A5.
 Thus, an intact NH2-terminus of FKBP- 12 is
 required for optimal interaction.

 Co-immunoprecipitation was used to con-
 firm the specific interaction between FKBP-12
 and R4C in vitro. We used fusion proteins of
 LexA-R4C or LexA-RlC-JM (the juxtamem-
 brane domain of the R1i) (Fig. 1C, lane 2)
 made in yeast and lysates of mink lung cells,
 which are a rich source of FKBP-12 as con-
 firmed by protein immunoblotting (19).
 FKBP-12 was coprecipitated with LexA-R4C
 but not with LexA-RlC-JM (Fig. 2).

 Two immunosuppressant drugs, FK506
 and rapamycin, bind to the same site on
 FKBP-12 (22). We therefore investigated
 whether the type I receptors and the drugs
 share the same binding site on FKBP-12. If
 the binding sites are the same or partially
 overlap, drug binding to FKBP-12 would com-
 pete with the cytoplasmic domain of the type
 I receptors. This would result in a decrease of
 the ,3-galactosidase activity in the yeast trans-
 formants. We added FK506 to a liquid culture
 of the yeast transformants at two concentra-
 tions that did not affect yeast growth. FK506
 effectively competed with R4C for FKBP-12
 binding at a concentration of 1 ,uM (Fig. 3),
 but not at 100 nM. When cyclosporin was
 used at various concentrations in the same
 assay, no competition was observed. To fur-
 ther confirm that the type I receptors and the
 drugs share the same binding site on FKBP-
 12, we tested in the two-hybrid system a
 mutant FKBP-12 (D37G) (18), which was
 shown to be defective in binding to FK506
 and rapamycin. It failed to interact with the
 type I receptors (19).

 Our results suggest that FKBP-12 inter-
 acts with type I receptors in a specific
 manner. A K230R mutation on R4, which
 abolishes R4 signaling activity (12), de-
 creased binding of R4C to FKBP-12, as did
 a D37G mutation on FKBP-12, which sug-
 gests that the interaction may be function-
 ally important. In mammalian cells, ligand
 binding may promote the type I receptors to
 bind FKBP-12; alternatively, it may stabi-
 lize a preexisting type I receptor-FKBP-12
 complex. Although the function of FKBP-
 12 in the type I receptor-mediated signal-
 ing pathway needs to be clarified in TGF-
 ,3-responsive cell lines, our data indicate
 that the binding sites on FKBP-12 for R4C
 and FK506 may be shared or overlap, which
 suggests that the type I receptor may be a
 natural ligand for FKBP-12. Because the
 competition of FK506 for R4C to bind
 FKBP-1 2 can be easily monitored, this yeast
 system provides a potential screen for other

 candidate immunosuppressant drugs. If
 these interactions are confirmed to occur in
 mammalian cells, rapamycin and FK506
 may prove useful in analyzing the down-
 stream actions of TGF-, family ligands.
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 Reactivation of Hippocampal Ensemble
 Memories During Sleep

 Matthew A. Wilson* and Bruce L. McNaughton

 Simultaneous recordings were made from large ensembles of hippocampal "place cells"
 in three rats during spatial behavioral tasks and in slow-wave sleep preceding and following
 these behaviors. Cells that fired together when the animal occupied particular locations in
 the environment exhibited an increased tendency to fire together during subsequent sleep,
 in comparison to sleep episodes preceding the behavioral tasks. Cells that were inactive
 during behavior, or that were active but had non-overlapping spatial firing, did not show
 this increase. This effect, which declined gradually during each post-behavior sleep ses-
 sion, may resultfrom synaptic modification during waking experience. Information acquired
 during active behavior is thus re-expressed in hippocampal circuits during sleep, as
 postulated by some theories of memory consolidation.

 The selective strengthening of interac-
 tions among small sets of neurons engaged
 in the encoding of specific external events
 has been a foundation of modern theories
 of neural information storage. Yet, despite
 indirect evidence that changes in synaptic

 Division of Neural Systems, Memory, and Aging and
 Department of Psychology, University of Arizona, Tuc-
 son, AZ 85724, USA.

 *Present address: Department of Brain and Cognitive
 Sciences, Massachusetts Institute of Technology,
 Cambridge, MA 02139, USA.

 efficacy may be the basis of learning within
 the hippocampus (1, 2), there has been no
 demonstration of changes in functional
 interaction among hippocampal cells spe-
 cific to the representation of a given expe-
 rience (3). Recent experiments with par-
 allel recording methods, however, have
 revealed rapid changes in neuronal ensem-
 ble codes for space within the hippocam-
 pus during exposure to a novel environ-
 ment (4). Also, Pavlides and Winson (5)
 previously demonstrated an increase in
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