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The structure factor of a helix with a repeat of u

units in ¢ turns, axially spanning distance c, is

N
F( R, W,E) =D Gp(R)e¥ + 2 1)

n=—o

N 2wz,
Goi(R) = ECJA2an)e’(T— n¢,) @
=1
where R, ¥, and /c are the reciprocal space
cylindrical coordinates and r, ¢, and z, are the
real space cylindrical coordinates of the jth of N
atoms, and G is the part independent of ¥. The
permitted Bessel function of order n on layer line
/is from the helix selection rule / = tn + um, where
m is an integer [A. Klug, F. H. C. Crick, H. W.
Wyckoff, Acta Crystallogr. 11, 199 (1958)]. For
each pair of atoms from two protein subunits SU,
and SU; and two O-P-O groups P, and P,,
-radius r and diffraction factors f are constant, so
we define G, = fJ,(2wAr). For the structural unit
containing two protein subunits SU, (r,0,0) and
SU, (r.dsu.Zsy) and two nucleotides Py, (,0,0) and
Py (ndsu—,2sy)
G = Gona + Gsu 3)

2mlzgy
Gona = Go.ona + Gopnag’ o n(bsy — m)

[ 2wlzgy
= GO,DNA[1 +(- 1)ne'(T - "¢su)]

)

211'IZSU
Gsy = Go,su + Gosu€' - Nbsu
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The correct selection rule for Pf1 virus at low
temperature is / = 26n + 71m, 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 nis 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 nis an odd number,
the diffraction appears to be from two such heli-
ces, thus revealing the existence of two strands.
30. It seems that even if the selection rule / = 26n +
71m had been applied in the transform for an
asymmetric unit containing two nucleotides and
two protein subunits, not much more information
would have been extracted from the diffraction
patterns. Therefore, /= 13n + 71m appears to be
a good approximation applied to solve the struc-
ture that significantly simplified data processing
while maintaining acceptable accuracy.
31. The maximum entropy calculation in the transform
starts with a “flat” distribution of density (maximal
_ entropy). It then rearranges the density according
to the information from the diffraction patterns
filtered through the selection rule. If the con-
straints obtained are not sufficient, it simply pre-
serves much of the starting "flat” distribution.
32. L. Pauling, R. B. Corey, and H. R. Branson [Proc.
Natl. Acad. Sci. U.S.A. 37, 205 (1951)] predicted
such - secondary structure with {¢,¥} =
{-74°,—4%, in a survey, D. J. Barlow and J. M.

Thornton [J. Mol. Biol. 201, 601 (1988)] found the
average {¢,¥} to be {—71°,—18°%; on the basis of
then available structural data, J. S. Richardson
and D. C. Richardson [in Prediction of Protein
Structure and the Principles of Protein Conforma-
tion, G. D. Fasman, Ed. (Plenum, New York,
1989), pp. 1-98] defined a 3, helix as having
{¢,¥} about {—70°,—5° and concluded that gly-
cines terminate an a helix at a high frequency and
favor a 3, helix. We assigned {¢,¥} values on the
basis of these values for a 3, helix. For an « helix,
the set of {4, ¥} angles is assigned as
{-65°,—40°%.

33. We only used the radial positions of the labels
because the axial and azimuthal positions cur-
rently available are uncertain, as a consequence
of difficulties in backbone tracing (20).

34. Abbreviations for the amino acid residues are A, Ala;
D, Asp; E, Glu; G, Gly; |, lle; K, Lys; L, Leu; M, Met;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.
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Spécific Interaction of Type | Receptors of the
TGF-B Family with the Immunophilin FKBP-12

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

Transforming growth factor—8 (TGF-g) family members bind to receptors that consist of
heteromeric serine-threonine kinase subunits (type | and type Il). In a yeast genetic screen,
the immunophilin FKBP-12, a target of the macrolides FK506 and rapamycin, interacted with
the type | receptor for TGF-B and with other type | receptors. Deletion, point mutation, and
co-immunoprecipitation studies further demonstrated the specificity of the interaction. Ex-
cess FK506 competed with type | receptors for binding to FKBP-12, which suggests that
these receptors share or overlap the macrolide binding site on FKBP-12, and therefore they
may represent its natural ligand. The specific interaction between the type | receptors and
FKBP-12 suggests that FKBP-12 may play a role in type | receptor-mediated signaling.

Transforming growth factor—B elicits its
effects by binding to a heteromeric complex
of type I and type II receptors (1-3). Four
transmembrane serine-threonine kinases—
R1, 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 R1 and R3 both can bind activin
and TGF-B when expressed with the appro-
priate type II receptors (5, 6, 10, 13). R1
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mRNA is specifically localized in the mes-
enchyme surrounding the Miillerian duct
during embryonic Miillerian duct regres-
sion, which suggests that it is a candidate
type I receptor for Miillerian 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 R1 (R1C). The entire cytoplas-
mic domain of R1 was fused with the DNA
binding domain of LexA to serve as the
“bait” (17). Because Rl 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,



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 P10S 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 R1C 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-B type Il receptor
(tRIIC) and of the activin type II receptor
(aRIIC) failed to interact (Fig. 1B). Be-

-

1 2 38 4
Fig. 1. Specificity of the interaction of FKBP-12 with R1C. (A) A
full-length FKBP-12 cDNA fused in-frame with a transcriptional
activation domain B42 was transformed into yeast cells containing
(@) LexA-R1C (17) or one of several unrelated molecules (74, 16),
including (b) LexA—c-Myc-COOH-terminus, (c) LexA-Max, (d)
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-12 B42 fusion construct together with LexA

CRasams ..
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cause FKBP-12 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 B-galactosidase activities of the
transformants, the strongest interaction was
found between R1C and FKBP-12 (19).

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

We made a number of constructs encod-

5 6

fusion constructs of various type | receptor cytoplasmic domains

[(@) LexA-R1C; (b) LexA-R3C; (c) LexA-R4C; or (d) LexA-R4CK230R] or of various type Il receptor
cytoplasmic domains [(e) LexA-tRIIC (cytoplasmic domain of the TGF-B type Il receptor) or (f)
LexA-aRIIC (cytoplasmic domain of the activin type Il receptor)]. Various subdomains of R1C were fused
with LexA (27) to generate (g) LexA-R1C-JM; (h) LexA-R1C—K-T, (i) LexA-R1C-K; or (j) LexA-R1C-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 of R1C (residues 147 to 509); JM (residues 147
to 209) (the juxtamembrane domain); K-T (residues 210 to 509) (R1C with the juxtamembrane domain
deleted); K (residues 210 to 485) (the R1C kinase domain with the last eight amino acids deleted from
domain XI); JM-K (residues 147 to 485) (R1C 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 | receptors. Yeasts
transformed with constructs LexA-R1C (a), LexA-R3C (b), LexA-R4C (c), LexA-R4C K230R (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 the first five amino acids from the NH,-terminus. The
transformants were tested on glucose or galactose X-gal plates.
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ing various domains of R1C (Fig. 1C) (21)
that directed synthesis of the encoded fusion
proteins. None interacted with FKBP-12

Fig. 2. Interaction of LexA-
R4C with FKBP-12 in vitro.
Single colonies of LexA-R4C
or LexA-R1C-JM yeast trans-
formants were grown in glu-
cose medium lacking uradine
and histidine. Cell lysates
were prepared (23), incubat-
ed with rabbit preimmune se-
rum coupled to protein
A-Sepharose beads to pre-
clean, and then incubated
with antiserum to LexA (15 pl)
coupled to protein A-Sepha-
rose beads overnight at 4°C
with shaking. The protein
A-Sepharose beads were
collected by centrifugation, iR
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 wl) (prepared from 108 cells in
the same lysis buffer used for yeast extracts) for 4
hours at 4°C, 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 (79). Immuno-
blotting with human antiserum to FKBP-12 was
performed to detect FKBP-12 co-immunoprecipi-
tated with LexA-R4C (lane 1) or LexA-R1C-JM
(lane 2). Molecular size markers are shown on the
right in kilodaltons. The dotted band represents
the co-precipitated FKBP-12.

E] -FK506
B +FK506

B-Gal activity

12 24
Time (hours)

Fig. 3. Competition of FK506 and R4C for binding
to FKBP-12. Single colonies of LexA-R4C-FKBP-
12B42 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 B-galactosidase
(B-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 £ 55
(SEM); (P < 0.0003 by the unpaired ¢ test).
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(Fig. 1B), which indicates that an intact
R1C 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 NH,-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-R1C-JM (the juxtamem-
brane domain of the R1C) (Fig. 1C, lane 2)
made in yeast and lysates of mink lung cells,
which are a rich source of FKBP-12 as con-
fimed by protein immunoblotting (19).
FKBP-12 was coprecipitated with LexA-R4C
but not with LexA-R1C-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 B-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 TGEF-
B~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-12 can be easily monitored, this yeast
system provides a potential screen for other
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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-B family ligands.

REFERENCES AND NOTES

. J. L. Wrana et al., Cell 71, 1003 (1992).

. H. Y. Lin et al, ibid. 68, 1 (1992); L. S. Mathews
and W. W. Vale, ibid. 65, 973 (1991); L. L. Georgi
et al., ibid. 61, 635 (1990).

. H.Y. Linand H. F. Lodish, Trends Cell Biol. 3, 14

(1993).

W. W. He et al., Dev. Dynam. 196, 133 (1993).

. L. Attisano et al., Cell 75, 671 (1993).

. R. Ebner et al., Science 262, 900 (1993).

P. Frazen et al., Cell 75,.681 (1993).

K. Matsuzaki et al., J. Biol. Chem. 268, 12719

(1993).

. P. ten Dijke et al., Science 264, 101 (1994).

. K. Tsuchida, L. S. Matthews, W. W. Vale, Proc.
Natl. Acad. Sci. U.S.A. 90, 11242 (1993).

11. Y. Yamazaki, T. Saito, T. Nohno, DNA Sequence

3; 297 (1993).

12. C.-H. Bassing et al., Science 263, 87 (1994).

13. R.-H. Chen et al,, ibid. 260, 1335 (1993).

14. J. Gyuris et al., Cell 75, 791 (1993).

15. S. Fields and O.-K. Song, Nature 340, 245 (1989).

16. A. S. Zervos et al., Cell 72, 223 (1993).

17. R1C (residues 147 to 509) was amplified with the
polymerase chain reaction (PCR) with Eco Rl and
Bam HI attached at the 5' and 3' ends, respec-
tively, and subsequently inserted into the Eco RI
and Bam HI sites of the multicloning region of
PEG202 (74), with the LexA DNA binding domain
fused 5’ to R1C.

18. Abbreviations for the amino acid residues are: D,

Asp; G, Gly; K, Lys; P, Pro; R, Arg; and S, Ser.

Mutations are indicated as follows: Lys?3° — Arg,

K230R.

N =

w

o© NN

19. T. Wang, P. K. Donahoe, A. S. Zervos, unpub-
lished resuilts.

20. The entire R4C (residues 147 to 501) was ampli-
fied by PCR and then subcloned into the Eco Rl
and Xho | sites of PEG202.

21. The constructs were generated by PCR and sub-
cloned as described for LexA-R1C (17), except
for the LexA-aRIIC construct. DNA sequencing
and protein immunoblotting confirmed the ex-
pression of the fusion proteins.

22. G. D. VanDuyne, R. F. Standaert, S. L. Schreiber,
J. Clardy, J. Am. Chem. Soc. 113, 7433 (1991).

23. C. Wittenberg and S. I. Reed, Cell 54, 1061
(1988).

24. The neonatal rat heart cDNA library was from A.
Green (Beth Israel Hospital, Boston). An R4
K230R pCMV6 plasmid was provided by X.-F.
Wang. The LexA-aRIIC construct was from R.
Periman and R. A. Weinberg (Whitehead Insti-
tute). We thank T. Haqq for technical assistance;
R. Brent for encouragement, support, and valu-
able suggestions; T. E. Starzl and W. W. He for
helpful discussions; A. Green for the rat neonatal
cDNA library; and X.-F. Wang, R. Periman, R. A.
Weinberg, and B. Bierer for materials critical for
this study. We particularly thank S. Schreiber for
supplying FK506 and antibody to FKBP-12; B.
Gladstone for the FKBP-12 mutant; R. Finley, P.
Baciu, M. Kozlowski, A. Vincent, P. Busto, H. Y.
Lin, and J. Schnitzer for technical advice; and R.
Brent, P. Goetink, S. Schreiber, J. Avruch, L.
Perkins, D. MacLaughlin, and J. Teixeira for com-
ments on the manuscript. Supported by a Nation-
al Institute of Child Health and Human Develop-
ment (NICHD) Reproductive Sciences Training
Grant (P-32 HDO07396) (T.W.) and by grant
CA17393 from the National Cancer Institute and
by P30 Reproductive Sciences grant (P-30
HD28138) from NICHD (P.K.D.). A.S.Z. was fund-
ed under an agreement between Massachusetts
General Hospital and Shiseido.

31 March 1994; accepted 24 June 1994

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 result from 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
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efficacy may be the basis of learning within
the hippocampus (I, 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






