138.
14.

16.

17.

20.

myotonic dystrophy. The pUC19-based plasmids
(PRW plasmids) used were derived from pSH1
and pSH2, containing 75 and 130 repeats of CTG,
respectively (74). The DNA was cleaved with
restriction endonucleases, and one end of the
DNA was labeled with streptavidin. The length of
the segment occupied by the triplet repeats,
measured as a percentage of the distance from
the labeled end for the (CTG),5, insert in
pRW3222 was 46 to 72%, 50 to 70% for the
(CTG), g0 insert in pPRW3219, 53 to 68% for the
(CTG), 5, insert in pPRW1981, 56 to 66% for the
(CTG),5 insert in pRW1980, 58 to 64% for the
(CTG)g, insert in pRW3213, 60 to 64% for the
(CTG),g insert in pPRW3212, and 32 to 43% for the
(CTG), 50 insert in pSH2. In the figures, positions
along the DNA are indicated as map units with
each percentage point equal to 1 map unit.
Y.-H. Wang and J. D. Giriffith, in preparation.

S. Amirhaeri, Y.-H. Wang, R. D. Wells, J. D.
Griffith, unpublished data.

. DNA polymerase pausing studies and physical
determinations on these plasmids reveal a basgé =

pair repeat periodicity of 12 + 9 (2 x 10.5;
the helical repeat of B-form DNA is 10.5 base
pairs) and longer range conformational effects
that may enhance nucleosome formation (S.
Kang, K. Ohshima, S. Amirhaeri, R. D. Wells, in
preparation).

We incubated closed circular plasmids in 5 mM
MgCl, at 55°C for 30 min before we mixed the
DNA with purified calf thymus histone octamers
(9) in a buffer containing 2 M NaCl. The amount of
histone was experimentally determined to result in
an average of one nucleosome per DNA strand.
We slowly lowered the NaCl concentration by
dilution to 0.6 M to form stable nucleosomes. The
nucleosome-assembled DNA was fixed with 0.6%
glutaraldehyde for 10 min at 21°C, chromato-
graphed over 1 ml of Sephadex G-50 (Pharma-
cia), and then treated with Bsa HI and Sca |
restriction enzymes (pSH2) or Bsr FI and Alw NI
(PRW3222). We labeled only the Bsa Hl (or Bsr Fl)
ends of the molecules with biotinylated deoxycy-
tidine 5'-triphosphate using the large fragment of
DNA polymerase; this end was then labeled with
streptavidin.

DNA-histone complexes prepared as described
(16) were mixed with a buffer containing 2 mM
spermidine and applied to carbon foils treated
with a high-voltage discharge in a mild vacuum to
introduce charged groups on the surface to facil-
itate DNA binding, and complexes were pro-
cessed for EM as described [J. D. Griffith and G.
Christiansen, Annu. Rev. Biophys. Bioeng. 7, 19
(1978)]. We analyzed only those DNAs with a
single nucleosome to avoid errors resulting from
the progressive compaction of DNAs with multiple
nucleosomes.

. N. C. Stellwagen, Biochemistry 22, 6186 (1983);

G. Muzard, B. Theveny, B. Revet, EMBO J. 9,
1289 (1990).

. The percent values above the black bars repre-

sent the fraction of nucleosomes present in the
repeat blocks. Dividing this number by the aver-
age fraction of nucleosomes occupying a seg-
ment equal in size to the repeat block (from the
flanking regions) gave a value (in parentheses)
representing the efficiency of nucleosome assem-
bly for the CTG repeat block, as compared with
the flanking regions.

To compare the efficiency of nucleosome as-
sembly for the plasmids in Fig. 3, we normalized
the values from the black bars by subtracting the
percentage background assembly. For exam-
ple, 55% (0.55) of all the nucleosomes assem-
bled on the plasmid containing a (CTG), g, block
(Fig. 3B) localized to the block (CTG), g, Which
encompasses 20% (0.20) of the total plasmid
length. Thus, the length-normalized assembly
for the plasmid containing a (CTG), g, block is
0.35 (0.55 to 0.20). These length-normalized
assembly values were plotted against the CTG
copy number. Bars represent the range of the
values derived from dividing the DNA segment
into 10, 20, 50, or 100 divisions. Curve was fit

with a French curve. A DNA sequence contain-
ing no CTG repeats or other nucleosome posi-
tioning sequences has a length-normalized as-
sembly value equal to zero.
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Pf1 Virus Structure: Helical Coat Protein
and DNA with Paraxial Phosphates

David J. Liu and Loren A. Day

The helical path of the DNA in filamentous bacteriophage Pf1 was deduced from different
kinds of existing structural information, including results from x-ray fiber diffraction. The
DNA has the same pitch, 16 angstroms, as the surrounding helix of protein subunits; the
rise and rotation per nucleotide are 6.1 angstroms and 132 degrees, respectively; and the
phosphates are 2.5 angstroms from the axis. The DNA in Pf1 is, therefore, the most
extended and twisted DNA structure known. On the basis of the DNA structure and
extensive additional information about the protein, a model of the virion is proposed. In the
model, the DNA bases reach out, into the protein, and the lysine and arginine side chains
reach in, between the DNA bases, to stabilize the paraxial phosphate charges; the con-
formation of the protein subunit is a combination of a and 3, helices.

The Pf1 virus is 2 pwm long and contains a
circular single-stranded DNA of 7349 nu-
cleotides wrapped in a coat of protein sub-
units (1-3). This virus stands out among all
filamentous bacteriophage (all species of
the genus Inovirus) in having the highest
axial distance, about 6 A, between two
nucleotides (3, 4) and an integer nucleo-
tide/subunit ratio (n/s) of 1 (5, 6). This is
the lowest n/s value of all known DNA-
protein complexes. Structural data for Pfl
are available from spectroscopic methods
(5=15), ion probes of its DNA (16), chem-
ical modification of its protein (17, 18),
x-ray fiber diffraction (18, 19), and neutron
diffraction (20). Structural models for the
major coat protein of Pfl virus have been
proposed (20-22), but heretofore, no mod-
el of the entire virion has been presented
that contains DNA and systematically ac-
counts for all relevant data, including the
x-ray diffraction results for the DNA. The
problem has been that the apparent struc-
tural repeat in x-ray fiber diffraction pat-
terns for Pfl calls for odd numbers of sub-
units (5, 18, 23), yet the unit stoichiometry
(n/s = 1) calls for an even number. Specif-
ically, the stoichiometry implies that each
protein subunit directly contacts one nucle-
otide, either up-strand or down-strand;
hence, there are two types of protein sub-
unit and an even total number of protein
subunits in a true repeat. In this paper, we
provide a solution that establishes the sym-
metry of the DNA helix and places the
phosphates close to the axis (paraxial).
Working outward from the phosphates and
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making use of experimental (4-19, 24) and
theoretical (25-27) results, we have devel-
oped models for the DNA and for the
protein of Pfl virus.

The establishment of the symmetry of any
macromolecular assembly, such as a virus, is
the critical step in solving its structure. In the
case of a filamentous virus, it is the establish-
ment of the helical symmetries of both its
DNA and its protein coat. The x-ray fiber
diffraction data for Pfl have established the
approximate helical symmetry of the coat,
showing that the protein subunits are uni-
formly oriented with respect to the structural
axis (18, 19). Information relating to DNA
symmetry has been from the 3'P solid-state
nuclear magnetic resonance (NMR) spectrum
of oriented Pfl, from which it was concluded
that the phosphates of both strands are “uni-
formly oriented” with respect to the structural
axis (10). We have found that information on
DNA symmetry is also in the x-ray diffraction
data. On the basis of the protein coat symme-
try, an electron density map for the entire
structure was calculated (19). In the.map,
there are three spots of high density at radial
positions below 10 A. Our integration of the
electron density above 0.6 e/A2 in these spots
yielded 25 electrons, and the number of elec-
trons in the largest spot approximates the sum
for the two smaller spots. The maximum
electron density in the spots excéeds 1.4 e/A3,
which is too high for water but is appropriate
for phosphate. There are 31 electrons in one
O-P-O group (phosphorus and the two non-
esterified oxygen atoms). The largest spot has
the shape of a tilted O-P-O group. These
spots are not from protein or solvent, so they
must be from DNA.

Diffraction patterns contain information
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on the ordered components. A reverse trans-
form of a diffraction pattern retains all, and
only, the information from the components
that follow the symmetry assumed. The re-
verse transform based on an asymmetric unit
containing one protein subunit generates, ap-
parently, two O-P-O groups, each having
half the electrons of one O-P-O group. Be-
cause of this, the apparent electron density for
two O-P-O groups must follow the protein
coat symmetry, and because the number of
nucleotides in each strand is half the total
number of protein subunits (n/s = 1), the
nucleotides in a given strand must occupy
every other position in the Pfl helix. The
x-ray fiber diffraction pattern of Pfl virus
shows an apparent repeat of 71 protein sub-
units in 13 tumns axially spanning 216.5 A, so
a cross-sectional slice 3.05 A thick represents
the asymmetric unit (18, 19). For the protein
coat helix, the rise per subunit (zg;) is 3.05
A, and the rotation (dg) is 65.92°. Thus,
the rise per nucleotide in each DNA strand
(2pna) s 6.1 A, and the rotation (dpy,) is
131.84°. The axial and azimuthal displace-
ments relating the two strands can be de-
duced. The azimuthal displacements between
the larger spot and the two smaller spots are
the same, just under 120° [figure 1 of (19)].

Averaged over a 0.76 A slice [figure 1 of
(28)], the density in the upper left spot is
higher than the density averaged over the
3.05 A slice, so it represents density of
positive axial displacement relative to that
of the larger spot in the 3.05 slice.
Further comparison of these two maps at
different resolution also suggests the axial
positions of the two oxygen atoms and an
O-P-O plane tilt of about 25° + 10°.
Electrostatic free energy calculations (27)
dictate an evenly spaced arrangement for
the charges that relates the two antiparallel
strands by an axial translation, z,,, of
3.05 A, and an azimuthal rotation, ,,,,
of —114.08° (= 65.92° — 180°) (Fig. 1A).

On the basis of this lattice, the upper left
spot was translated +3.05 A, and the upper
right spot, —3.05 A, relative to the largest
spot, and then, a three-dimensional map
(Fig. 1B) was generated according to the
procedure given in (19). In the z direction,
there is one nucleotide every 3.05 A, one
from one strand, the next from the other
strand. Conceptually, if one strand were
rotated about the structural axis by  (180°),
all of the O-P-O groups in the two strands
would form a single helix, following the
protein coat helix exactly (29). The radial
positions of the phosphorus atoms are about
2.5 A. Thus, the fundamental symmetry of
the Pfl DNA helix is established.

Having the O-P-O groups and hence
the backbone set, we move out to sugar
rings and bases. In this region, the elec-
tron density is relatively low and smooth
because all of the sugars and the bases are
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Fig. 1. An interpretation of the electron density map. (A)
The lattice diagram of the negative charges on O-P-O
groups of Pf1 DNA. One DNA strand follows the dashed

lines with squares representing the charges; the other - —

follows the dash-dotted lines with crosses for its charges -

This is a two-dimensional projection of the cylindrical = -
coordinate system. The origin is at P, and the numbering - —

rule, which follows the axial positions, labels nucleotides

of each strand with either even or odd numbers. The - e

interstrand axial and azimuthal displacement, z_,.,
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inter
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parts. For the protein coat helix, zg, = Zyya/2 and bg, = dpna/2. Assigning Py(r,0,0), we have
P, (rdg,—m.2g,), s0 the DNA symmetry is expressed in the parameters of the protein helix [see
also (27)]. (B) A top view of a 21.35 A section of the map (top), and a side view of a 67.1 A section
(bottom). In the side view, two strands of DNA and only one protein subunit are shown. The density
at the center is from the O-P-O groups. These images were constructed by translating and rotating
the 3.05 A slice (79) after the axial positions of the two smaller spots for DNA had been restored (see

text). The side views were tilted by 5°.

not the same. A reverse transform process
based on I = 13n + 71m discards diffrac-
tion from these parts as noise (30), so this
region has electron density between 0.4
and 0.6 ¢/A3, which is near the average
(31). The DNA backbone constrains the
location of sugar rings, but their configu-
rations may vary depending on the orien-
tation of the strand and the particular
base. On the basis of Raman spectra (13),
a C2' endo/anti sugar configuration is
assigned. Spectroscopic studies indicate
that the bases are not stacked (6, 7). They
tilt away significantly (at least 60°) from
being perpendicular to the structural axis
(8, 12). In an aqueous environment, they
are accessible to Ag* and Hg?* (16) and
are in a position to interact with Tyr*® of
the coat protein (6, 7, 11). The bases
point away from the structural axis. The
DNA model is shown in Fig. 2A.

We now move out to the protein subunit
(Fig. 2B). Spectroscopic data show exclu-
sively helical coat protein, probably a com-
bination of a helix (6, 9, 12) and some 3,,
helix (6). We modeled the structure as a
continuously helical protein of a- and 3,
helical segments, following the shape given
by the electron density data (Fig. 1B). The
{$, ¥} angles of the helices vary within a
range of +5° (32). We began with the
COOH-terminal a-helical segment and set
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its orientation by putting Arg** and Lys* on
the inner side, facing the DNA. The
quenched fluorescence of Tyr*® suggests that
it interacts with the DNA bases (7, 11), so
the phenol group was made accessible to the
bases through edge-on hydrogen bonding,
rather than through base-tyrosine stacking
(14). The radial positions of deuterium la-
bels of Tyr*® and Met* (20) further con-
strain the orientation of the COOH termi-
nus. A theoretical study of Inovirus subunit
packing predicted a junction between the
inner and outer layer segments near residue
26 (26). The electron density map shows a
smooth turn in this region. Variations in the
{d,¥} angles allow the backbone to shift
smoothly from inner layer to outer layer.
Glycines, which terminate a helices at a
high frequency and favor 3,,-helix forma-
tion (32), occur at residues 23, 24, and 28.
Therefore, we connected the inner segment
of & helix from Ala?® through Ala* to the
outer segment from Gly' through Ile?? with
two turns of 3, helix from Gly?* through
Gly?8. The electron density map also shows
another bend near Gly'?, so one tum of 3,,
helix from Gly' through Gly'? was used to
control the orientation of the NH, terminus
in the otherwise a-helical outer segment.
Solid-state NMR results indicate that the
nitrogen atoms of Gly! and at least one of
Gly'®> and Gly!'? are mobile (15). In our



Fig. 2. Structure models
for Pf1 virus (PDB acces-
sion number of coordi-
nates: 1PFl). (A) The
model of Pf1 DNA. The
base used for this model
is cytosine. The second
strand is generated from
the first by means of a
twofold rotation around
the x axis, assigned as a
radius through a P atom,
followed by a translation
in the z direction of 3.05

and a rotation of
—-114.08° around the z
axis. In the side view (bot-
tom), the O-P-O groups
from both strands are
shown at 30% of their van
der Waals radii. Despite
their up- and down-strand

difference, the O-P-O groups from the two strands have the same
orientation relative to the structural axis. (B) Protein model in three views:
top (upper), side (lower left), and back (lower right). The protein faces
DNA to the left in the side view. The backbone is traced with ribbons, and
charged residues and tyrosines are colored. The sequence is GVIDT-
SAVESAITDGQGDMKAIGGYIVGALVILAVAGLIYSMLRKA (2, 34). (C) A
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Fig. 3. Layer lines of the diffraction pattern that provide information on DNA calculated from the model
of Pf1 virus. Bessel functions were calculated up to 50th order, and only layer lines with contributions from
Bessels J, through J, are shown. The reciprocal space coordinate Ris at a scale of 0t0 0.25 A-1. Layer
lines are numbered according to the selection rule | = 26n + 71m, where there are 71 asymmetric units,
each containing two nucleotides and two protein subunits. The fit to observed diffraction on even-number
layer lines is comparable to the fit obtained by others for another model (22). The diffraction on
odd-number layer lines is from the O—-P-O groups only. No intensity has been predicted on layer lines
with Bessel functions of even order, for example, layer lines 19 and 123 (29).

model, Gly! and Gly'® are on the surface of
the virion, with little restriction to their
motion. The axial length of this protein
model is 65 A, in accord with the length of
63 to 66 A from the electron density map.
The radial positions of valine, isoleucine,
methionine, and tyrosine residues in the
model have been optimized to fit the radial
positions of difference peaks from neutron
diffraction (20). The average radial discrep-
ancy between our model and the data is 1.2
, whereas another model having a nonhe-
lical “loop” of seven residues (20) has a
corresponding discrepancy of 2.7 A (33).
The “loop” model (20, 21) contradicts the
electron density map because its contour
length is too short; it also contradicts various

spectroscopic data, which call for exclusively
helical protein. Thus, we consider the
“loop” model to be incorrect. Our introduc-
tion of 3,4 helices has produced a model that
fits the length, all of the spectroscopic data,
and the neutron diffraction data. So that our
model would fit chemical modification re-
sults (17), the configurations of the side
chains were adjusted; for example, the side
chains of Asp'* and Asp'® are not on the
surface of the virion and may be hydrogen
bonded to neighboring groups. Both Tyr?®
and Tyr*® are in hydrophobic environments,
as suggested by analysis of their absorbance
in the ultraviolet (6), and Tyr?’ is near the
surface of the virion (17, 18). The model
was constructed to follow the electron den-
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top view of the Pf1 virus model showing a 67 A section of 11 structural
units, each consisting of two nucleotides and their associated protein
subunits. About 50% of the total volume is occupied by solvent molecules.
Side chains of Lys** and Arg*s reach into the region of DNA to neutralize
the charges on the DNA backbone; the phenolic ring of Tyr*® is in a
position to interact with the bases.

sity map based on x-ray fiber diffraction data
at 4 A resolution (19), so the protein part
fits these diffraction data. The predicted
contributions from DNA to the diffraction
also fit the data, without problems on any
prohibited layer lines (Fig. 3).

Upon dissociation of the virion, the con-
formations of the DNA and the coat protein
in intact Pfl virus become lost (6). There
exists no such everted DNA conformation
without its protein shell, and there exists no
such highly helical protein conformation
without the DNA backbone. The compo-
nents in the virion are held together tight-
ly—as a result of the covalently continuous
DNA backbone, its electrostatic interac-
tions with the protein shell (27), and the
hydrophobic interactions between protein
subunits—but the structure remains flexible
(4). Local adjustments that would optimize
the electrostatics and the hydrogen bonding
between protein and individual bases would
not require substantial modifications in oth-
er parts of the protein structure. Although
the structure is simple, its assembly requires
a complex set of reactions at the cell mem-
brane, as is true of all members of the genus
Inovirus. Substantial changes in secondary
structure occur during the assembly; the
flexibility that glycine brings to the coat
protein may play an important role in these
changes.
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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
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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, = J,(2wAr). For the structural unit
containing two protein subunits SU, (r,0,0) and
SU, (r.dsu.Zsy) and two nucleotides Py, (r,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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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). Rl
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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,





