albumin) containing 100 uM ATP (except in Fig. 3c) at 27 °C. During the 10 min, the
reaction mixture was either kept in darkness (under dim red light as mentioned above) or
irradiated continuously with blue light (450 nm, 10 pmol m™s™") provided by the
Okazaki Large Spectrograph®. cAMP was assayed with a BIOTRAK EIA system

(Amersham Pharmacia Biotech).

RNAi experiments

Synthesis and electroporation of the dsRNAs were performed in accordance with the
methods for Trypanosoma®, with several modifications (for details see Supplementary
Information). Because a dark-grown culture of Euglena clearly shows the step-up
photophobic response, the electroporated cells were maintained in darkness for meas-
urement of this response. In contrast, light-grown cells, which exhibit a clear step-down
response, were used for measurement of that response. Both dark-grown and light-grown
cells showed a disappearance of the PFB after introduction of the dsRNAs. Measurements
of the step-up and the step-down responses were made as described previously'”. Stimulus
light (450 nm) was provided by the Okazaki Large Spectrograph®.
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Structure and dynamics of KH
domains from FBP hound to
single-stranded DNA
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and Kidney Diseases; and T Laboratory of Pathology, National Cancer Institute,
National Institutes of Health, Bethesda, Maryland 20892, USA

Gene regulation can be tightly controlled by recognition of DNA
deformations that are induced by stress generated during tran-
scription' . The KH domains of the FUSE-binding protein (FBP),
a regulator of c-myc expression™, bind in vivo and in vitro to the
single-stranded far-upstream element (FUSE), 1,500 base pairs
upstream from the c-myc promoter*™. FBP bound to FUSE acts
through TFIIH at the promoter*. Here we report the solution
structure of a complex between the KH3 and KH4 domains of FBP
and a 29-base single-stranded DNA from FUSE. The KH domains
recognize two sites, 9—10 bases in length, separated by 5 bases,
with KH4 bound to the 5’ site and KH3 to the 3’ site. The central
portion of each site comprises a tetrad of sequence 5'd-ATTC for
KH4 and 5'd-TTTT for KH3. Dynamics measurements show that
the two KH domains bind as articulated modules to single-
stranded DNA, providing a flexible framework with which to
recognize transient, moving targets.

FBP contains four K homology (KH) repeats’ separated by linkers
of varying lengths’. The minimal single-stranded DNA (ssDNA)
binding domain, as seen from gel electrophoresis’, comprises KH3
and KH4 (Fig. 1a). The target for KH3 and KH4 has been localized
by sensitivity to the ssDNA selective agent permanganate to a 29-
base stretch (M29 in Fig. 1b) in the non-coding strand of the FUSE
element (—1525 to —1553 of the c-myc gene)®. We solved the three-
dimensional structure for a complex of relative molecular mass (M,)
of 30,000 comprising the KH3 and KH4 domains of human FBP
(residues 278—447 of the full length sequence, referred to as FBP3/4
and numbered 5-174) bound to M29 ssDNA using multidimen-
sional nuclear magnetic resonance®.

The complex of FBP3/4 with M29 ssDNA as well as with shorter
ssDNAs, 25 (M25) and 20 (M20) bases long (Fig. 1b), is long-lived
(Kg4is = 10nM) and readily purified as a single complex by gel
filtration. Intermolecular nuclear Overhauser experiments (NOEs)
showed that KH4 and KH3 bound to bases 4-10 and 16-21,
respectively, of M29 ssDNA. However, the spectrum of M29

1051




letters to nature

Variable
a loop [33 o3
— = —
39 40 46 50
FBP KH3 FK PDDGTTPERIAQITGFPDRAQHAAE
140 142 150
FBP KH4 GARIELQ RN---—- NMKLFT
& 40 42 46 50
NOVA-2 KH3 ELVEIAVPEN \ T LGKGGKTLVEYQELTGARIQIS~~EFLPGTRNRRVT
13 20 a0 40 50 57 60
hnRNP K KH3 IITTOVTIPKDLAGSIIGKGGORIKQIRHESGASIKID EDRIITITGTQDD LONSV
10 20 an a0 46 51 60 M 75
Vigilin KH6 RMDYVEINIDHKFHRHLIGKSGANINRIKDQYKVSVRI P~———-———KSNLIRIEGDPQGVQQOAKRELLELA
b € FBP-KH3
:%':fi(g‘l Variable
KH4site  KH3 site hnRNP K loop
M5! M3’
GXXG

23
ATTUTTUA

Figure 1 Structural analysis of the FBP3/4-ssDNA complex. a, Structure-based sequence
alignment of the KH domains of FBP3/4, NOVA-2, hnRNP K and vigilin. Residues of the
KH3 and KH4 domains of FBP3/4 that contact sSDNA are indicated in red; the equivalent
residues in the other KH domains are coloured green. b, ssDNAs used in the current study.
NMR analysis was carried out on FBP3/4 complexed to M29 and intermolecular NOE
contacts were confirmed using complexes of the isolated KH4 and KH3 domains bound to
M5 and M3’ (UT), respectively. ¢, Backbone superposition of the KH domains of FBP3/4
(KH3 and KH4 in red and blue, respectively), NOVA-2 (ref. 9) (green) and hnRNP K'° (grey).
The Ca root mean square (r.m.s.) differences range from 1.1 A for FBP KH3 and KH4
versus NOVA-2 KH3° to 1.6 A for FBP KH3 versus hnRNP K KH3 (ref. 10). d, e, Stereoviews
showing best-fit superposition of the final 80 simulated annealing structures (protein
backbone in red, DNA in blue) and a summary of the observed intermolecular contacts
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(with H-bonds and salt bridges represented by purple arrows; the dashed arrows indicate
potential electrostatic interactions) for the KH4 and KH3 domains, respectively. The
coordinate precision for the protein backbone plus DNA heavy atoms is 0.30 and 0.38A
for the KH3 and KH4 halves of the complex, respectively. (The corresponding values for all
heavy atoms are 0.64 and 0.70 /3, respectively.) The experimental NMR restraints for the
KH3 and KH4 halves of the complex are as follows: 1,095/949 interproton distances
(including 50/68 intermolecular contacts), 244/261 torsion angles, 33/36 3JHNQ
couplings, 120/121 "*Cox/ shifts, and 61/61 "Dy, 47/39 "Dy and 46/40 *Dyyc: dipolar
couplings. There are no interproton distance or torsion angle violations >0.5 Aand >5°,
respectively; the "Dy dipolar coupling R-factor™® is <10%. The percentage residues in
the most favourable region of the Ramachandran map is 96% for KH3 and 90% for KH4. A
complete table of structural statistics is provided in the Supplementary Information.
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ssDNA displayed considerable overlap, particularly at the KH3-
binding site. To resolve ambiguities and confirm the assignment of
intermolecular NOEs, NMR data for the individual KH domains
complexed with shorter ssDNAs (Fig. 1b) were also analysed: KH4
with M5’ (bases 3—12 of M29) and KH3 with M3'(UT) (bases 15—
23 of M29 with the T bases at positions 19 and 22 substituted by U to
alleviate spectral degeneracy arising from the stretch of six T bases.
Kiss for the binding of KH4 to M5’ and KH3 to M3’, M3'(U) and
M3'(UT) is around 3 wM; Ky, for the binding of KH4 to M5'(U)
and M5'(UT) is around 12 pM. Thus, substitution of the methyl
group of T by a hydrogen in U has no effect for the KH3-binding site
and only a marginal effect in energetic terms for the KH4-binding
site. The structure of the FBP3/4—M29 complex was determined
from 3,153 experimental NMR restraints, including 118 intermol-
ecular interproton distance restraints and 294 protein dipolar
couplings. A best-fit superposition of the final 80 simulated anneal-
ing structures for the KH4-ssDNA and KH3-ssDNA domains is
shown in Fig. 1d, e, respectively.

The KH fold®™"" comprises three a-helices packed onto a three-
stranded antiparallel B-sheet in a Bl-al-a2-B2-B3-a3 topology.
The invariant GXXG sequence in the loop connecting helices 1 and 2
is characterized by positive ¢ angles at positions 1, 3 and 4, with the

letters to nature

¢/ angles of residues 3 and 4 in a left-handed helical conformation.
Strands 32 and 33 are linked by a loop of variable length (7-10
residues) and conformation. A best-fit superposition of the KH
domains of FBP3/4, NOVA-2 (ref. 9) and hnRNP K™ is shown in
Fig. 1¢, and the corresponding structure-based sequence alignments
are provided in Fig. la.

Single-stranded DNA binds to a groove delineated by helices 1
and 2 and the GXXG loop on one side and strand 32 on the other
(Fig. 2). The centre of the groove is hydrophobic and the edges are
hydrophilic and charged (Fig. 2a, c). The sugar-phosphate backbone
is directed towards the left-hand side of the binding site while the
bases point towards the centre and right-hand side of the site in the
view shown in Fig. 2. The narrow binding site (~10A) favours
pyrimidines over purines, explaining why the KH3 and KH4
binding sites each contain a single purine, located at the 5’ end.
The B-like ssDNA is slightly underwound and extended, position-
ing the 5’ end at the top of the binding site in close proximity to the
GXXG motif (Fig. 2). All the sugar-phosphate backbone torsion
angles of the ssDNA lie in a narrow range characteristic of right-
handed DNA'2, as evidenced by the restricted dispersion of the *'P
resonances (between 4 and 4.5 p.p.m.)". The pattern of intra- and
inter-nucleotide NOEs throughout is typical of right-handed DNA®.

b
GKGG loop

Variable loop

Figure 2 Structure of the FBP3/4—ssDNA complex. a, b, KH4 domain bound to bases 4—
10 of M29. ¢, d, KH3 domain bound to bases 16—21 of M29. In a and ¢ the protein is
depicted as a molecular surface with hydrophobic, uncharged hydrophilic, positively

charged and negatively charged residues comprising the ssDNA binding sites depicted in
green, pink, blue and red, respectively; the ssSDNA heavy atoms are shown in yellow. In
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b and d, the protein backbone is depicted as a red tube, and the colouring for the protein
side chains in the DNA-binding site and ssDNA are the same as in @ and ¢. The
coordinates of the KH3-ssDNA and KH4-ssDNA structures (restrained regularized mean)
have been best-fitted to each other, and the same view is shown in all four panels.
Nucleotide numbering is in italics.
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Hydrophobic contacts to the central T bases of the KH3 (T18, T19)
and KH4 (T6, T7) binding sites involve Ile 18, Ile 25 and Phe 38, and
Ile 119, Ile 126 and Leu 139, respectively. The methyl groups of these
thymines are directed towards solvent, explaining why substitution
of T for U has little effect on binding affinity.

Recognition of the KH4 site involves a number of intermolecular
H-bonds (Figs 1d and 2a, b): at the 5" end from the Oy atom of
Thr 115 to the N6 amino group of A5; at the 3’ end from the
carboxylate of Glu 138 to the N4 amide group of C9, and from the
02 and O4' atoms of the base and sugar of C10 to the guanidino
group of Arg136. Other electrostatic interactions involve the N{
amino group of Lys 152 and the N7 atom of A5, and the guanidino
group of Arg 141 and the O4 atom of T6. Contacts to the sugar-
phosphate backbone are afforded by Gly 122 and Gly 123 of the
GXXG motif, and Lys 127, Ser 130 and Gln 131 of helix 2.

The KH3 domain recognizes a stretch of four T bases (T17-T20),
the contacts with which are mainly hydrophobic (Figs 1e and 2c, d).
At the 5" end there are H-bonds between the guanidino groups of
Arg 11 and Arg 48 and the O4 atoms of T18 and T19, respectively; at
the 3’ end the side-chain amido group of Gln 37 is H-bonded to the
02 atom of T20, and possibly the O2 or N3 atoms of T21. Contacts
to the sugar-phosphate backbone are afforded by Arg 20, Asn 21 and
Gly 22 of the GXXG motif and Lys 26 of helix 2. Thr 115 in KH4, H-
bonded to the base of A5, is replaced by Val 14 in KH3 which favours
a T base at this position.

The KH domain presents a scaffold for nucleic acid binding that
can be tuned for ssDNA™® or RNA”? specificity. The ssDNA-binding
surfaces of the KH domains of FBP3/4 overlap extensively with that
of the NOVA-2 KH3 domain that recognizes a stem-loop RNA’.
There are, however, major differences. Extensive intermolecular
contacts are made between ssDNA and residues in helix 2 and the
amino-terminal end of strand B2 in the FBP3/4 complex (Fig. 2),
which are not seen in the NOVA-2 KH3-RNA complex where
equivalent interactions are precluded owing to the presence of
the wider double-stranded RNA stem. In contrast, in the
NOVA-2 KH3-RNA complex contacts are made to both arms of
the RNA hairpin and, as a consequence, the binding surface also
includes the flexible loop (connecting strands B2 and 3) and the
carboxy-terminal end of helix 3. The latter extends well beyond the
protein core of NOVA-2 KH3 (Fig. 1c), presumably as a conse-
quence of protein—RNA contacts and/or crystal packing. The core
of the RNA-recognition sequence, 5'r-UCAC’ is located and
oriented similarly to the central portion of the KH4 (5'd-ATTC)
and KH3 (5'd-TTTT) ssDNA recognition sequences, but the RNA
and ssDNA tetrads have very different conformations. The bases of
the ssDNA tetrads are stacked upon one another (Fig. 2). In
contrast, the first three bases of the RNA tetrad are not stacked:
the base at position 2 is oriented at right angles to the bases at
positions 1 and 4, and concomitantly the conformation of the
sugar-phosphate backbone departs markedly from that character-
istic of right-handed RNA or DNA'?. The unusual features of the
RNA tetrad arise from a network of inter- and intra-molecular
H-bonds involving the bases and 2'-OH groups of the ribose
sugars.

The KH3 and KH4 domains of FBP (Fig. 1a) do not interact with
one another in the FBP3/4-M29 ssDNA complex. They are con-
nected by a glycine-rich, flexible 30-residue linker (Fig. 3a), and the
DNA is bridged by 5 bases (bases 11-15) that do not display any
contacts to protein. If the FBP3/4—M29 ssDNA complex were rigid,
dipolar couplings measured for both halves of the complex in a
dilute liquid crystalline medium, such as phage fd", would be
described by a single alignment tensor''®. However, the magni-
tude of the alignment tensor" for the KH3 domain is half that of
the KH4 domain in the complex (Fig. 3b), indicative of signifi-
cant interdomain motion'® (see Supplementary Information for
further details), which was characterized by model free analysis of
"N relaxation data using the extended Lipari—Szabo model”",
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Assuming an axially symmetric diffusion tensor', the data yield
values of 21.5 and 1.85ns for the effective overall rotational
correlation time and diffusion anisotropy, respectively, of the
whole complex. The timescale and magnitude of the interdomain
motions are described by an effective slow internal correlation time
(7,) of 4.1 ns for KH3 and 3.6 ns for KH4, and an order parameter S2
of 0.67 for KH3 and 0.70 for KH4, which correspond to the two KH
domains wobbling independently in cones with semi-angles of
about 30° (Fig. 3¢). Alignment of the principal components of the
diffusion tensors of the two domains indicates that the average
orientation of the two domains is parallel (average interhelical angle
between the third helix of each domain is about 1°, see Fig. 3c).
The interdomain mobility of the FBP3/4—M29 ssDNA complex is
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Figure 3 Interdomain motion in the FBP3/4—M29 ssDNA complex, a, °N-{'H} NOE values
as a function of residue number. The low NOE values for the 30-residue linker indicate
high flexibility for this segment of the polypeptide chain. b, Correlation of 'Dyy dipolar
couplings of structurally equivalent residues measured for the KH4 and KH3 domains in
the FBP3/4—M29 complex. The correlation coefficient is 0.83, as expected for very
similar structures, but the magnitude of the alignment tensor'® for the N—H vectors in the
KH3 domain (7.2 Hz) is half that in the KH4 domain (—14.5 Hz), diagnostic of significant
interdomain motion'®. ¢, Depiction of interdomain motion in the FBP3/4—M29 complex.
The red and blue cones indicate the slow motion of the KH4 and KH3 halves of the
complex, respectively. The KH4 and KH3 domains are shown as red and blue ribbons,
respectively, and the ssSDNA bound to them is shown in purple and green, respectively.
The 5-base linker for the ssDNA and 30-residue linker for the protein are depicted by blue
and red dashed lines, respectively. The semi-cone angle 6, derived from the internal slow
order parameter S2 is about 30° for both domains. D nd D, represent the parallel and
perpendicular components of an axially symmetric diffusion tensor. The two domains are
aligned relative to the long axis of the diffusion tensor. The overall length of the complex
and the separation between the two domains is indicated and calculated as described in
the text. Nucleotide numbering is in italics.
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determined by the intrinsic flexibility of the ssDNA (bases 11-15 of
M29) linking the KH3 and KH4 binding sites. The 30-residue
protein linker between the KH3 and KH4 domains is highly
disordered (Fig. 3a), such that in free FBP3/4 the two domains
reorient essentially independently of each other (unpublished data),
as in the case of other modular proteins connected by long linkers'.
Further, the ssDNA linker, although it is flexible, is not disordered
because the observed NOEs are typical of right-handed DNA®,

The distances (L;) from the centre of KH3 and KH4 domains to
the flexible hinge point at the centre of the overall complex can
be derived from the relation L; = (Dyn,i/Ds.;)""?, where Dy and
D,,; are the translational and rotational diffusion coefficients of
domain i (ref. 19). Dy.ps; is calculated from the hydrodynamic
radius (~16.51°\ for each domain) and D,,; from the values of S2
and 7, (ref. 19 and Supplementary Information). This yields
Dy = 1.9 X107 m?s™!, D,;~1.7 X 107s2, and L; =33A.
The overall average length of the complex is therefore about
100 A, corresponding to a cylinder length to diameter ratio of 3
with a predicted diffusion anisotropy of 1.8 (ref. 20), in agreement
with the value determined from the model free analysis of the data.
These dimensions imply that the average distance between the C
terminus of KH3 (residue 74) and the N terminus of KH4 (residue
104) isabout 35 A, which is close to the expected average end-to-end
distance of about 40 A for a random-coil polypeptide of n = 30
residues and a 40% Gly content”. The intervening stretch of
ssDNA comprises six base steps, so the average rise for this
segment of ssDNA is around 5.8 A, about 70% longer than regular
B-DNA.

Interdomain motion observed in the FBP3/4-M29 ssDNA com-
plex in which the linkers, both protein and ssDNA, possess intrinsic
flexibility, is likely to be an essential component of FBP function.
This property can readily accommodate changes in the direction of
the DNA. FBP interacts directly with and modulates the helicase
activity of TFIIH*, a generalized transcription factor that has been
proposed to act as a torque-generating machine® and is required
throughout the early stages of transcription from initiation through
promoter escape. Hence, interdomain flexibility in the FBP—ssDNA
complex allows FBP bound to FUSE to maintain contact with a
moving component, TFIIH, of the transcription machinery. As
such, the ssDNA-binding domain of FBP presents an unusual
architectural transcription factor: the presence of multiple KH
domains, separated by linkers, generates a series of single-stranded
flexible hinge points in the DNA matrix, facilitating interactions
between other, sometimes mobile, components of the transcription
machinery that would otherwise be prohibited by stereochemical
and topological restraints imposed by the more rigid double-
stranded DNA. This predicts that reduction in interdomain flexi-
bility, by reducing the length of the intervening ssDNA sequence
between the KH3- and KH4-binding sites, should decrease FUSE
activity, whereas increasing the length of this linker segment slightly
should have less effect as it could be accommodated by the flexible
protein linker between the two KH domains. This is borne out
experimentally: deletion of four of the five intervening bases
between the KH4 and KH3 ssDNA binding sites (corresponding
to bases 11-14 of M29) reduces c-myc reporter expression approxi-
mately fourfold®; conversely, insertion of an additional four bases
between the two ssDNA binding sites has minimal effect on FUSE
activity (D.L. and M. Avigan, unpublished work).

Underlying the structure of the FBP3/4—ssDNA complex is the
concept that DNA transcription can be monitored and controlled by
the recognition of ssDNA generated during the course of transcrip-
tion. The present structure clearly shows that ssDNA located in a cis-
regulatory element (FUSE) upstream from the c-myc promoter can
be recognized specifically by FBP3/4, forming a high-affinity com-
plex in solution. These features, combined with previous functional
studies on the role of FBP at the c-myc locus"*™, provide the
experimental basis for this mechanism of transcriptional control.
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Finally, we note that overexpression of c-myc is associated with
many human cancers” and that loss of FBP function shuts off c-myc
expression and arrests cellular proliferation®. Thus, the FBP3/4—
ssDNA complex may represent a potentially useful target for
therapeutic intervention. |

Methods
Sample preparation

FBP3/4, comprising residues 278—447 of human FBP” and numbered from residues 5—
174, as well as the individual KH3 (residues 5—-77) and KH4 (residues 101-174) domains
were cloned, expressed and purified by affinity chromatography using standard proce-
dures. Samples for NMR contained 1:1 complexes of protein (**N, "*N/"*C or "*N/"*C/*H/
VLI-methyl protonated) and ssDNA in 50 mM sodium phosphate, 20 mM EDTA and
0.02% NaN3, pH 6.8. Further details are provided in Supplementary Information.

NMR spectroscopy

All NMR experiments were carried out at 35 °C on Bruker 600, 750 and 800 MHz
spectrometers. 'H, '”H and ">C backbone and side-chain resonances of the protein were
assigned by three-dimensional (3D) double- and triple-resonance NMR experiments®; 'H
resonances for the ssDNA by two-dimensional (2D) "*C-filtered experiments®; and *'P
resonances of the ssDNA from a 2D '"H-"'P correlation spectrum. The observation of
strong *'P(i)~H4' (i) correlations and the absence of *'P(i)~H5'/H5"(i) correlations
indicates that the B and y sugar-phosphate torsion angles are in the t and g* conforma-
tions, respectively”. Interproton distance restraints (classified into ranges®) within the
protein were derived from 3D and four-dimensional (4D) '*N- and "*C-separated nuclear
Overhauser enhancement (NOE) experiments; within the DNA from 2D 2C-filtered NOE
experiments; and between the protein and DNA from 3D *C-separated/'*C-filtered and
"*N-separated/"*C-filtered NOE experiments®. Backbone ¢/y/ torsion angle restraints were
derived from backbone chemical shifts using the program TALOS?. Heteronuclear *J
couplings were measured by quantitative J-correlation spectroscopy®. Dipolar couplings
were measured in a dilute liquid crystalline medium of 25 mgml™' phase fd**.

5N relaxation measurements

"N T}, T, and NOE measurements were carried out at 600 and 750 MHz and analysed
essentially as described'®. All the relaxation data were fitted simultaneously on the basis of
the atomic coordinates optimizing the value of the effective overall rotational correlation
time and anisotropy for the whole complex; a single-order parameter Sf used to describe
all fast internal motions; the order parameters (S?) and correlation times () for slow
interdomain motions of the two domains; and the two Euler angles describing the
orientation of the long axis of the rotational diffusion tensor relative to the coordinates
of each domain. The correlation time for fast internal motions, 7., was held fixed at
15 ps, but the results are not affected for values of less than 30 ps (ref. 17). The
optimized value of S} is 0.85, typical of fast librational motions'”™'. The value of the
error function E/N is 3.3.

Structure calculations

Structures were calculated from the experimental restraints by simulated annealing in
torsion angle space® using XPLOR_NIH (http://nmr.cit.nih.gov/xplor_nih). The non-
bonded contacts in the target function are represented by a quartic van der Waals
repulsion term supplemented by a torsion angle database potential of mean force”.
Structure figures were generated with the programs VMD-XPLOR* and GRASP”.
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correction

Transmission potential of smallpox
in contemporary populations

Raymond Gani & Steve Leach

Nature 414, 748-751 (2001).

There was an error in equations (1) in this Letter. The 61 terms
in dI/dt and dQ/dt should have been omitted. Thus, the set of
differential equations should have been:

ds dr
i x;(1 = €)C; = Ble +p — ¢p)SI P a(l = O)E, —yI

d d
dE, _ _ dQ _ _
T Be(1 — p)SI — aE, @ a(l — &)E; + obE, — x,Q "
dE; dU
T BepSI = (xi6, + a1 — &))E; T Y+ xQ
dc; dv
dr =Bp(1 = )SI — x,C; ar =x(&E +€6C)

and the definition of § in Table 2 should have read ‘the proportion of
infectious individuals from E, that are quarantined’. This change only
affects the analysis of the data for Kosovo. The value of R, that gives
the best fit to the data for Kosovo is now 10 (5 discounting hospital-
associated cases), rather than 10.8 (5.4 discounting hospital-
?associated cases), as stated in the original paper in Table 1. This
small error does not alter our conclusions. O
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