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Protein kinase PKR is an interferon-induced enzyme
that plays a key role in the control of viral infections
and cellular homeostasis. Compared with other known
kinases, PKR is activated by a distinct mechanism that
involves double-stranded RNA (dsRNA) binding in its
N-terminal region in an RNA sequence-independent
fashion. We report here the solution structure of the
20 kDa dsRNA-binding domain (dsRBD) of human
PKR, which provides the first three-dimensional insight
into the mechanism of its dSRNA-mediated activation.
The structure of dsRBD exhibits a dumb-bell shape
comprising two tandem linked dsRNA-binding motifs
(dsRBMs) both with an o-B-p-p-o fold. The structure,
combined with previous mutational and biochemical
data, reveals a highly conserved RNA-binding site on
each dsRBM and suggests a novel mode of protein
RNA recognition. The central linker is highly flexible,
which may enable the two dsRBMs to wrap around
the RNA duplex for cooperative and high-affinity
binding, leading to the overall change of PKR con-
formation and its activation.
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Introduction

One of the earliest cellular responses during viral infections
is the production of interferon that in turn induces antiviral
proteins. The protein kinase PKR is a key component of

Donzeet al,, 1995; Wu and Kaufman, 1996; Braed al.,
1997; Deret al.,, 1997; Wonget al., 1997; Zhwet al., 1997).

A unique and critical step in the activation of PKR,
compared with other kinases, is the specific interaction
of its N-terminal double-standed RNA-binding domain
(dsRBD) with double-stranded RNA (dsRNA) in an RNA
sequence-independent manner (Figure 1A). Upon binding
to dsRNA, PKR is thought to undergo conformational
rearrangement and autophosphorylation, which leads to
the phosphorylation of elF-2 (Chongt al, 1992) and
other target proteins (Galabru and Hovanessian, 1985;
Kumar et al, 1994; Brandet al, 1997). The dsRBD
comprises two tandem copies of a 65-68 amino acid
dsRNA-binding motif (dsRBM) (Figure 1A and B) that
has been identified in>20 functionally distinct RNA-
binding proteins (Kharragt al., 1995). dsRBM1 in PKR
appears to be more important in dsRNA binding (Green
and Mathews, 1992; Schmedt al., 1995) and matches
the dsRBM consensus sequence more closely than does
dsRBM2 (Figure 1B), whereas both motifs are indispens-
able for the specific and high affinity dsSRNA binding in
the regulation of PKR function, as shown by deletional
and mutational analyses (Patel and Sen, 1992; Bevilacqua
and Cech, 1996; Patet al., 1996). While the interaction
of dsRNA with the dsRBD is sequence independent
(Hunteret al, 1975; Minkset al., 1979; Mancheet al,,
1992), the recognition mechanism appears to be novel,
involving minor groove interactions of a network of
2'-OHs of the RNA duplex with dsRBD (Bevilacqua
and Cech, 1996). Despite the extensive mutational and
biochemical studies, the detailed molecular basis of how
dsRBD modulates PKR activity by binding to dsRNA
remains elusive. Here we report the solution structure
of the 20 kDa dsRBD determined by multidimensional
heteronuclear NMR. Combined with previous mutational
and biochemical data, this structure provides the first
three-dimensional insight into the mechanism of
dsRBD-dsRNA interaction and subsequent PKR activation.

the host defense system that is induced by interferon Results and discussion

(Meurset al., 1990; Koromilaset al., 1992; Mararet al.,

1994; Williams, 1995; Clemens, 1997). PKR is known to Overall structure of dsRBD

function in the cellular antiviral response (Samaeelal.,
1984; Riceet al., 1985) through inhibition of eukaryotic

The structure of dsRBD exhibits a dumb-bell shape, with
the two dsRBMs flanking a 22 residue linker region

initiation factor 2 (elF-2) via phosphorylation of serine (Figure 2A). Both dsRBMs in the structure are well

and threonine residues on its-subunit (Chonget al,

defined except for the N-terminal residues 1-9 for dsSRBM1

1992). More recently, PKR has been shown to activate and 169-174 for dsRBM2 (Figure 2B; Table ). Each

several transcription factors including NdB and IRF-1
in response to different extracellular stimuli (Kuneral.,
1994, 1997; Mararet al., 1994; Berettaet al., 1996). A

dsRBM contains am-B-B-p-a fold in which the two
helices lie on one side and pack against a three-stranded
antiparallel3-sheet (Figure 2A). The linker between the

growing amount of evidence indicates that PKR isinvolved two dsRBMs was found to be long and highly flexible,

in normal control of cell growth, differentiation and

as shown by the random chemical shift nature, small and

apoptosis and acts as a signal transducer at both thenegative heteronuclear amitié{ >N} nuclear Overhauser

transcriptional and translational levels (Matral., 1994;
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Fig. 1. Schematic representation of PKR showing its primary structure and sequence alignment for the dgRBMs. l-terminal regulatory

domain and the C-terminal catalytic (kinase) domain. dsRNA binds to the regulatory domain and induces PKR activation. The positions of the two
dsRNA-binding motifs within the regulatory domain are indicaté). Amino acid sequence alignment of dSRBM1 and dsRBM2 of human PKR.
Identical residues within the two motifs are boxed. The consensus sequence of dsRBM is shown, with identical residues listed in upper case and
similar residues in lower case. The amino acids are identified by their one-letter codes.

long-range NOEs and few medium-range NOEs were Drosophila Staufen protein, respectively (Figure 4)
identified in this region due to its high flexibility. Although  (Bycroft et al., 1995; Kharratet al., 1995). The backbone
dsRBD is in a monomeric form as shown by its overall r.m.s.ds between each dsRBM of PKR and Staufen dsRBM
correlation time (~9.1 ns) and gel filtration experiments are 2.3 and 2.2 A, respectively (~23% sequence identity
(Nanduriet al., 1998), its size is relatively large (20 kDa) between each dsRBM and Staufen dsRBM). The copy
for NMR structure determination, particularly because numbers of dsRBMs for different dsRNA-binding proteins
some repeated sequences of the two dsRBMs increasedary extensively (Kharratet al, 1995). The multiple
the degree of chemical shift degeneracy. This necessitateccopies of dsRBMs may form specific recognition patterns,
20 three-dimensional and four-dimensional double and leading to different specificities and affinities for dsRNA.
triple resonance experiments for complete resonanceln the case of PKR, although dsRBM1 appears to have
assignment (Nanduret al, 1998) and NOE analysis. higher dsRNA binding affinity than dsRBM2 (Green and
Among these experiments, 48C/*°N-edited NOESY and  Mathews, 1992; Schmedit al, 1995), both dsRBMs
4D 13C/AC NOESY were especially valuable for the are important for the high affinity dsRNA binding and
unambiguous assignment of medium and long-range subsequent PKR activation (Patel and Sen, 1992; Schmedt
NOEs. Table | lists the final structural constraints and et al., 1995; Bevilacqua and Cech, 1996; Pat¢lal.,
statistics that demonstrate the good quality of the calculated1996). The two dsRBMs linked by the long and flexible

structure. loop in PKR may bind to dsRNA in a cooperative

fashion (see below), consistent with the biochemical and
Structural similarities of dsRBMs in PKR and other biophysical analyses (Schmedt al, 1995; Bevilacqua
dsRNA-binding proteins and Cech, 1996; Carpiost al, 1997).

With ~50% sequence homology (27% sequence identity)

that occurs strongly in the C-terminus of the dsRBMs Correlation of the structure with mutational

(Figure 1B), the two motifs exhibit very similar tertiary effects and identification of dsRNA-binding sites

folds with a backbone r.m.s.d. of 2 A (Figure 4). A central Extensive mutational studies have been performed pre-
hydrophobic core appears to play a critical role in stabiliz- viously on PKR and were aimed at pinpointing the critical
ing this conserved fold for each dsRBM, which involves residues for RNA binding (Clarke and Mathews, 1995;
highly conserved hydrophobic residues such as F10, F43,McMillan et al., 1995; Pateét al., 1996). Analysis of the
V45, 147, A71 and V72 for dsRBM1, and Y101, Y133, surface residues using data from these mutational studies
C135, M137 and Al161 for dsRBM2. Particular attention reveals a highly conserved RNA-binding site on each
was paid during the NOE analysis to see if there were dsRBM. For dsRBM1, R39, F41, S59, K60, K61 and K64
any inter-domain contacts between dsRBM1 and dsRBM2, form a cluster of surface residues where point mutations
and no such contacts were found. The folding topology either severely decrease or completely abolish the dsRNA
of each dsRBM in PKR is similar to the recently reported binding (Clarke and Mathews, 1995; McMillaet al.,
dsRBM structures fronEscherichia coliRNase Ill and 1995; Patekt al, 1996), suggesting a positively charged
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dsRBM #2
dsRBM #2

Fig. 2. lllustration of dsRBD structure A) Ribbon representation of dsRBD containing dsRBM1 (green) and dsRBM2 (red) linked by a 22 amino
acid loop. The secondary structural elements are labeled sequentiailly, ag, a3 anda4 for a-helices, and3l1, B2, B3, 34, B5, B6, 37 and8 for
B-sheets respectively. The figure was prepared using the program MOLSCRIPT (Kraulis, BYBackbone superpositions of 30 simulated
annealing structures of dsRBM1 and dsRBM2. For clarity, the linker which is highly flexible and has a high r.m.s.d. (3.6 A for the backbone) is
shown by a dashed line (see text). The statistics of the structures are listed in Table I.

binding interface. The surface encompasses the residuesnutation into Ala introduces a steric clash; A68D, L75A
from the beginning of33, the loop betweef3 anda2, and A158D mutations are defective because they all
and the N-terminal part ofi2 (Figure 4). While F41 is  destabilize the hydrophobic cores of dsRBM1 and
partially involved in the edge of the hydrophobic core, its dsRBM2, respectively.

aromatic ring points out directly to the surface for potential

interaction with RNA duplex (Figure 4). For dsRBM2, Implications of dsRNA-dsRBD interaction and
mutations of the conserved F131, K150 and K154 also subsequent PKR activation

abolish the dsRNA binding of PKR (Patet al., 1996), The details of dsRBD structure and the identification
which indicates a similar RNA-binding site to that of of its RNA-binding sites provide a structural basis for
dsRBM1 (Figure 4). The dsRNA-binding site appears to understanding dsRNA-regulated PKR activation. Assum-
be highly conserved in the dsRBMs and has also beening that the flexible linker was straight, the distance

suggested in other dsRNA-binding proteins suclkasli between the RNA-binding sites of the two dsRBMs
RNase IIl andDrosophilaStaufen protein (Bycrofét al., would allow PKR to bind as much as 30-33 bp of
1995; Kharratet al., 1995) (Figure 4). dsRNA; however, extensive biochemical experiments by

The structure of dsRBD also explains other deleterious Bevilacqua and Cech (1996) have shown that 16 bp of
mutations (Green and Mathews, 1992; Patehl., 1994, dsRNA is sufficient for the stable binding and that the
McMillan et al, 1995). These mutations appear to sig- dsRBD only occupies an 11 bp segment. Moreover, each
nificantly perturb the tertiary structure of the dsRBD and dsRBM saturates only about half of the 11 bp (Schmedt
hence affect its dsRNA binding. For example, deletions et al., 1995). These results suggest that the two dsRBMs
of regions 1-24, 39-50 and 58-69 all remove important may wrap around the RNA duplex. The wrapped-up
structural elements such as anhelix or (-strand, and binding is known to occur in zinc finger—DNA interaction
completely abolish the dsRNA binding; R18 and Q19 are such as the Zif268—DNA complex which involves multiple
located at the end of heliml and their point mutations  flexibly linked zinc fingers bound to the DNA major
to hydrophobic residues destabilize the helix structure; groove (Palvetich and Pabo, 1991). The RNA-binding
G57 makes a tight turn betwe@3 anda?2, and hence its  surface on each dsRBM including the aromatic residue
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Table I. Structural statistics for dsRBD of PKR

<SA> (SA)
r.m.s.d. from experimental distance restraints (A)
all (2580) 0.066 = 0.002 0.061
sequential {|—j| = 1) (716) 0.071+ 0.002 0.065
medium (K| —j| <5) (389) 0.079+ 0.005 0.065
long-range (|- j| >5) (311) 0.050*+ 0.002 0.040
intraresidue (1164) 0.062 0.002 0.054
H-bonds (146) 0.08@= 0.011 0.069
r.m.s.d. from experimental dihedral restraints (°) (164) 0.410.11 0.64
r.m.s.d. from experimental}\, coupling contants (Hz) (139) 0.77 0.03 0.74
r.m.s.d. from from experimentafC shifts
3¢y (p.p-m.) (175) 0.93 + 0.06 0.93
13¢g (p.p.m.) (157) 1.15 + 0.03 1.15
r.m.s.d. from idealized covalent geometry
bonds (&) 0.005+ 0.001 0.004
angles (°) 0.75 * 0.03 0.67
impropers (°) 0.45 £ 0.03 0.56
E,_; (kcal/molf —487 + 27.0 -361
PROCHECK (Ramachandran plot)
Most favored regions (%)(10-80 and 100-170) 71321.9 72.9
Additionally and generously allowed regions (%) 286 2.1 27.1
Disallowed regions (%) 02 +04 0.0
Coodinate precisidn o
r.m.s.d. of backbone betweenSA> and (SA)r (10-80) (&) 0.56 = 0.12
r.m.s.d. of backbone betweenSA> and (SA)r (100-170) (A) 0.67+ 0.12
r.m.s.d. of heavy atoms betweerSA> and (SA)r (10-80) (A) 1.08* 0.11
r.m.s.d. of heavy atoms betweerSA> and (SA)r (100-170) (A) 1.13+ 0.12

a<SA> indicates the ensemble of the 30 final simulated annealing structures, (SA) the mean structure obtained by averaging the coordinates of the
individual SA structures best fitted to each other, and (SA)r is the restrained minimized mean structure obtained by restrained regularization of the
mean structure SA.

bE, _; is the Lennard—Jones van der Waals energy value calculated with the CHARMM empirical energy function and is not included in the target
function for SA or restrained minimization.

€10-80 and 100-170 regions correspond to the well-defined dsRBM1 and dsRBM2, respectively.
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Fig. 3. Plots of13C, and13Cy secondary shifts antH{ 15N} heteronuclear NOEs versus dsRBD residue number. The extreme N- and C-terminal
residues have strongly negative values, indicating that they are disordered in solution. The linker between the two dsRBMs shows much smaller
NOEs, including some negative values, compared with ordered secondary structure regions, indicating that this region is highly flexible, consistent
with its lack of long-range NOEs and scarce medium-range NOEs (see text).

Phe is bulky, which appears to preclude its binding into required if its bases interact with dsRBM. On the other
the narrow major groove. A substantial conformational hand, the dsRBM-binding surface may cross over the
change and widening of the RNA major groove would be major groove of the RNA duplex by hydrogen bonding
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dsRBM #1

Fig. 5. Model of the interaction between the dsRBD and a 16 bp

A form dsRNA helix. The model was built based on the following
factors: (i) the RNA-binding sites are bulky and would bind to the
minor groove without a substantial conformational change for the
RNA duplex; (ii) dsRBD discriminates dsRNA over RNA-DNA and
dsDNA, and specificity is due largely to molecular recognition of a
network of 2-OHs involving both strands of dsRNA (Bevilacqua and
Cech, 1996); (iii) although dsRBD can bind as much as 30-33 bp if
the linker is straight, the biochemical data have shown that dsRBD
covers 11 bp. In this mode, only exposed side chains in the putative
binding site on both dsRBM1 and dsRBM2 were docked onto the
minor groove of the RNA duplex to form hydrogen bonds with the
2'-OHs on both strands. Several positively charged Lys side chains,
including the conserved K64-Nfi and K154-NH*, not only
hydrogen-bond with the’20Hs but also make the electrostatic
interactions with the neighboring phosphate oxygens (-OP1, pointing
out to surface). Because the linker is long and highly flexible, the two
dsRBMs contact>8-11 bp by wrapping around the minor groove.

Fig. 4. Backbone superpositions of dsRBM1 (red) and dsRBM2

(green) for PKR, and dsRBM (yellow) fdbrosophila Staufen protein . . . .
(Bycroft et al.,, 1995), showing the similar fold of the motifs. The side ~ chemical findings that the interactions occur along a 10—

chains of potential RNA-binding residues in each dsRBM are 11 bp segment (Bevilacqua and Cech, 1996). Except for
displayed, most of which are well conserved among dsRBMs. The the non-polar interactions between the conserved Phe and
E.coli RNA 1ll dsRBM also has similar folding topology (Kharrat the sugar, most of the hydrophilic residues in the RNA-

et al,, 1995) but its PDB coordinates were not available in the PDB

for detailed comparison. binding sites favorably contact with’-©DHs through

hydrogen bonding. Interestingly, when docked teCHs

for hydrogen bonding, some positively charged Lys side

chains such as the conserved K64-Ntand K154-NH*
to the phosphate backbone; however, this possibility is groups are also within the distances to make electrostatic
eliminated since salt-dependent protein—-RNA binding interactions with the negatively charged phosphate back-
experiments revealed that 90% of the free energy of bone oxygens (-OP1) that point out to the surface. This
binding is non-electrostatic (Bevilacqua and Cech, 1996). is possible because the salt-dependent dsRNA—-dsRBD
In fact, detailed biochemical analyses have shown that thebinding experiments have shown that ~10% of the free
dsRBD of PKR exclusively binds dsRNA rather than energy of binding is electrostatic involving the protein
RNA-DNA and dsDNA, and that this specificity is due and dsRNA phosphate (Bevilacqua and Cech, 1996).
mainly to recognition of a network of minor groove Hence, this model helps to understand how dsRNA is
2'-OHs and possibly some phosphate groups (Bevilacquarecognized by dsRBD in a sequence-independent manner
and Cech, 1996). This is consistent with our structural involving the minor groove 20Hs. Furthermore, the
results in which the binding surface of each dsRBM seems model indicates that the two flexibly linked dsRBMs can
to fit favorably into the wider minor groove by hydrogen bind dsRNA in a coordinated fashion, leading to the
bonding to 2-OHs. A model for dsRBD—dsRNA inter-  rearrangement of the PKR conformation and its subsequent
action is presented in Figure 5, which combines both the kinase activation (see below).
structural and biochemical information. The model was It is important to note here that numerous biochemical
built by docking the binding surfaces of the two dsRBMs studies recently have suggested that dimerization is
onto a 16 bp A-form dsRNA derived from the HIV Tar required for PKR activation (Patedt al, 1994, 1996;
that has been shown to bind PKR (Bevilacqua and Cech, Cosentinoet al,, 1995; Romancet al, 1995; Wu and
1996; B.W.Carpick and B.R.G.Williams, unpublished Kaufman, 1996, 1997). However, it remained elusive
results). In the model, the binding surfaces in both motifs whether PKR dimerizes before or after dsRNA binding.
cover a total of 8-10 bp by wrapping around the minor We recently used four independent biophysical and bio-
groove of the RNA duplex, which agrees with the bio- chemical approaches to investigate the PKR dimerization
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and PKR-dsRNA interaction (Carpicket al, 1997). is consistent with the finding that PKR, once activated,
Neutron scattering data revealed that PKR is predomin- cannot be inhibited by subsequent addition of high concen-
antly a dimer (high concentration), whereas the gel filtra- trations of dsRNA (Galabret al, 1989). On the other
tion analysis showed that PKR elutes predominantly as ahand, if high dsRNA concentrations are added in the
monomer (low concentration), and addition of dsRNA beginning, the binding may not be cooperative; for
significantly increased PKR dimerization (Carpiekal., example, the two dsRBMs in PKR may simultaneously
1997). Hence it was concluded that PKR exists in a bind to two different dSRNA molecules, which leads to
monomer—dimer equilibrium in the absence of dsRNA an unfavorable overall protein conformation for kinase
and is sensitive to the protein concentration, and the activation. More detailed studies including the structures
dsRNA binding stabilizes the PKR dimerization in a 1:2 of PKR and the PKR-dsRNA complex will be necessary to
ratio (ASRNA:PKR) and causes a conformational change define clearly the molecular mechanism of PKR activation.

for kinase activation (Carpickt al.,, 1997). Our structural
model (Figure 5) indicates that the two dsRBDs (four
dsRBMs) could wrap around a longer dsRNA molecule
side by side (preferably end to end), which would facilitate
the PKR dimerization and the subsequent activation. While
it was suggested that the dimerization may be mediated
directly by dsRBD (Cosentinet al, 1995; Patekt al,
1995, 1996; Romanet al., 1995; Wu and Kaufman, 1996,
1997), a more recent study has shown that dimerization
is mediated by the C-terminal region outside of the dsRBD
(Tanet al, 1998). Indeed, the overall correlation time at
high concentration (mM) and the gel filtration analysis at
low concentration|fM) both indicated that dsRBD alone

is in monomeric form (Nanduret al, 1998), which is
consistent with the dsRBM structures frdicoli RNase

[Il and Drosophila Staufen protein also being monomeric
(Bycroft et al,, 1995; Kharratet al., 1995). It should be
pointed out, however, that dSRBD comprises only 31% of
the total amino acids of full-length PKR, the entire
structure of which remains unknown. It is possible that
interdomain interactions within PKR play an important
role in the regulation of kinase activity, and these inter-
actions could be mediated through either the structured or
unstructured regions of dsRBD or through both. It is
also possible that dsRBD is partially involved in PKR
dimerization and dsRBD alone is not able to form the
stable dimer. The disparate results regarding PKR dimeriz-
ation and the dimerization site may arise from differences

Materials and methods

NMR experiments

The NMR sample preparation and the resonance assignments have been
described previously (Nandugt al.,, 1998), and the chemical shifts were
deposited in BioMagResBank (accession No. BMRB4110). The dsRBD
sample was prepared in argon-purgegDrolution (7%H,0), 100 mM
NaCl, 20 mM sodium phosphate pH 6.5 and 1 mM dithiothreitol (DTT)
in a 250l microcell NMR tube (Shigemi Inc., Allison Park, PA) at a
concentration of ~0.9 mM. All of the NMR experiments (Bax and
Grzesiek, 1993; Canavagit al, 1995; Kay, 1995) were conducted at
25°C using a Varian Inova 500 MHz spectrometer equipped with a triple
resonance probe head and a shieldegradient unit. For structure
determination, the following experiments were recorded on a 0.9 mM
uniformly 13N-labeled protein and a 0.9 mM uniformbyN/*3C-labeled
protein, respectively: 3D water-flip-backN-separated NOESY, 3D
15N-separated HNHA, 30"N/13C-edited NOESY, 4D'N/13C-edited
NOESY and 4D3C/*3C-edited NOESY. All the data were processed
on a Sun UltraSPARC workstation using nmrPipe software (Delaglio
et al, 1995). In the acquisition dimension, all data sets were processed
identically. A solvent suppression filter was applied to the time domain
data, followed by apodization with a 66° shifted squared-sine-bell
window, zero-filling to the next power of 2, Fourier transformation and
phasing. The data were apodized in t2 by a 72° shifted sine-bell window
prior to zero-filling to 256 complex points, Fourier transformation and
phasing. The processed spectra were analyzed by the PIPP program
(Garrettet al., 1991).

Structure calculations

The structure of dsRBD was calculated on a SGI Indigo2 R10000
workstation using a modified protocol (Nilgesal., 1988), which makes
use of the program X-PLOR (version 3.2) (Bger, 1993). The target

in sample preparations indUdmg protein concentration, as function that is minimized during simulated annealing (SA) is comprised
mentioned above, buffer conditions, pH and other factors. of quadratic harmonic potential terms for covalent geometry, square-

For example, we have observed that bacterially over- well quadratic potentials for the experimental distance and torsion angle

expressed PKR and dsRBD, unless rigorously purified,
can be contaminated by nucleic acids, and that dsRBD
can self-associate through oxidation of cysteines (J.Qin
et al,, unpublished results).

It has long been established that PKR can be activated
by low concentrations of dsRNA, while being inhibited
by higher dsRNA concentrations (Willianet al., 1979).
This appears explainable based on our structural model.
While both dsRBMs are involved in dsRNA binding, the
RNA-binding site in dsSRBM2 appears less well conserved
than that in dsRBM1 as compared with other dsRBMs
(Figure 4), which is consistent with dsRBM2 having lower
affinity than dsRBM1 (Green and Mathews, 1992; Schmedt
et al., 1995). Hence, at lower dsRNA concentrations, the
higher affinity dsRBM1 may first anchor to dsRNA and
facilitate the cooperative dsRNA binding to lower affinity
dsRBM2; however, once both dsRBMs are bound to
dsRNA, addition of higher concentrations of dsRNA
would no longer bind to PKR as shown before (Carpick
et al, 1997), probably due to the saturation of the two
RNA-binding sites in the wrap-around conformation. This

restraints, harmonic potentials for tR&ua coupling constant (Garrett

et al, 1994), andC, and*3C; secondary chemical shifts (Kuszewski

et al, 1995) and a quadratic van der Waals repulsion term for the non-
bonded contacts. No hydrogen bonding, electrostatic or 6-12 Lennard—
Jones empirical potential energy terms were included in the target
function. Hydrogen bonding restraints, which account for the slowly
exchanging backbone amide protons in regular secondary structure
regions, were only included in the calculation during the final stage of
refinement. A total of 3215 experimental restraints were used in the
structure calculation. These include 2580 NOE distance restraints, 146
hydrogen bond restraints, 13 27 x, derived from 33 stereospecific
assignments, 13%,yya values, 175 ¢ and 157 @ shifts. The distance
restraints were grouped into four distance ranges, 1.8-2.5 , 1.8-3.5,
1.8-5.0 and 1.8-6.0 A, corresponding to strong, medium, weak and very
weak NOEs.@ and x; were derived from the coupling constants and
NOE data, and the minimum ranges employed werks° and +20°
respectively (Nilgeset al, 1990). Thirty final SA structures were
generated, and the detailed statistics are shown in Table I.
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