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Scaffolding proteins are required for high ®delity assembly of most high
T number dsDNA viruses such as the large bacteriophages, and the her-
pesvirus family. They function by transiently binding and positioning the
coat protein subunits during capsid assembly. In both bacteriophage P22
and the herpesviruses the extreme scaffold C terminus is highly charged,
is predicted to be an amphipathic a-helix, and is suf®cient to bind the
coat protein, suggesting a common mode of action. NMR studies show
that the coat protein-binding domain of P22 scaffolding protein exhibits a
helix-loop-helix motif stabilized by a hydrophobic core. One face of the
motif is characterized by a high density of positive charges that could
interact with the coat protein through electrostatic interactions. Results
from previous studies with a truncation fragment and the observed salt
sensitivity of the assembly process are explained by the NMR structure.
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Introduction

The protein components of macromolecular
structures are often thought to simply bind to one
another spontaneously (by ``self assembly'') once
they are properly folded, but in some cases still
other proteins are required to catalyze such assem-
bly reactions. The viral scaffolding proteins are the
best understood catalysts of protein polymerization
(Casjens & Hendrix, 1988; King & Chiu, 1997).
These proteins co-assemble with viral coat proteins
to form an intermediate structure, called a procap-
sid, in which the scaffolding protein is found within
an external shell of icosahedrally arranged coat pro-
tein subunits. In a subsequent step the scaffolding
protein molecules are released, leaving a coat pro-
tein shell that could not have assembled by itself.
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Such catalysts of macromolecular assembly may
well be required more frequently than is currently
suspected, since analysis of the components present
in a mature structure gives no hint that it might not
have been able to assemble by itself.

The bacteriophage P22 scaffolding protein was
the ®rst to be discovered and is the best studied
scaffolding protein (King & Casjens, 1974;
Prevelige et al., 1988). In vivo, the absence of scaf-
folding protein results in incorrect assembly of coat
protein into improperly sized and asymmetric
aberrant structures and in the failure of other
minor capsid proteins to be incorporated into the
structure (King & Casjens, 1974; King et al., 1973;
Bazinet & King, 1988). In vitro, scaffolding protein
nucleates co-assembly of scaffolding and coat pro-
teins into procapsid-like structures at coat protein
concentrations too low to assemble alone
(Prevelige et al., 1988, 1993). The P22 procapsids
contain 250-300 molecules of internal scaffold and
a capsid shell built from about 420 molecules of
coat protein in a T � 7 icosahedral arrangement
(King & Casjens, 1974; Eppler et al., 1991; Thuman-
Commike et al., 1996). All the scaffolding protein
molecules are released intact at about the time
DNA enters the capsid and can be reused in at
# 2000 Academic Press
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least ®ve more rounds of procapsid assembly
(King & Casjens, 1974; Casjens & King, 1974); thus
the P22 scaffolding protein is a true catalyst of
macromolecular assembly. This strategy of procap-
sid assembly and subsequent packaging of DNA
into these structures is used by many dsDNA
viruses including the herpesviruses, other tailed
phages, and probably the adenoviruses (Casjens,
1997). In some cases, for example bacteriophages
T4, lambda, and herpesvirus, the scaffold is proteo-
lytically degraded as it is released from the procap-
sid and so causes proper coat assembly, but does
not function catalytically.

The P22 scaffolding protein is 303 amino acid
residues in length and is rich in hydrophilic amino
acids (Eppler et al., 1991). A structural model in
which mainly helical segments are connected by
turns and random coil with no buried, hydro-
phobic core best explains the available biophysical
analyses and secondary structure predictions
(Tuma et al., 1996). In solution, at physiological
concentrations, scaffolding protein exists in mono-
mer-dimer-tetramer equilibrium, and the dimer is
thought be rod-shaped with an axial ratio of 10:1
(Parker et al., 1997a). The P22 scaffolding protein
contains a number of functional domains: residues
1-74 include a post-transcriptional autoregulatory
domain (Eppler et al., 1991; Casjens & Adams,
1985); residues 1-245 contain the dimerization and
tetramerization domains (Parker et al., 1998); resi-
dues 200-250 appear to be required for recruiting
minor proteins into the procapsid (Greene & King,
1996). The C-terminal region of the scaffolding pro-
tein is responsible for binding to coat protein.
Removal of the C-terminal 11 residues abolishes
coat protein binding whereas a synthetic peptide
corresponding to the last 29 amino acid residues
shows coat protein binding activity (Parker et al.,
1998; P. Weigele, L. Sampson & S. C., unpublished
results). Little is known concerning the functional
domain structure of any other viral scaffolding
proteins, except that herpesvirus scaffolding pro-
teins' coat protein-binding sites are also about 25
amino acid a-helical regions which reside near the
C termini of those proteins (Beaudet-Miller et al.,
1996; Hong et al., 1996). The inherent ¯exibility and
tendency to oligomerize has made structural anal-
ysis of scaffolding proteins challenging.

We describe here the solution structure of the
C-terminal coat protein-binding domain of P22
scaffolding protein. A truncated scaffolding protein
consisting of residues 238-303 was cloned,
expressed and puri®ed, and its three-dimensional
structure was determined by multidimensional
NMR methods.

Results

Assembly activity of the truncated
scaffolding protein

The 238-303 fragment retains coat protein-bind-
ing activity both in vivo and in vitro. In vivo, pro-
capsid-like particles containing 238-303 fragment
are assembled when cells expressing this fragment
are infected by phage carrying a nonsense
mutation in the scaffolding protein gene (P.W.,
unpublished results). In vitro, puri®ed scaffolding
protein can enter and bind to empty procapsid
shells from which the scaffolding proteins have
been removed (Greene & King, 1994). The 238-303
fragment can also bind to procapsid shells (data
not shown). In vitro, this scaffolding fragment
induced rapid polymerization of the coat protein
as indicated by an increase in turbidity. Samples of
the in vitro assembly reaction were sedimented
through sucrose gradients, fractionated, and ana-
lyzed by SDS-PAGE as described previously
(Parker et al., 1997b, 1998; Prevelige et al., 1988).
Some procapsid-like particles were assembled,
although the vast majority of assembly products
were faster-sedimenting aberrant structures which
contained the fragment (data not shown). Taken
together, these results indicate that the 238-303
fragment retains the ability to bind to the coat pro-
tein in a physiologically relevant manner, despite
the removal of nearly 80 % of the protein from the
amino-terminal end.

Multimeric state of the scaffolding protein

Oligomerization of the scaffolding protein
appears to be part of the control mechanism for pro-
capsid assembly (Parker et al., 1997a), and it has
been suggested that decreased ability to oligomer-
ize might cause the assembly of aberrant particles.
Therefore, we determined whether the residue
238-303 fragment is capable of self-association. Sedi-
mentation equilibrium analytical ultracentrifuga-
tion, conducted at pH 7.6, 20 �C, revealed that the
238-303 fragment only weakly self-associates to
dimers. The dissociation constant of 4400 (�14) mM
is in contrast to the 78 mM (Parker et al., 1997a)
obtained for dimerization of the full-length scaffold-
ing protein consistent with the suggestion that scaf-
folding protein oligomerization plays an important
role in form determination.

Sequence-specific NMR assignments and
secondary structure

The sequence-speci®c assignments for the uni-
formly 15N-labeled scaffolding protein C-terminal
functional domain (residues 238-303 plus an ala-
nine at position 237 introduced during cloning)
have been completed using established procedures
that exploit through-space and through-bond cor-
relations (Whthrich, 1986) in H2O solutions. These
correlations were obtained from a combination of
2D-NOESY, 2D-TOCSY, and 15N edited 3D-
NOESY-HSQC and 3D-TOCSY-HMQC measure-
ments. The 3D NMR measurements were particu-
larly useful in facilitating the sequential
assignments for the N-terminal half of the mol-
ecule, since the signals from this region were more
crowded. A representative strip plot from the 15N
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edited 3D-NOESY-HSQC, showing sequential con-
nectivities from residues 283 to 290, is shown in
Figure 1. The HSQC spectrum is supplied as a sup-
plementary Figure, F1 (residues 237 and 238 did
not exhibit peaks in the HSQC spectrum, presum-
ably due to considerable disorder at the N termi-
nus). The complete chemical-shift assignments
of the scaffolding protein 239-303 fragment have
been deposited with the BioMagResBank (http://
www.bmrb.wisc.edu, BMRB accession number
4289) (Sun & Krishna, 1999).

The secondary structure elements of this scaf-
folding protein fragment were established by the
unique NOESY contacts and 3JNH couplings
(Figure 2). A helix-loop-helix motif is present at the
C terminus of the protein and consists of 32 resi-
dues (S269-K300). The ®rst a-helix has 4.2 turns
(S269-A283) and the second a-helix has 3.3 turns
(E289-K300). The loop consists of ®ve residues
from A284 to D288. The N-terminal segment from
R240 to T267 has a relatively extended structure
characterized mainly by long stretches of
daN(i,i � 1) contacts, with some weak dNN contacts
in the region 254 to 266. It does not show any
long-range contacts to the C-terminal half of the
molecule. Although this may be caused by the
truncation, such a ¯exible extended region could
account for the observation that while the coat pro-
tein-binding domain of the scaffolding protein is
anchored to icosahedrally symmetrical positions in
the procapsid shell, the bulk of the protein does
not display icosahedral symmetry.

Discussion

Description of structures

Since the N-terminal 28 residues of the 66 amino
acid scaffolding protein fragment have a relatively
extended structure with no long-range NOE
Figure 1. Typical example of
strips from the 3D 15N-edited
NOESY-HSQC spectrum of the
scaffolding protein 238-303 frag-
ment. Sequential connectivities for
residues 283-290 are shown. The
15N frequency (ppm) for each plane
is shown at the top.



Figure 2. Summary of NMR data
for the scaffolding protein 238-303
fragment. NOESY contacts are
shown as ®lled bars. The relative
strength of the sequential NOESY
contacts is indicated by the thick-
ness of the bars. In the case of pro-
line residues, the d protons are
substituted for the amide protons.
Vicinal coupling constants are indi-
cated by (&) for 3JHNa < 7 Hz and
(&) for 3JHNa > 8 Hz. Regions
where sequential connectivities
could not be con®rmed due to res-
onance overlap are indicated by a ?
mark.

Table 1. Structural statistics for the family of 35 struc-
tures, hSAik
r.m.s. deviations from experimental distance restraints (AÊ )

All (371) 0.020
Sequential (ji ÿ jj � 1) (114) 0.007
Short-range (1 < ji ÿ jj45) (108) 0.006
Long-range (ji ÿ jj > 5) (40) 0.004
Intraresidues (81) 0.040
Hydrogen bond (28) 0.009

r.m.s. deviations from experimental dihedral restraints
Dihedral restraints (31) 0.085

Mean energies
Eall (all) (kcal molÿ1) 52.00
Erepel (kcal molÿ1) 0.705
Ecdih (kcal molÿ1) 0.021
EL-J (kcal molÿ1)a ÿ174.5

Deviations from idealized covalent geometry
Bonds (AÊ ) 0.001
Angles (deg.) 0.459
Impropers (deg.) 0.360

% Residues (non-Gly and non-Pro) in
most favored and additional allowed
regions of the Ramachandran plotb

100

hSAik are the ®nal 35 simulated annealing structures. The
structural statistics were calculated for residues 264 to 303
forming the helix-loop-helix structure. None of the structures
exhibited inter-proton distance violations greater than 0.3 AÊ

and dihedral angle violations greater than 3 �. The torsion angle
restraints consist of 26 f and ®ve w1 angles. No restraints were
employed for the angle c.

a EL-J is the Lennard-Jones/van der Waals potential calcu-
lated using CHARMm empirical energy function.

b Ramachandran plot statistics calculated using Procheck.
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contacts to the C-terminal half, only the C-terminal
40 residues were subjected to the structural stat-
istics calculations (Table 1). Figure 3 shows a
superposition of the 15 lowest energy structures
from the ®nal ensemble of 35 simulated annealing
structures. Some selected hydrophobic side-chains
are also shown in the Figure. The structures consist
of two a-helices that are connected by a short loop
of ®ve amino acid residues, with the two helices
oriented nearly antiparallel to each other. The ®ve-
residue loop causes a near 180o turn in the poly-
peptide chain. The r.m.s.d. for the 35 backbone
structures with respect to the average coordinates
is 0.63 AÊ (S269-K300), 0.70 AÊ for the ®rst helix
(S269-A283), 0.56 AÊ for the second helix (V289-
K300), and 0.55 AÊ for the loop (S284-D288). A sum-
mary of the structural statistics is provided in
Table 2.

The loop consists of residues 284 to 288, of
which the ®rst four residues form a type I b-turn.
The ®fth residue in the loop, D288, extends the
b-turn allowing the necessary conformational free-
dom for the helices to associate along their lengths.
It is interesting to note that the ®rst residue in the
second helix, V289, which is located near the end
of the loop, has solvent-exposed methyl groups
which could participate in a site-speci®c hydro-
phobic interaction between this domain and the
coat protein (Figure 3).

The two helices are amphipathic. The hydro-
phobic residues I276, M280 and A283 on the
N-terminal helix and Y292, L295 and L299 on the
C-terminal helix are positioned against each other
to form a partially buried hydrophobic core
between the helices (Figure 3). A rather large num-
ber of inter-helical NOE contacts have been
observed (supplementary Figure F2). These hydro-
phobic interactions stabilize the helix-loop-helix
motif and orient the two helices. This solution
structure is in good agreement with results from
structure predictions, Raman spectroscopy, and cir-
cular dichroism (Tuma et al., 1998), and explains
our earlier observation that the deletion of the 11
amino acids at the carboxyl terminus results in the
complete elimination of coat protein-binding
activity, and the disordering of approximately 20
additional residues (Tuma et al., 1998).



Figure 3. (a) Superposition of the 15 lowest energy
structures from the family of 35 distance geometry/
simulated annealing structures of the region 264-303
from the C-terminal functional domain of the scaffolding
protein. The side-chains for residues constituting the
hydrophobic core, and for Val289 at the beginning of
the C-terminal helix are shown in purple. The N and C
stand, respectively, for the N and C-terminals of the
region. (b) Ribbon diagram of the energy-minimized
average structure, identifying the location of some of the
hydrophobic (purple) and basic (blue) residues.

Figure 4. Electrostatic potential surface for residues
264-303 from the C-terminal functional domain of the
scaffolding protein. The potentials are shown at �5 kT
with positive surfaces in blue and negative surfaces in
red. The coat protein-binding domain is viewed from
the C-terminal end (a), and from the N-terminal end (b).
The charged residues are identi®ed.
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Electrostatic potential surfaces

A striking feature of this structure is the high
density of charged residues on the outer surface of
the C-terminal helix. Figure 4 shows the electro-
static potential surface of the protein obtained from
a DELPHI calculation (Nicholls et al., 1991; Honig
& Nicholls, 1995). Five basic residues (R293, K294,
K296, K298 and K300) are located on the outer face
of the 12-residue C-terminal helix, and R303 is also
located on this face. Such a positively charged sur-
face might facilitate binding to the coat protein
through electrostatic interactions, and may explain
the observation that high concentrations of NaCl
inhibit scaffolding/coat protein binding (Parker &
Prevelige, 1998). The deletion of the C-terminal 11
residues from the scaffolding protein eliminates the
positively charged surface, and may also explain
the concomitant loss of coat protein binding
activity. Even though the N-terminal helix has
three positively charged residues (K273, R277 and
K278), it also has three negatively charged residues
Table 2. r.m.s.d to the averaged coordinates (AÊ )

Residues Backbone All heavy atoms

269-283 0.695 1.158
284-288 0.545 1.026
289-300 0.561 1.197
269-300 0.633 1.165

De®ned as average r.m.s. difference between the ®nal 35
simulated annealing structures and the average structure. The
average structure was computed from the individual structures
after best-®t superposition of residues 269-300.
(D267, D274 and D281). The loop consists of two
charged residues (K286, D288), and is followed by
a solvent-exposed hydrophobic residue, V289,
which is the ®rst residue in the second helix.

Electrostatic interactions are somewhat non-
speci®c, especially when they do not involve a
single pair of oppositely charged residues. How-
ever, this type of interaction, active over long dis-
tances, would serve well for the initial recognition
and binding events. In order to lock the scaffolding
and coat proteins into a speci®c interaction (or a
small set of appropriate interactions), it might be
necessary to provide additional, more speci®c
binding surfaces, perhaps through hydrophobic
interactions. The solvent-exposed valine at position
289 might function in this way.

Structural homology

The helix-loop-helix motif found in the C-term-
inal functional domain is distinct from the helix-
turn-helix motif that is found in many DNA- and
calcium-binding proteins, in which the two helices
are perpendicular. A DALI (Holm & Sander, 1993,
1995) search was performed to identify helix-loop-
helix motifs in known proteins that are structurally
similar to that observed here in the coat protein-
binding domain of the scaffolding protein. Because
the coat protein-binding domain may be an iso-
lated structure connected to the rest of the protein
by a ¯exible region, we considered only matching
structures signi®cant if they were composed of a
single stretch of contiguous amino acid residues.
Using these criteria, the scaffolding coat-binding
domain displays structural homology to the a-heli-
cal zig-zag structures of TPR1 (tetratricopeptide
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repeat) domain of the human protein phosphotase
PP5 (Z � 2.8, r.m.s.d.� 2.1 AÊ for G266-I302 w.r.t.
A21-L57 in PP5) (Das et al., 1998) and a similar
domain of the clathrin heavy chain (Z � 2.5,
r.m.s.d.� 2.0 AÊ for A271-I302 w.r.t. G359-G390 in
clathrin) (ter Harar et al., 1998). Superposition of
the coat protein-binding domain on these struc-
tures revealed very good agreement in the disposi-
tion of the helices and the loop. For example,
residues S269 to K300 of the scaffolding protein
show alignment with residues A24 through I55 of
the TPR1 domain of PP5 protein with an average
r.m.s.d. of 1.40 AÊ . It has been proposed that both
of these elements are involved in modulating tran-
sient protein/protein interactions. TPR domains
are generally presented in tandem arrays of 3-16
helix-turn-helix motifs which form a scaffold for
protein/protein interactions. The a-zig-zag is a
repeated array which forms a ¯exible linker region
of the clathrin heavy chain connecting the C-term-
inal domain to the distal leg and may also serve to
bind interacting proteins. Unlike these structures in
which the motif is repeated in tandem, the region
immediately adjacent to this motif in the coat pro-
tein-binding domain of the scaffolding protein
appears to be unstructured, and based on previous
spectroscopic studies is likely to remain so upon
binding. Perhaps the use of a single binding
domain allows for the rapid release of the scaffold-
ing protein during DNA packaging.

Conclusions

Here, we have determined the detailed structure
of the C-terminal functional domain (coat protein-
binding portion) of the phage P22 scaffolding pro-
tein by multidimensional NMR spectroscopy. The
functional domain structure consists of a highly
charged, helix-loop-helix structure that has struc-
tural similarity to motifs in several other proteins
that participate in transient macromolecular inter-
actions. Although scaffolding protein has only one
of these motifs and these other proteins have mul-
tiple tandem motifs, it is of interest to note that the
scaffolding protein dimer only appears to interact
with coat protein when both subunits of the dimer
carry this domain. Thus, it is possible that as has
been suggested in the other cases, partner proteins
bind through interactions with two adjacent helix-
loop-helix motifs. Or, perhaps the use of a single
binding domain allows for the rapid release of the
scaffolding protein during DNA packaging. The
fact that this domain may be attached to the rest of
the dimeric scaffolding protein by an unstructured
``linker'' suggests that part of the role of scaffold-
ing protein may be simply to bring two coat pro-
tein molecules into close proximity, without
dictating an exact spatial juxtaposition, but more
detailed information on how the scaffolding func-
tion operates may have to await additional struc-
tural information about the participating proteins.
Materials and Methods

Protein expression and purification

A plasmid encoding residues 238-303 of the P22 scaf-
folding protein was created by polymerase chain reac-
tion ampli®cation using genomic DNA from P22 strain
c1-7, 13ÿamH101 as a template. Two oligonucleotide pri-
mers, GACGATGCATATGGCTCTCACTCGACTATCC-
GAACGC and GTAGAGAGGATCCTTGGAGTGATTG
CGGAGATG (NdeI and BamHI sites underlined) were
used to amplify a fragment that encodes residues 238
through 303 and 165 base-pairs of P22 sequence 30 of the
scaffolding protein termination codon. In addition, these
primers created an NdeI site immediately 50 to codon 238
(Leu CTC), as well as a BamHI site 30 of the scaffolding
protein gene. This ampli®ed DNA was cleaved with
NdeI and BamHI, ligated into similarly cleaved plasmid
pET3a (Studier et al., 1990) and used to transform CaCl2-
treated competent Escherichia coli strain NF1829 (Shultz
et al., 1982 ). Minilysates of ampicillin-resistant transfor-
mants were screened for plasmids with correctly sized
DNA inserts.

In addition to encoding residues 238-303, this gene con-
tains a methionine start codon followed by an alanine
codon. Electrospray ionization mass spectroscopy of the
puri®ed (non-isotopically labeled) protein gave a molecu-
lar weight of 7271.5 Da, in good agreement with the pre-
dicted value of 7272.4 for the protein with the
N-terminal methionine removed (Flinta et al., 1986). This
was con®rmed by six cycles of N-terminal protein sequen-
cing. The uniformly 15N labeled 67-residue protein was
expressed in E. coli grown in M9 minimal media (Miller,
1992) containing 1 g/l 15NH4Cl as the sole nitrogen
source; unlabeled protein was produced using LB med-
ium. Cells were lysed by repeated freeze-thaw cycles,
treated with DNase I, and centrifuged as described pre-
viously (Prevelige et al., 1988). A solution of EDTA to a
®nal concentration of 10 mM was added to the super-
natant and the lysate was loaded onto two 5 ml Hi-Trap
SP columns (Pharmacia) connected in series. The column
was washed with several volumes of buffer B (50 mM
Tris, 25 mM NaCl, 2 mM EDTA, pH 7.6), and the protein
was eluted with a linear gradient of 100-250 mM NaCl in
buffer B. Fractions were dialyzed into buffer C (50 mM
sodium acetate, 2 mM EDTA, pH 5.5) and then loaded
onto 5 ml High-Trap Q and SP columns connected in
series. After washing with buffer C, the Q column was
disconnected and the protein was eluted from the SP col-
umn with buffer C containing 250 mM NaCl. The protein
was concentrated to approximately 2 ml, dialyzed into
degassed water, and lyophilized with buffer as described
previously (Greene & King, 1994). One liter of culture
yielded 8-9 mg of protein of >95 % purity.

Analytical ultracentrifugation

Analytical ultracentrifugation was performed essen-
tially as described previously (Parker et al., 1998; Tuma
et al., 1998), using loading concentrations of 1.3, 2.7, and
5.4 mg/ml, rotor speeds of 40,000, 44,000, and 48,000
revs/min, and detection at 277 nm. Extinction co-
ef®cients, measured using the method of Gill & von
Hippel (1989) were 0.19 (�0.003) and 0.21 (�0.003) ml
mgÿ1 cmÿ1 at 280 and 277 nm, respectively.
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NMR spectroscopy

Both the labeled and unlabeled proteins were reconsti-
tuted at a concentration of approximately 1.1 mM at
pH 4.4 in either 90 % H2O/10 % 2H2O or 99.9 % 2H2O
solutions. Samples contained the following protease
inhibitors (Boehringer Mannheim): antipain (73 mM),
aprotinin (0.3 mM), bestatin (13 mM), chymostatin
(10 mM), E-64 (28 mM), leupeptin (1 mM), Pefabloc
(40 mM), pepstain (1 mM), and phosphoramidon (7 mM),
as well as 0.02 % (w/v) sodium azide.

NMR measurements were carried out at 20 �C on a
Bruker AM600 (600 MHz), a Bruker AVANCE 600 (600
MHz) and a Varian Inova 600 (600 MHz) spectrometer.
The NMR experiments performed include 2D-COSY,
NOESY, TOCSY, 15N-1H HSQC, 3D 15N-1H HMQC-
TOCSY and 3D 15N-1H HSQC-NOESY. In order to
resolve some of the overlapping peaks, 2D NOESY
experiments were also performed at 10 �C and 30 �C on
the AM600 spectrometer.

Structure calculations

The f angle restraints were obtained from the pH-
COSY with f � ÿ 55(�45) � for 6.0 Hz43JNH < 7.0 Hz,
and f � ÿ 55(�30) � for 3JNH < 6.0 Hz. They were sup-
plemented with 3JNH calculated from the linewidth of
amide protons in the NOESY and TOCSY spectra (Wang
et al., 1997). Four additional f angle restraints were
obtained by this method. In this case, restraints of
f � ÿ 55(�45) � for 3JNH < 6.0 Hz, and f � ÿ 120(�40) �
for 3JNH > 9.0 Hz were used. The w1 angle restraints,
ÿ60(�60) �, 60(�60) �, or ÿ180(�60) �, were determined
from the 3Jab and 3Jab0 coupling constants in the DQF-
COSY in 2H2O, together with NH-Hb, NH-Hb0, Ha-Hb

and Ha-Hb0 NOE patterns. No angle restraints were used
for the glycine residues.

The 100 ms and 200 ms NOESY experiments were
used to determine the NOE restraints. NOE restraints
were grouped into four categories, strong (1.8-2.7 AÊ ),
medium (1.8B3.3 AÊ ), medium to weak (1.8-4.0 AÊ ), and
weak (1.8-5.0 AÊ ), based on the cross-peak intensities at
short mixing time (WuÈ thrich, 1986; Driscoll et al., 1989;
Montelione et al., 1992). Pseudo atom corrections were
used for the non-stereospeci®cally assigned atoms
(WuÈ thrich, 1986) and tight restraints were used for
methyl groups (Knoning et al., 1990). The structure
re®nement calculations were performed with the
XPLOR/QUANTA/CHARMm package (Molecular
Simulations, Inc.). The structures were ®rst calculated
without any hydrogen bond restraints. By inspecting the
resulting structures, the hydrogen bond restraints were
introduced in the ®nal re®nement only for those second-
ary structural region backbone amide protons with
obvious acceptor oxygen atoms. The solution NMR
structures were generated using a hybrid method, con-
sisting of distance geometry combined with dynamical
simulated annealing (Driscoll et al., 1989) with some
minor modi®cations (Lee et al., 1994). A total of 14
hydrogen bond pairs (two restraints per pair) were intro-
duced when supported by NOESY evidence. A total of
100 structures were generated of which 35 ®nal struc-
tures with NOE distance violations of less than 0.3 AÊ

and dihedral angle violations of less than 3 �, designated
as hSAik, were selected. The average structure (SA) was
obtained by taking the averages of the atomic coordi-
nates of these accepted structures. This structure was
subjected to further energy minimization to remove
bond length and bond angle distortions and to obtain
the ®nal energy minimized average structure, hSAikr.

Data Bank accession numbers

The coordinates for the 35 simulated annealing struc-
tures and the restrained energy minimized average struc-
ture have been deposited in the RCSB Protein Data Bank
(PDB ID codes 1gp8 and 2gp8). The chemical shifts have
been deposited with the BioMagResBank (http://
www.bmrb.wisc.edu, BMRB accession number 4289).
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