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Abstract

The mechanism ofb-sheet formation remains a fundamental issue in our understanding of the protein folding process,
but is hampered by the often encountered kinetic competition between folding and aggregation. The role of local versus
nonlocal interactions has been probed traditionally by mutagenesis of both turn and strand residues. Recently, rigid
organic molecules that impose a correct chain reversal have been introduced in several small peptides to isolate the
importance of the long-range interactions. Here, we present the incorporation of a well-studiedb-turn mimic, designated
as the dibenzofuran-based~DBF! amino acid, in the B1 domain of streptococcal protein G~B1G!, and compare our
results with those obtained upon insertion of the same mimic into the N-terminalb-hairpin of B1G~O Melnyk et al.,
1998,Lett Pept Sci 5:147–150!. The DBF-B1G domain conserves the structure and the functional and thermodynamical
properties of the native protein, whereas the modified peptide does not adopt a native-like conformation. The nature of
the DBF flanking residues in the modified B1G domain prevents theb-turn mimic from acting as a strongb-sheet
nucleator, which reinforces the idea that the nativeb-hairpin formation is not driven by theb-turn formation, but by
tertiary interactions.

Keywords: activity; b-turn mimic; dibenzofuran; domain B1 of protein G; folding; protein engineering; stability;
structure

Understanding how a protein folds into its native form still remains
a question of fundamental interest for the de novo design of pro-
teins. Peptide studies ona-helix derived fragments support the
framework model, with secondary structure elements formed dur-
ing the initiation of the protein folding process~Dyson et al., 1988;
Freund et al., 1996!, and have laid the basis for the estimation of
a-helix propensity of various peptides~Muñoz & Serrano, 1994a,
1994b!. The detailed understanding ofb-sheet formation, however,
has lagged behind, due to problems in generating solubleb-sheet
models that do not aggregate at the concentrations typically used
for structural studies. Present studies have essentially been limited

to b-hairpins, where the two antiparallel strands are connected by
ab-turn ~Blanco et al., 1994a; de Alba et al., 1996; Neira & Fersht,
1996; Ramírez-Alvarado et al., 1997!. A stableb-turn is thought to
act on b-sheet formation as a nucleator or initiation site, from
which the two strands apart come closer to each other residue by
residue ~de Alba et al., 1997; Muñoz et al., 1997; Ramírez-
Alvarado et al., 1997; Sheinerman & Brooks, 1998!. The com-
bined knowledge of these studies has only very recently led to two
soluble mini-proteins that adopt a stableb-sheet in solution
~Kortemme et al., 1998; Schenck & Gellman, 1998!.

To impose a suitable chain reversal and a correct hydrogen
bonding pattern of the directly attached amino acids allowing the
formation of the first stabilizing hydrogen bond of theb-sheet, a
myriad of syntheticb-turn mimics have been designed and eval-
uated on their capacity to nucleateb-sheets in small peptides~Baca
et al., 1993; Kemp & Li, 1995; Nesloney & Kelly, 1996a, 1996b!.
One example is the dibenzofuran-basedb-turn mimic ~Fig. 1B!
designed by Díaz and Kelly~1991! that has been thoroughly char-
acterized and successfully incorporated into several small peptides
~Díaz et al., 1992, 1993a, 1993b; Tsang et al., 1994!.

We recently have set out to incorporate thisb-sheet nucleator
into a real protein environment as defined by the existence of a full
tertiary structure. Scyllatoxin, a 31 amino acid scorpion toxin with
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a disulfide bridge stabilizeda0b scaffold ~Martins et al., 1995!,
obeyed our initial constraints placed upon the protein model, as
were~1! a small size compatible with peptide synthesis and NMR
analysis,~2! the presence of the major secondary structure ele-
ments folded into a stable tertiary structure,~3! a solvent exposed
b-turn, and~4! an easily detectable biological activity dependent
upon the integrity of the structural organization of the protein but
not directly involving the amino acids present in theb-turn. The
chemical synthesis and refolding of the modified protein were
successful, proving that the DBF mimic is compatible with a full
protein structure~Jean et al., 1998!. However, the presence of three
disulfide bridges, crucial for the stability of scyllatoxin, seriously
hampered our next objective, which was to evaluate its ability to
stabilize the resulting protein.

We therefore turned our attention to a second protein model,
devoid of such factors as proline residues, disulfide bridges, or
cofactors, that can influence potentially the folding and stability of
the molecule. A model of choice is the B1 domain of the strepto-
coccal protein G~B1G!, a 56 amino acid protein with a high
thermal stability~878C at neutral pH! over a wide pH range~2–
11!. The structure, composed of a four-strandedb-sheet, on top of
which lies a longa-helix, has been extensively used for structure
and folding studies, by various spectroscopic techniques~Gronen-
born et al., 1991, 1996; Alexander et al., 1992b; Frank et al., 1995!,
by dissection into peptides~Blanco et al., 1994a, 1994b, 1997;
Blanco & Serrano, 1995!, and by theoretical approaches as well
~Sheinerman & Brooks, 1997, 1998!. From those studies, a con-
sensus model has arisen, with initial formation of the C-terminal
b-hairpin, consequent formation of thea-helix and final formation
of the compact native state. Of particular interest is the high flex-

ibility of the isolated N-terminal fragment of B1G in aqueous
solution~Blanco et al., 1994a!, with two local low populated chain
bends involving residues 8–9 and 14–15, a structure that is differ-
ent from the final folded state of that region in the protein. Our first
effort to enforce a correct chain bending by inserting in the
N-terminal fragment the DBF-based mimic at the position of the
native type Ib-turn motif failed, because the hydrophobic nature
of the mimic led to various non-native contacts and probably to ag-
gregation~Melnyk et al., 1998!. The present study, therefore, was
aimed at answering two questions:~1! can the cooperativity of the
protein folding process overcome the problems encountered upon
insertion of the mimic in the N-terminal peptide, and~2! can we eval-
uate the extent to which the mimic stabilizes or not the B1G domain?

We have synthesized the B1G domain with a DBF-based mimic
replacing the residues 10 and 11, and report here our results on
the synthesis and folding of the resulting molecule. The confor-
mational properties of the DBF-B1G molecule have been exam-
ined by CD and1H-NMR. The modified protein adopts the native
protein conformation, but is locally affected by the mimic inser-
tion. Comparison with the native and the modified N-terminal
peptides reinforces the idea that tertiary interactions constitute the
driving forces of the folding of the B1 domain of the streptococcal
protein G.

Results

Synthesis

Despite its more important size, the synthesis of DBF-B1G was
more efficient than that of the DBF-scyllatoxin~Jean et al., 1998!.

A

B

Fig. 1. A: Sequence of the native domain B1 of protein G, of the dibenzofuran-based protein and of the
DBF-basedb-sheet derived peptide. The first methionine residue is removed but the residue numbering
of protein G is kept for convenience. The secondary structure of the native protein is schematized below
the protein sequence. The DBF-based amino acid replaces the two internal residues of the type Ib-turn
~Lys10–Thr11! of the N-terminalb-hairpin and is surrounded by residues Gly9 and Leu12.B: Formula
of the dibenzofuran-basedb-turn mimic ~DBF! flanking with the two amino acid residues. Thex1, x2
dihedral angles are indicated.
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The yield of chain assembly for the modified protein~30%! is
slightly lower than for the native protein~36%!, while for the
modified scyllatoxin~25%! it was severely reduced compared to
the native yield~60%!. The hydrophobic and rigid nature of the
DBF moiety is probably responsible for the decrease of the acces-
sibility of the reactive amine function to the active ester, thereby
reducing the coupling efficiency. The success of the DBF-B1G
synthesis over the DBF-scyllatoxin’s is related to the location of
the modifiedb-turn in the peptidic sequence. In contrast to scyl-
latoxin, the modifiedb-turn in B1G is close to the N-terminal end
and, therefore, incorporation of DBF affects only the last steps of
the solid phase peptide synthesis.

The crude product of the synthesis dissolved in 6 M Gdn{Cl was
analyzed by RP-HPLC. The major peak has the expected decon-
voluted molecular mass of 6,100.0 Da. The purification process
involved slow dialysis against water, preparative HPLC on CN and
C18 columns, and finally, a step of ion exchange chromatography
~Fig. 2!. The purified peptide was analyzed by RP-HPLC, capillary
electrophoresis, electrospray mass spectroscopy, and amino acid
analysis. Five milligrams of the purified product after desalting
were obtained for the functional and structural characterization by
CD and NMR spectroscopies.

Monomeric state

To test the possibility of aggregation or oligomer formation, line
widths measured on a high-resolution 1D spectrum, chemical shift
variations as measured in 2D TOCSY experiments and transla-
tional self-diffusion coefficients measured with the pulsed field-
gradient LED sequence~Altieri et al., 1995! were monitored as a
function of protein concentration. At 298 K and pH 3.3, these
parameters remained essentially constant between 1.2 and 0.1 mM.
At this latter concentration, the diffusion coefficient of the DBF-
B1G protein was only 9% slower than that of the native synthetic
protein ~1.41 3 10210 m2 s21 for the B1 domain and 1.303
10210 m2 s21 for the B1G-DBF molecule!. CD measurements at
concentrations between 120 and 1.5mM did show only marginal
differences~data not shown!, and, more importantly, the wave-
length of maximal absorbance~280 nm! of all aromatic signals,
with a major contribution of the DBF aromatic ring~17,797
mol21 cm21, compared to 10,030 mol21 cm21 for the B1 domain!

did not shift over the whole concentration range. All these argu-
ments support the view that the DBF-B1G molecule is monomeric
under the conditions used for the structural analysis.

Circular dichroism

The native B1G and DBF-B1G molecules display very similar
far-ultraviolet ~UV ! CD spectra with a well-defined minimum at
208 nm and a maximum at 192 nm~Fig. 3!. This spectral identity
supports the view of the conservation of the overall secondary
structure of the latter, despite the mimic incorporation. An absorp-
tion band at 255 nm in the absorption spectrum was observed for
the modified protein, resulting from the successful incorporation of
the DBF moiety. Moreover, the observation of a slight positive
ellipticity ~150 deg cm2 dmol21!, previously assigned to the for-
mation of a cluster between the dibenzofuran moiety and the hy-
drophobic side chains of the flanking residues~Tsang et al., 1994!,
indicates that the dibenzofuran is in an asymmetric environment.
However, the signal of the near-UV is sevenfold less intense than
those observed in various DBF-peptide models, suggesting that
this hydrophobic cluster is not well defined.

1H-NMR assignment

Standard two-dimensional sequence-specific methods~Wüthrich,
1986! lead to a quasi-complete assignment of the1H-NMR spectra
of the DBF-B1G. Linebroadening was observed for the resonances
of the residues immediately flanking the mimic and prevented
assignment of the L12 and K13 residues resonances. Chemical
shifts of the proton resonances at 288 and 298 K are given in
Supplementary material in Electronic Appendix.

Conservation of the native protein structure

To check the influence of the DBF insertion on the folding of the
peptidic part of the modified protein, we compared our NMR
parameters to the structural data obtained on the native B1G do-
main ~Gronenborn et al., 1991!. The majority of backbone proton
chemical shifts did not differ by more than 0.1 ppm~Fig. 4!,
indicating an identical 3D environment. The same equivalence was

Fig. 2. Capillary zone electrophoresis profile of the B1G-DBF molecule
after preparative RP-HPLC and ion-exchange HPLC.

Fig. 3. CD analysis of the native protein G~—! and of the DBF-modified
protein G~_ _ _!. Sample conditions: 0.1 mM protein concentration, pH 3.2,
291 K in water.
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also observed for the majority of side-chain resonances. We ex-
amined in a second phase the NOE network to compare the sec-
ondary and tertiary structure of the native and modified proteins.
The extended conformation of the four nativeb-strands~Gronen-
born et al., 1991; Gallagher et al., 1994! was readily identified in
the DBF-B1G molecule on the basis of the characteristic pattern of
sequential backbone NOEs~Table 1!, and their correct pairing into
a four-strandedb-sheet was verified by the Ha-Ha contacts be-
tween residues of the different strands~Fig. 5!. The central frag-
ment 22–37 adopts a regulara-helical conformation, based on the

continuousNN~i, i 1 1! NOEs and on the presence of medium
intensityab~i, i 1 3! and weak intensityaN~i, i 1 3! connectivities
~Table 1!. In the native B1G domain, the residues between posi-
tions 46 and 51 connecting the two segmentsb3 andb4 adopt an
unusual six residueb-turn. The same irregular turn region was
identified in the DBF-B1G molecule, based on the simultaneous
presence of strong intensityNN~i, i 1 1! contacts in this region and
medium intensityaN~46,48! andaN~48,50! cross peaks.

The compact hydrophobic core of the native protein gives rise to
a dense network of NOE contacts between aromatic and aliphatic
side-chain protons~Gronenborn et al., 1991!, and the same con-
tacts were observable in the DBF-B1G molecule~Fig. 6A,B!. It
should be noted that Tyr3, Leu5, Leu7 residues on theb1 strand
and Thr16 and Thr18 residues on theb2 strand, despite their
presence on the modified hairpin, have their side chain directed to
the interior of the molecule and participate to the hydrophobic
core. We, therefore, concluded that the DBF insertion does not
noticeably disturb the hydrophobic core of the protein, which was
shown to be one of the early events in the folding~Kuszewski
et al., 1994; Park et al., 1997; Sheinerman & Brooks, 1998! and
one of the crucial elements of the protein stability~O’Neil et al.,
1995; Gronenborn et al., 1996!.

We finally performed amide exchange experiments to verify the
conservation of the native hydrogen bonds, which are equally es-
sential for the stability of the native B1G domain. Whereas the
pattern of protected amide protons, as monitored by their presence
after 12 and 36 h of exchange, is close to that of the native B1G
domain~Fig. 5! ~Orban et al., 1994, 1995!, the region around the
DBF, and noticeably the amide protons of Gln42 and Glu56, ex-
change faster than in the native B1G domain.

To further assess the conservation of the native overall structure,
binding to Fc and Fab fragments of IgG~Erntell et al., 1988! was
evaluated by a competitive ELISA test applied previously on the

Fig. 4. Amide ~n! and Ha ~▫! protons backbone chemical shift differ-
ences along the amino acid sequence, using the native B1 domain of
protein G as a reference~Gronenborn et al., 1991!. The gap in the profile
corresponds to the two internalb-turn residues Lys10 and Thr11 replaced
by the DBF-based amino acid, and by the unassigned Leu12 and Lys13
residues.

Table 1. Sequential backbone NOE connectivitiesa

aDerived from the 300 ms mixing time NOESY spectrum acquired at 288 K, pH 3.3 in H2O. Intensity of NOE cross peaks is proportionally
indicated by the height of each box. Overlapping is indicated either with an asterisk or with the diagonal~D!.
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synthetic B1G domain~Boutillon et al., 1995!. The modified pro-
tein retains its ability to bind each fragment with high affinity in
comparison to the native one.

Local effect of the mimic on the protein structure

In the modified protein, the two strandsb1 andb2 surrounding the
mimic form the native antiparallelb-sheet~vide supra!. However,
in the direct environment of the mimic, line broadening affects all
resonances from residues Ile6 or Glu15 to the mimic flanking
residues Gly9 and Leu12, respectively. We attribute this very lo-
calized line broadening probably to a conformational exchange
process at the intermediate time scale~Huang & Oas, 1995; Kap-
lan, 1996!, where the chemical shift values are modulated by the
varying ring current effect of the moving DBF aromatic moiety,
which is in a flexible but not totally disordered state. If we ex-
trapolate to the DBF-B1G molecule, the chemical shift variations
Dv observed upon insertion of the DBF mimic into scyllatoxin
~Jean et al., 1998!, and use the quadratic dependence of the line
broadening onDv, the exchange process can be estimated to occur
on the millisecond time scale.

Based on the NMR results, it is clear that the influence of the
mimic extends beyond the modifiedb-sheet central residues. Chem-
ical shift deviations of more than 0.1 ppm were observed in the
central part of the modifiedb-sheet, but also at the protein
C-terminus ~residues 54 to 56! and in the loop region at the
C-terminus of thea-helix ~residues Val39 and Gln42!.

Molecular modeling of the DBF-B1G domain

A molecular model of the DBF-B1G molecule was generated by
inserting the lowest energy conformation of the DBF moiety into
the B1G structure. Because the overall protein structure remains

conserved despite the insertion of the DBF, only the conformation
of a well-defined subset of residues in the spatial vicinity of the
mimic ~Asn8, Gly9, Leu12, Lys13, Glu56, and the stretch from
residues 34 to 40! was exhaustively explored through a torsional
angle driving procedure.

The dihedral anglesx1 and x2 around the two ethyl groups
branched at the DBF N- and C-termini, describing completely the
mimic conformation, were systematically varied, and low-energy
conformations after a minimization step were recorded. The lowest
energy regions correspond to a well-defined fork ofx2 angles
around 708, but differ in thex1 angle value~Fig 7!. They corre-
spond only to conformations where the DBF is folded onto the side
chains of Gly9 and Leu12~Fig. 8!, and hence, located on the inner
face of theb-sheet, relatively close to the side chains of Val39 and
Glu56 residues. When averaged over the allowedx1 values, we
equally observed a weakening of the first hydrogen bond after the
turn.

In the modified scyllatoxin, the two mimic flanking residues,
Ile22 and Lys25, both have long aliphatic side chains and form a
hydrophobic cluster with the dibenzofuran aromatic ring~Jean
et al., 1998!. The absence of side chain in the DBF-B1G molecule
at one DBF-flanking position is probably the reason for the ob-
served flexibility by NMR spectroscopy. To test this hypothesis,
we mutated in the DBF-B1G model the flanking glycine by an
isoleucine, whose bulky aliphatic side chain can favor the cluster
formation. The molecule DBF-B1G~I,L!MU was then subjected to
the previously described torsion angle driving procedure. The re-
sulting energy landscape along thex1 andx2 now displays unique
well-defined energy well, as observed for the DBF-modified scyl-
latoxin. Whereas the DBF moiety in the mutant polypeptide is still
folded toward the inner face of theb-sheet, the hydrophobic in-
teraction fixes the flanking residues such as to adopt the native
b-turn hydrogen bond, and changes significantly the~x1, x2!

Fig. 5. Schematic representation of the sequential and tertiary backbone connectivities and of the exchange protected amide protons
supporting the formation of the native four-strandedb-sheet. NOE connectivities are displayed by arrows. The dashed arrow recalls
the ambiguity of theaa~8,13! connectivity. Highly protected amide protons~still observed in the 36 h! are distinguished from weakly
protected amide protons~exchanged after 12 h! by straight lined boxes.
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Fig. 6. A: Aromatic–aromatic proton region of a 300 ms NOESY spectrum acquired at 288 K, pH 3.3 in D2O. Networks of intraresidue
resonances of aromatic ring protons are displayed by straight lines. Annotated boxes indicate the tertiary NOE connectivities between
aromatic side chain protons.B: Aromatic–aliphatic proton region of a 300 ms NOESY spectrum acquired at 288 K, pH 3.3 in D2O.
Straight lines along the F1 dimension indicate the nonoverlapped aromatic side-chain proton resonances. NOE cross peaks with
aliphatic residue protons are boxed and assigned. The observed NOE connectivities with the DBF aromatic protons could arise with
the dCH3 protons of the unassigned Leu12 or with theg CH3 protons of Val39.
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profile. Although thex2 value for the lowest energy conformations
is not changed by the mutation, thex1 value is now restricted
around 608 ~Fig. 7!, as it was observed upon incorporation of the
DBF moiety in scyllatoxin. It confirms that removing the side-
chain interactions with the aromatic moiety is at the basis of the
increased flexibility at the DBF N-terminus.

Thermal and pH stability of B1G and DBF-B1G domains

To test the effect of the DBF insertion on protein stability, the pH
and thermal denaturation curves of native and modified protein
were recorded by far-UV CD spectroscopy. No major change was
observed in the far-UV region upon varying the pH from 1 to 10
~data not shown!, indicating that the modified protein remains
folded at room temperature over a wide range of pH, similar to the
native protein~Goward et al., 1991!. The sigmoidal character of
the thermal denaturation curve shows the high cooperativity of the
unfolding process for both synthetic B1G and DBF-B1G domains
~Fig. 9!. Thermodynamic parameters were extracted by a fitting
procedure~see Materials and methods!, assuming aDCp value of
2.6 kJ0mol K21 as previously determined on the B1G domain
~Alexander et al., 1992a!. Compared to the synthetic B1G domain,
the modified protein seems to be slightly less thermostable with a
3 K decrease in theTm ~Table 2!. This difference can be considered
as significant, because the observedTm during unfolding and re-
folding differed by less than 1 K. The resulting value ofDDG0

~1.3 kJ0mol! at the Tm is three times weaker than the reported
values for the disruption of a single hydrogen bond~Koh et al.,
1997!, suggesting that the DBF insertion has a little effect on the
protein stability at room temperature.@It should be noted that the
synthetic B1G domain is significantly less stable than the recombi-
nant protein studied at the same pH~Tm5 353 K,DG278 K5 28 kJ0

Fig. 7. Energy profile vs. thex1 angle for DBF-B1G~G,L! ~_ _ _! and iso-
leucine mutant DBF-B1G~I,L!MU ~—!. For both B1G and DBF-B1G mol-
ecules, thex2 value of2708 corresponds to the minimal energy along the
x2 axis.

Fig. 8. A: Stereoview of the 21 minimum energy conformers of the DBF-B1G molecule obtained with the torsion angle driving
procedure. The conformers are superimposed with respect to the backbone atoms of the B1G domain drawn in gray.B,C: Detailed view
of the mimic region showing the hydrophobic cluster between the aromatic moiety with the aliphatic side chains of the flanking Leu12
and the spatially adjacent Val39 residues. Note the flexibility at the N-terminal extremity of the mimic around the Gly9 residue.
C: Detailed view of the mimic region showing the hydrophobic cluster between the aromatic moiety with the aliphatic side chains of
the flanking Leu12 and the spatially adjacent Val39 residues. Note the flexibility at the N-terminal extremity of the mimic around the
Gly9 residue.
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mol!. In fact, the recombinant protein kept its N-terminal methionine
and has been shown to be substantially more stable even at the
optimal pH ~by around 7 kJ0mol at pH 5.4! than the 55-residue
protein ~Minor & Kim, 1994a!. Moreover, the melting transition
temperature of the B1G domain is known to decrease rapidly be-
low pH 4.0 due to the increasing positive charge of the protein. So
the combination of these two factors can explain the apparent
discrepancy between our results and the literature.#

Discussion

The engineering of stable, folded, and functional polypeptides has
attracted a lot of research attention~Dalal et al., 1997; Rose, 1997;
Hellinga, 1998; Malakauskas & Mayo, 1998!, both from the fun-
damental side of understanding the interactions that govern fold-
ing, and from the applied side, to increase stability or alter function
of the resulting molecules. Recently, the notion of a kinetic com-
petition between productive folding and aggregation~Fink, 1998!
has entered the field, and understanding the factors that dominate
this competition will be of considerable interest to intervene in the
aggregation process.b-Sheet model systems, in contrast toa-helical
peptides, are particularly prone to aggregation, and only very re-
cently have two research groups succeeded to produce a soluble
mini-protein that adopts a stableb-sheet in solution~Kortemme et al.,

1998; Schenck & Gellman, 1998!. Whereas this opens the possi-
bility to study the different factors that govern the secondary struc-
ture element formation, it will not be easy to separate the influence
of the turn residues from the interactions across the two strands.

Whereas the field has traditionally relied on mutagenesis tech-
niques, a different approach is the merging of chemistry and biol-
ogy by coupling of peptide fragments to produce larger objects
~Muir et al., 1998; Severinov & Muir, 1998! or by inserting non-
natural amino acids during the chemical synthesis of the peptide.
Organic chemistry has delivered numerous rigid organic building
blocks that enforce a correct chain bending and, in the best of
cases, allow formation of the first interstrand hydrogen bond, and
a large number of them has been tested in small peptide models
~Díaz & Kelly, 1991; Baca et al., 1993; Kemp & Li, 1995!. How-
ever, besides the continuing problems with aggregation, it is still
unclear to what extent these small model peptides are representa-
tive for full protein structures, characterized by a well-defined
tertiary structure. Our laboratory has therefore set out to study the
influence of incorporation into different protein models of one
particular mimic, based on the dibenzofuran aromatic system~Díaz
& Kelly, 1991!. Despite the hydrophobic nature of the latter, our
first attempt successfully led to the DBF-syllatoxin molecule, which
maintained the native fold and function~Jean et al., 1998! but
showed a faster kinetics of disulfide reduction with concomitant
unfolding. Because the disulfide bridges are the major factor de-
termining the stability of scyllatoxin, we decided to introduce the
mimic in a second protein model, the B1 domain of streptococcal
protein G, devoid of such factors as disulfide bridges, proline
residues or cofactors, that all might influence its stability.

Evidence for the overall structure conservation of the DBF-B1G
domain came from its ability to bind correctly the Fc and Fab
fragments of the IgG antibody, and by the nearly identical NMR
parameters~chemical shift values, NOE pattern, and protection
factors! for the native and modified B1 domains, except for some
protons in the direct spatial environment of the DBF moiety. The
situation there is significantly different for the modified scylla-
toxin and B1G proteins. In the former, the DBF ring stacked tightly
onto the outward pointing aliphatic side chains of the flanking
residues I22 and K25, isolating the aromatic ring from the rest of
the protein. The mimic proved compatible with the geometry of the
native turn region, and no change in twist of theb-hairpin was
observed~Jean et al., 1998!. In the modified B1 domain, the mimic
is flanked by the residues G9 and L12, located on the inner face of
the N-terminalb-hairpin. The absence of a side chain for Gly9
prohibits any well-defined interactions with the flanking residues
and induces a significant degree of flexibility, as suggested by the
local line broadening. Our modeling studies on the mutant pro-
teins, DBF-B1G~I,L!MU, offers some insight into this phenom-
enon: the absence of close hydrophobic contacts with the flanking
aliphatic side chains leads to a wider valley of low-energy states,
allowing a conformational freedom for the aromatic moiety. The
absence of a hydrophobic cluster between the DBF ring and the
N-terminal flanking Gly9 is probably compensated by a tertiary
interaction with the aliphatic side chain of the V39 residue, result-
ing in an interaction between the DBF moiety and both theb4
strand and the loop at the C-terminus of thea helix. This proximity
is supported both by changes in the proton chemical shift values
and by our molecular modeling. Finally, the significant changes of
several amide and Ha proton chemical shift values corresponding
to residues in theb1 strand might not be explained only by the ring
current effect of the DBF moiety, but could well correspond to

Fig. 9. Equilibrium unfolding of the native B1G~d! and DBF-B1G~C!
domains in 50 mM sodium acetate buffer at pH 3.5 as monitored by the
change of the ellipticity value at 218 nm. The experimental points are
represented as symbols, and the line represents the nonlinear least-squares
best fit to a two-state model.

Table 2. Thermodynamic data for synthetic
B1G and DBF-B1G moleculesa

Tm

~K !
DHm

~kJ0mol!
DSm

~J0mol K!
DG 278 K
~kJ0mol!

B1G 327.96 0.1 159.86 3.4 4876 10 13.96 0.5
DBF-B1G 325.26 0.2 157.76 4.3 4856 13 13.56 0.6

aThermal denaturations were done at pH 3.5 in 50 mM sodium acetate.
The DCp value ~2.6 kJ K21 mol21! determined for the recombinant B1G
domain~1! was used in the fitting procedure by assuming no change upon
mutation.
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subtle conformational changes of the protein backbone. The ge-
ometry of the mimetic in this precise turn is probably not optimal,
prevents formation of the first hydrogen bond of the nativeb-turn,
and therefore introduces conformational flexibility on the first
b-strand. However, these conformational changes are not suffi-
cient to prevent the correct folding of the modified protein, and, as
demonstrated by thermal and pH denaturation studies, have only a
weak influence on the stability of the DBF-B1G domain that is
only slightly less stable than the native protein.

The isolated N-terminal hairpin-derived peptide of the native
B1G is very flexible in solution, with only some evidence for a
chain reversal at residues 7 and 10 when 30% TFE is added to the
aqueous solution~Blanco et al., 1994a!. This flexibility, together
with the displacement of the turn region by one residue compared
to the native conformation in the protein, suggests that in this
precise case, the nativeb-turn is not a dominant factor in the early
events of theb-sheet formation, although more generally, there is
ample evidence that theb-turn region does play an important role
~de Alba et al., 1996; Ramírez-Alvarado et al., 1997!. Our prelim-
inary attempt to nucleate the formation of theb-hairpin in the
isolated peptide failed, because of the presence of a glycine residue
flanking the mimic at its N-terminal side~Melnyk et al., 1998!, in
agreement with the absolute requirement of a hydrophobic cluster
or p cation-like interactions with the side chains of the flanking
residues in order for the mimic to nucleate theb-sheet~Graciani
et al., 1994; Tsang et al., 1994!. The absence of a side chain on the
glycine residue at the DBF flanking position led to several non-
native contacts between the aromatic moiety and the side chains of
Leu7 and0or Leu5, and the hydrophobic nature of this cluster was
the probable source of aggregation.

The same Leu side chains in the modified B1G protein have at
first sight two choices: they could make hydrophobic contacts with
the mimic, as in the isolated peptide, or complete the hydrophobic
core, as observed in the native protein. Our results of a correctly
folded and stable DBF-B1G protein lead to the conclusion that in
this case the hydrophobic core formation is the most efficient
pathway, both from a kinetic and thermodynamical point of view.
This has several important implications for our understanding of
protein folding. First, it corroborates the recent proposal of an
early intermediate in the folding reaction of the B1G domain,
containing a native-like core but excluding the N-terminal tail
~Park et al., 1997!, which was presented as an argument against a
folding mechanism involving a random hydrophobic collapse. Sec-
ond, it is in agreement with the proposed cooperativity of the
folding process ofb-sheets~Muñoz et al., 1997; Schenck & Gell-
man, 1998!. More precisely, the suggested initial formation of the
C-terminalb-hairpin folding, providing a template on which the
N-terminal secondary structure element can fold, is confirmed by
the hydrophobic core competing successfully for the side-chain
interactions of the different leucine side chains on the first strand.
Although the nature of the flanking residues was not suitable for
the mimic to nucleate theb-hairpin formation, the DBF-B1G do-
main retains the native fold, proving that nonlocal interactions can
dominate the folding of such complex molecules as are proteins.
However, even though the correct fold of the DBF-B1 domain
underlines the importance of nonlocal interactions~Minor & Kim,
1994b!, it is necessarily preceded by the correct assembly in a
hydrophobic core of the side chains coming from other parts of the
molecule, notably the C-terminal hairpin and thea-helix. There-
fore, our study is equally in agreement with the framework model,
where local interactions in the very early steps of protein folding

lead to the formation of native like secondary structure elements
that further guide the assembly into near-native conformational
states by a correct side-chain packing~Dyson et al., 1988; Dobson
et al., 1994!. Protein engineering allows modification of those
local interactions: their enhancement at the solvent-exposed sites
in native a-helices has increased the speed of folding and the
resulting stability~Villegas et al., 1995; Muñoz et al., 1996; Viguera
et al., 1996!, whereas introducing non-native local interactions was
shown to destabilize the protein rather than alter the correct folding
~Prieto et al., 1997!. However, recently it has become clear that
aggregation potentially can compete with the folding process~Rad-
ford & Dobson, 1999; Fink, 1998! and therefore limits the modi-
fications that one can introduce.

We can conclude that our study is in agreement with the overall
folding picture of the B1 domain, with early formation of the
C-terminalb-hairpin anda-helix, whose side chains form the hy-
drophobic core that successfully competes with the DBF moiety
for the aliphatic side chains on the N-terminalb-hairpin. Whereas
the competition between aggregation and folding in this case is
tipped to the latter, it is clear that to be successful in protein
engineering, more hydrophilic mimics will have to be developed.

Materials and methods

Synthesis and purification of DBF-B1G

The DBF-basedb-turn mimic~Fig. 1B! was synthesized according
to the method published by Kelly~Díaz & Kelly, 1991!. The pep-
tide chain of DBF-GB1~Fig. 1A! was synthesized using at-Boc0
benzyl strategy~Merrifield, 1986!, with a t-Boc-Glu~OBzl!
OCH2phenyl acetamidomethyl resin~Applied Biosystems, Foster
City, California!. t-Boc protected amino acids~Novabiochem, Läu-
felfingen, Switzerland! had the following side-chain protections: ben-
zyl ~Bzl! for Ser and Thr, trityl~Trt! for Asn and Gln, cyclohexyl
~cHx! for Asp and Glu, 2-chlorobenzyloxycarbonyl~2ClZ! for Lys,
and 2-bromobenzyloxycarbonyl for Tyr. Before the incorporation of
the DBFb-turn mimic~Glu56 to Leu12!, the synthesis was achieved
on a ABI 430 peptide synthesizer~Applied Biosystems! according
to a previously optimized protocole~Boutillon et al., 1995!, with dou-
ble or triple couplings, depending on coupling difficulties. Theb-turn
mimic was incorporated manually. The coupling procedure was as
follows. The first coupling was performed with 3 eq. DBF-
mimic~Boc!, 2.7 eq. HBTU0HOBt, 9 eq. DIEA in 2 mL DMF for
1 h, the second and third couplings with 2 eq. DBF-mimic~Boc! for
50 min, 1.8 eq. HBTU0HOBt, 6 eq. DIEA in 2 mL DMF for 1 h.
After the incorporation of the DBF-mimic, triple couplings were
achieved manually, using BOP for the third coupling. On comple-
tion of the synthesis, DBF-B1G was deprotected and removed from
the resin with HF in the presence of the usual scavengers~ p-cresol,
p-thiocresol! and dibenzofuran.

The crude product was dissolved in 6 M guanidinium hydro-
chloride, 0.1 M Na2HPO4 buffer pH 5.7, purified by preparative
RP-HPLC on a CN column and then on a C18 column. The prod-
uct was finally purifed by preparative anion-exchange chromatog-
raphy~Gel Q Sepharose-Pharmacia! and then desalted by RP-HPLC
and analyzed by capillary zone electrophoresis on a 50 cm long
capillary using a buffer solution of 20 mM sodium citrate, pH 2.5,
at 308C. Mass spectroscopy by electrospray gave satisfactory re-
sults~Obsd: 6,100.06 0.3 Da; calcd for C275H410N64O93 ~isotopic
average!: 6,100.7 Da!.
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Circular dichroism

Far-UV CD spectra were recorded on a Jobin-Yvon~Longjuneau,
France! CD6 instrument calibrated with~1S!-~1!-10-camphorsul-
fonic acid. Comparative spectra for native B1G and DBF-B1G
samples were recorded from 178 to 280 nm on a cell with optical
path length of 0.1 mm by taking every 0.5 nm with a 30 s inte-
gration time and a 2 nmslit width. Sample conditions were 188C,
pH 3.2 without salt, and protein concentrations of 0.1 mM as
determined by amino acid analysis. pH stability was tested by
adjusting the pH between 1 and 11, as obtained by adding small
amounts of concentrated HCl or NaOH. Thermal denaturations
were done on 10mM protein solutions with a 1 cmpath length cell
at pH 3.5 in the presence of 50 mM sodium acetate. The temper-
ature was raised from 5 to 918C every 28C, with a stabilization
delay of 5 min and a precision of 0.058C. The reverse process
allowed testing of the reversibility of the denaturation. The CD
signal was acquired at 218 nm, with an integration time of 1 min
as was previously done for the native B1G domain~O’Neil et al.,
1995!. The melting curves were fitted to a two-state model after
pre- and post-transitional slope correction by using the Gibbs–
Helmholtz equation for the unfolding free energy

DG 5 DHm2 TDSm1 DCp ~T2 Tm2 T ln~T0Tm!!

5 2RT ln~ @U #0@F#! ~1!

whereDHm andDSm are the enthalpy and entropy of unfolding eval-
uated at the melting temperature,DG the free energy of unfolding
at the temperatureT, @F# and@U # the concentrations of the folded
and unfolded states at the temperatureT ~O’Neil et al., 1995!.

1H-NMR spectroscopy

Experiments were performed on a Bruker DMX 600 MHz spec-
trometer and processed with the Bruker software. The DBF-B1G
molecule was dissolved in 90% H2O010% D2O solution~pH 3.2!
or 100% D2O to get a final concentration of 0.1 mM. TOCSY and
NOESY spectra were acquired at 288 and 298 K with mixing
times, respectively, of 50, 100 ms and of 150, 300 ms. 2D spectra
were acquired with 256 complex points in F1 dimension and 2,048
points in F2 dimension. Amide exchange studies were done by
solubilizing the protonated lyophilized protein in pure D2O. For
the exchange studies, a series of NOESY spectra were acquired
with a time resolution of about 12 h. Translational diffusion coef-
ficients ~Ds! were measured with the pulsed field-gradient LED
sequence~Altieri et al., 1995! in which a WET sequence was
incorporated for water suppression.

Molecular modeling

Molecular modeling calculations were performed on a Silicon
Graphic workstation with the Insight II and Discover modules of
the Biosym_msi software~Biosym, San Diego, California!. The
CVFF force field was used for energy minimization.

A hybrid molecule was generated by merging the lowest energy
mimic conformations and the B1G protein coordinates~entry name
1GB1 in the Brookhaven Protein Data Bank! in a similar way as
for scyllatoxin ~Jean et al., 1998!. To explore the conformational
space accessible to the mimic, thex1 and x2 dihedral angles
around the two ethyl arms flanking the DBF moiety at its respec-
tive N- and C-terminus~Fig. 1B! were subjected to a torsional

angle driving, with systematic 108 increments. Outside of a radius
of 7 Å centered on the oxygen of the furan entity, the rest of the
molecule was kept fixed. An energy minimization procedure with
a 0.1 kcal0mol Å21 threshold for the energy gradient was applied
at every step of the torsional angle driving.

In a second phase, the DBF-B1G molecule was modified by the
mutation Glyr Ile. The wild-type hybrid designated as B1G~G,L!
for DBF-B1G was mutated in B1G~I,L!MU. The first letter in
bracket refer to the mutable residue preceding the mimic and the
second letter to the conserved residue following the mimic. The
mutant was subjected to the above described procedure for wild-
type hybrids.

Geometric analysis was done on conformations comprised within
a fork of 3 kcal0mol from the lowest energy conformation.

Supplementary material in Electronic Appendix

Tables of 1H chemical shifts at pH 3.2 and 288 K~filename:
CS_288K! and at 298 K~filename:CS_298K! ~Microsoft Word
Version 6.0.1 for Power MacIntosh!.
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