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Abstract

A strategy for design of new proteins that mimic folding properties of native proteins is based on peptides modeled
on the slow exchange cores of natural proteins. We have synthesized peptides, called core modules, that correspond
to the elements of secondary structure that carry the very slowest exchanging amides in a protein. The expectation is
that, if soluble in water, core modules will form conformational ensembles that favor native-like structure. Core
modules modeled on natural bovine pancreatic trypsin inhibitor have been shown by NMR studies to meet this
expectation. The next step toward production of a native state mimic is to further shift the conformational bias of a
core module toward more ordered structure by promoting module—module interactions that are mutually stabilizing.
For this, two core modules were incorporated into a single molecule by means of a long cross-link. From a panel of
several two-module peptides, one very promising lead emerged; it is called BetaCore. BetaCore is monomeric in
water and forms a new fold composed of a four-stranded, antipapaibleet. The single, dominant conformation of
BetaCore is characterized by various NMR experiments. Here we compare the individual core module to the two-
module BetaCore and discuss the progressive stabilization of intramodule structure and the formation of new
intermodule interactions.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction teins distinguish them from isomeric peptides with
The goal of protein design is to produce, for the same number and ratio of natural amino acids

use in biological and non-biological systems, new Put in randomized sequences. These include: fold-
molecules that mimic the properties of natural N9 On the millisecond time scale at moderate pH
proteins[1-7]. Several hallmarks of natural pro- @nd temperature to an ensemble of compact, low
energy conformations of similar structure that are
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and maintenance of sufficient instability to permit constructed. BPTI CMs in aqueous solution are
clearance from the cell after functional use. In ensembles of ordered and disordered molecules
view of their selection and refinement by billions among which ordered subpopulations are detected
of years of biological evolution, it is not surprising by NMR spectroscopy. The major ordered confor-
that these properties are generally elusive to chem-mations are native-like 4:8-hairpins, in equilib-
ists seeking to incorporate them into new proteins. rium with a smaller population of non-native 3:5
Just how rare natural proteins are in the universe B-hairpins [12]. The next step was to further
of polypeptides with the same amino acid com- stabilize packed native-like structure within the
position is readily appreciated by anyone who modules and to organize them into a larger mole-
attempts to synthesize a new sequence, only to becule. For this, two modules were joined by a
confronted by insolubility and other intractable covalent cross-link designed to promote unimole-
molecular behaviors. cular self-association of modules that is both spe-
The design strategy we pursue is aimed at cific and mutually stabilizing. A series of
producing new proteins that mimic one of the two-module analogs were constructed, with cross-
above mentioned hallmarks of natural proteins, links of varying position and length, and several
namely the spontaneous folding in aqueous solu- proved to be promising13]. One of these, called
tion to a family of closely related conformations BetaCore, shows significant progress toward the
that are more stable than any other accessibledesign goal14]. While not precisely a native state
conformations. We refer to this design target as a mimic, it is monomeric and soluble in water and
native state mimic, after the common designation has one very dominant conformation composed of
of N for native state in the N-to-D reaction used a four-stranded antiparall@-sheet that is amena-
with reference to global unfolding and denatura- ble to characterization by NMR. In folded Beta-
tion. In an analysis of amide hydrogen isotope Core, the component modules are clearly not
exchange in proteins, a strong tendency was notedthree-dimensionally identical, although they are
for the same secondary structural elements to essentially covalent repeats. However, as BetaCore
contain the amide groups that are slowest exchang-undergoes thermal denaturation, the unfolded spe-
ing in the native protein, the amide groups that are cies show the symmetry expected for identical
first protected during folding and the amide groups disordered domains. Here, we compare the struc-
that are most protected in partially folded analogs ture of the BPTI core module to the two-module
[8]. Based on this, we proposed that the slow molecule, BetaCore, and discuss the implications
exchange core is the folding core and that ‘core for future design of native state mimics based on
elements’ (secondary structure containing the CMs.
slowest exchanging amide protonare the most
likely to be native-like in the earliest stages of 2. Experimental
folding. Of several inferences drawn from this
generalization[8—11], one is that peptides corre- The core module(CM) and BetaCore were
sponding to slow exchange core elements of a chemically synthesized, either unlabeled or selec-
natural protein will favor native-like structure and tively **N-labeled, by automated Fmoc solid-phase
can form the basis of a strategy for design of new peptide synthesis according to methods previously
proteins that mimic the native state. Favored described12,13. CM peptide and BetaCore were
native-like structure of core peptides refers to the confirmed to be monomeric in water by size-
collection of random and non-random conforma- exclusion chromatographjl2] and sedimentation
tions, in which the non-random conformations are equilibrium analysid14], respectively.
biased toward native-like. NMR samples for CM were 0.5-0.8 mM in 50
Following this line of reasoning, ‘core modules’ mM sodium acetate buffer, pH 4.5, and for
(CMs), peptides containing the secondary struc- BetaCore were 0.4 mM at pH 3. Samples in D O
tural elements in the slow exchange core of the were dissolved under argon. Spectra of CM and
bovine pancreatic trypsin inhibito(BPTI), were BetaCore were obtained in 90:10, H/D,O and
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99.9% D, O at temperatures ranging from 1 to 55
°C on a Varian 600-MHz or 800-MHz Inova
instrument. Spectral acquisition parameters for
homo- and heteronuclear TOCSY, NOESY, N
HSQC, **N+H HSQC-TOCSY,* Nt H HSQC-
NOESY and HNHA experiments are given in 44
[12,14. Suppression of intense solvent resonances
was achieved by presaturation or use of the
WATERGATE sequencgl5]. Data were processed
and analyzed using the programs NMRPi®] 18
and NMRView [17]. Data processing details are
given in [12,14. An ensemble of conformations Fig. 1. The BPTI parent structure, showing in dark gray the
was calculated, wusing methods previously Segmelnts or; whicrtlhthfw CI\I/I is mtodeéed.fThet_slovay"eﬁchfmge
H core elements are the 0 long stranas of antiparghenee
?'Ezcéfg%l;g;;:ilr? ndilozr]lsa':p:infto alzsﬁf?ggle‘ﬂsem— (residues 18-24 and 2_9—B5nd the s_mal_B-bridge(residues
43-44). Cystine atoms in the three disulfide bor(d</-38, 5—
ble of 20 structures calculated for BetaCore have s5 and 30-51 are ball-and-stick models. The diagram was
been deposited in the Protein Data Bdnkcession  produced using the program MOLSCRIF3S).
code: 1K09. Chemical shifts and coupling con-
stants have been deposited in the BioMagResBankpositions 14—38 of the natural prote{dark gray
(accession code: 5183 in Fig. 1, and Fig. 2h Native BPTI residue
Hydrogen isotope exchange rates for CM were numbering is retained in describing the CM which
obtained by measuring peak volumes vs. time in a corresponds t@-sheet strands 18—24 and 29-35
series of two-dimensional TOCSY spectra at pH and the critical 25—-28 reverse turn; this hairpin is
4.15 and 6°C and for BetaCore were obtained by thought to be the folding initiation site in BPTI
measuring peak volumes vs. time in a series of [18,19. Since in the native protein the core peptide
two-dimensional® N HSQC spectra at pH 3 and 5 is flanked by the rest of the sequence, neutral end
°C. Pseudo-first order rate constants were deter-groups are incorporated into the CM; residue 14
mined from non-linear least-squares fit of an expo- is N-terminal 3-mercaptopropionatéB in Fig. 2)
nential rate equation to experimental data. Thermal and residue 38 is C-terminal cysteinamide. Isoster-
unfolding curves for BetaCore were obtained by ic replacement of C30 bw-amino«-butyric acid
measuring peak volumes vs. temperature in a series(X in Fig. 2) retains atom homology but eliminates
of two-dimensional® N HSQC spectra. A relaxa- formation of extraneous intra- and intermolecular
tion delay time & 3 s was used to permit quanti- disulfide bonds. The CM retains the natural 14—
tative volume integration. Reversibility of thermal 38 disulfide cross-link to exclude from the ensem-
denaturation was verified by comparison of low ble of conformations those that are more stable
temperature spectra acquired before and afterbecause they are highly extended and flexi@é

unfolding. high entropy. Compared to the same module with
no disulfide bond, the cross-linked ensemble is on

3. Results average more collapsed and the population of the
favored native-like conformations is highgt2].

3.1. Synthesis of peptides based on core elements Finally, to stabilize a type IB-turn, the reverse

of BPTI turn was modified by replacement of Ala 27 by

aspartic acid20].

The BPTI core elements are two strands of In the next step toward production of a native
antiparallel B-sheet(residues 18—-24 and 29-B5 state mimic, a series of two-module analogs were
and a very smalB-bridge (residues 43—44(Fig. constructed, using oxime-forming ligation chem-
1). A CM, designed to correspond to the antipar- istry. Six candidates of~50 residues each were
allel B-sheet, is comprised of 25 residues spanning produced with variations in cross-link position
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(Fig. 2c,0 and length(Fig. 2d) [13]. To screen
for ordered structure in the conformational ensem-
bles of the two-module analogs, one dimensional
proton (1D *H) NMR spectra were acquired at pH
2. The most promising candidate, with the narrow-
est line widths and highest degree of chemical
shift dispersion, was BetaCof€&ig. 2d).

3.2. CM favors native-like B-hairpin structures in
rapid equilibrium with non-native [3-hairpins

The CM peptide has considerably more chemi-
cal shift dispersion than a random coil with the
same amino acid compositiofFig. 3b,0. The
deviation of observed chemical shif6) of Ca
protons from random coil values, expressed by the
relationship  AdHa=38Ha(obg —3Ha(random
coil) [21-23, is an indicator of secondary struc-
ture. Relative to random coil values of the same
amino acid,dHa for B-sheet protons are shifted
downfield while 3Ha for «-helix and turn protons
are shifted upfield24]. For residues 25—-28, which
in native BPTI are a turnAdHa is negative
(upfield shiff); for residues 18—-24 and 29-35,
which in native BPTI are strandddHa is positive
(downfield shify (Fig. 4, bar graphs Thus, CM
has GxH proton chemical shift deviations similar
to native BPTI both in the strands and in the turn.
In addition to chemical shift data, multiple long-
range NOEs observed in spectra of the CM indi-
cate organizedp-hairpin structure (Fig. 5a,b.
These NOEs report subpopulations of preferred
structures, in contrast to NOEs of native proteins
which arise from a dominant population of closely
related conformations. The CM is an equilibrium
ensemble of conformations among which a major
population is similar to the native-like 4:8-
hairpin (Fig. 59 and a minor population approxi-
mates 3:5 B-hairpins (Fig. 5b). Native-like
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backbone GH-CaH NOEs have approximately
twice the intensity of non-native. Likewise, for
sidechain—sidechain NOEs, the native-like are
more numerous and more intense than non-native.
Simulated annealing calculations do not support a
single family of structures but are consistent with
an equilibrium between major 4:8-hairpin and
minor 3:5 pB-hairpin populations. Equilibria
between 4:4 and 3:B-hairpins are also reported
for other peptide§25-21.

3.3. Compared to the CM, modules in BetaCore
are much more native-like and are organized into
a new fold, a stable four-stranded [3-sheet

BetaCore, constructed with a 22-atom cross-link
between two CMgFig. 2d), folds to a dominant
conformation amenable to structural characteriza-
tion by multidimensional NMR method414].
BetaCore behaves as a monomer in sedimentation
experiments, under conditions adopted for NMR
studies. At low temperature and pH 3, NMR
spectra of BetaCore have far more chemical shift
dispersion than the CMFig. 3a vs. Fig. 3}
Structural analysis of assigned spectra indicates a
dominant, folded conformation composed of a
four-stranded3-sheet and non-identical packing of
equivalent residues in the constituent modules,
referred to as CM and CM1II [14].

The increased native-like behavior of BetaCore,
compared to CM, is evident in their NOE patterns.
The sequential backbone NOEs of BetaCore imply
a strong preference @-sheet structure; interresi-
due dyn(i, i+1) NOEs are very weak or entirely
absent andd (i, i+1) are intense. This is in
contrast to the CM, for which sequential backbone
NOEs of the same residug¢48-24 and 29-35,
designed to be stranpsndicate conformational
averaging in interresidugy\(i, i+1) as well as

Fig. 2. Sequences and cross-links for CM and BetaCore. Amino acid sequences fiesidues 14—38 in native BPTI over a line
diagram of native secondary structufe) CM with differences from the native sequence underlin@i;CM dimer with a cross-

link between positions 17 and 24; atd) CM dimers with a cross-link between positions 17 and 29 and varying lengths. In ¢ and

d, the dotted line betweeh and ¥ depicts the cross-link and solid lines indicate spanning disulfide bridges in CM. The chemical
structure of the covalent cross-links that join the two CMs is shown below the amino acid sequences; a thick arrow indicates where
the cross-link is formed. The subscript c indicates that the residue is part of the cross-link. BetaCore cross-link is indicated by a
box. A ‘I or ‘IT' before the residue number indicates which of the two CM units contains the residue. B is an abbrevigsion for

mercaptopropionic acid and X is fer-amino#-butyric acid.
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Fig. 3. The NH-GH region of the TOCSY spectrum taken at
600 MHz. (a) BetaCore int H O2 H ((9:1 by vol at 15°C
and pH 3; a I’ or ‘II' before the residue number indicates
which of the two CM units contains the residé) Oxidized
CM in *H,0: 2H,0 (9:1 by vol at 3°C and pH 4.5(c) Plot
of random coil NH-GH chemical shifts[21-23 of amino
acids in the CMs, at 3C. Panels b and c are similar to spectra

published in[12].

6.5

d.n(i, i+1) NOEs. Information about strand align-
ment and tertiary structure comes from long-range
NOEs. AntiparallelB-sheet is indicated by long-
range NOE cross-peaks betweetatli—CaHj pro-
tons, wherei and j are residues that face each
other in adjacentB-strands [28]. In BetaCore,
CaH—-CaH NOEs between residues in the same
CM (Fig. 5c, thick arrowy are the same as in
native BPTI[29], providing strong evidence that
each CM unit samples 4:4-hairpin structure.
BetaCore spectra do not contain any NOEs consis-
tent with non-nativeB-hairpins and there are no
indications of an equilibrium between 4:4 and 3:5
hairpins, as observed in the CM alofte].

In BetaCore, there are long-range NOEs within
the same module, as well asaB-CaH NOEs
between residues in CMand CMII. The cross-
link extends from a position near the N-terminal
of the first strand of CMI to a position past the
turn on the second strand of CNI. All inter-
module NOES(Fig. 5c, thick arrow$ are between
the second strandC-terminal halj) of CM I and
the first strand/N-terminal hal) of CM II. Impor-
tantly, no NOEs between the second strand of CM
I and the first strand of CM are observed. The
data are entirely consistent with the two CMs in a
four-stranded antiparallg-sheet(Fig. 50).

Comparison of ASHa values for equivalent
residues in BetaCore and in a single CM unit is
shown in Fig. 4. Overall shapes of the bar graphs
follow patterns expected from native-like BPE#
sheet, i.e. downfield shifts for residues 18—24 and
29-35 and upfield shifts for residues 25-28. The
absolute values of the deviations from random coil
shifts are much higher for residues in BetaCore
(e.g. YI21 A3Ha=1.38) than for corresponding
residues in CM units(e.g. Y21 ASHa=0.38),
indicating considerable stabilization of structure
associated with cross-linking two CMs in Beta-
Core. For comparison, the maximuitdHa for a
residue in thep-sheet core of native BPTI is
~1.15 at 68°C [30]; at this temperature BPTI is
fully folded.

The fine structure of chemical shift patterns in
Fig. 4 shows a notable mirror symmetry between
the two CMs in BetaCore. Am, i+1 periodicity
in the first strand of CMI and the second strand
of CM II reflect thei, i+1 hydrogen-bonding
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Fig. 4. The change in chemical shift, relative to random coil, @HJQorotons for BetaCore and for core module alone, at pH 3 and
15 °C. The secondary structure and identity of residues in Cand CMII are indicated above the plots of BetaCore. Alignment
of plots for the core modulébottom) show chemical shift deviations for corresponding residues in CM; the same CM plot is
repeated twice to show a comparison to each CM in BetaCore. Data were publigtidfas part of another figure and are reprinted
here with permission.

pattern in simple3-hairpins[24]. Alternating res-
idues involved in cross-strand conta€esg. resi-
dues 119, Y121, YI23, X130, TII32 and MI134 in 4). The most protected residues are in centrally
Fig. 50 have a more positivéHa proton shift positioned hydrogen bonds between donors and
than residues having no interactions with a neigh- acceptors in different strands of the same module
boring strand (e.g. residues /18, RI20, H22, (FI22, HI22, H33 and HI33; k../kops=30-75,
QII131, HI33 and YI35 in Fig. 59. This type of or in the hydrogen bond of the native-like BPTI
two-fold i, i+ 1 periodicity is commonly observed type | B-turn (GI28 and @I28; k../k.us 100 and

in native proteins. Smoother profiles arising from 190, respectively Moderately protected residues
loss of i, i+1 periodicity are observed for the engage in hydrogen bonds between donors and
second strand of CM and the first strand of CM  acceptors in different strands of the same module
II, consistent with strands in the middle ofpa (L129; k.o/kons=17) or between donors and accep-
sheet where each residue is involved in contactstors in strands of different module€//34 and

four-stranded antiparall§l-sheet model calculated
from NOE (Fig. 50 and chemical shift datéFig.

with a neighboring strand. The periodicity in
A8Ha plots for the outer two strands and its
absence for the inner stran€sig. 4) are entirely
consistent with the four-stranded antiparalf®l

GI36; k,./ko,s—=17—20. Residues that exchange
relatively rapidly (AI16, AII16, GJ17, AI25,
AII25, GJI29, VII34, GII36, G37 and GI37;k,./
kops=3—10 include amides in loop and turn

sheet conformation determined as the dominant regions, the cross-link, and a solvent-exposed side

conformation of BetaCoréFig. 50).

of B-strand, none of which are expected to be

The hydrogen exchange protection factors of intramolecularly hydrogen bonded.

BetaCore amides are at least an order of magnitude

15N HSQC spectra acquired at increasing tem-

higher than those of corresponding residues in the perature between 1 and 56 show clear evidence

CM [12] (Table D and about the same order of
magnitude observed for a partially folded protein,
e.g.[14-34 ., [31]. The hydrogen exchange pat-
tern in BetaCore is in good agreement with the

of a temperature-induced global transition from
one dominant folded conformation to disordered,
unfolded conformation$Fig. 6). At 1 °C, the two

modules in BetaCore are clearly not identical and
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Fig. 5. Schematic representation of long-rangeHcCaH, NH-CaH and aromatic—aliphatic NOEs f¢a) the CM consistent with

a native 4:48-hairpin conformation(b) the CM consistent with a non-native 3@hairpin, and(c) BetaCore, which is drawn to

indicate the proposed four-stranded antiparglledheet. Amide protons for which hydrogen exchange is evaluafatle 1 are

circled; for those with significant protection, the corresponding deduced hydrogen bonds are indicated by dashed lines. One-letter
abbreviations indicate amino acid residue side chaigs. K at positions 17 of & 29 of CMII are lysines in the oxime cross-

link. A ‘I’ or *I' before the residue number indicates which CM unit contains the residue. In calculated structures of BetaCore, the
cross-link is primarily but not exclusively beneath the plane of the present Figure. In panels a, b and eHtHe«® NOEs are

shown as thicker arrows. The color of the arrow indicates NOE strength: stredg medium(green, weak(purple) or very weak

(light blue). Panels a and b are published[t?] and panel c inf14], both are reprinted here with permission.
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Table 1

Comparison of protection factérs for the sarte N labeled
residues in BetaCore at®® and pH 3 and in CM at 8C and

pH 4.15.

Residue CM BetaCore
AI16 1.0 35
FI22 3.1 57.2
AI25 b 6.7
GI28 3.2 102.5
LI29 2.7 16.7
FI33 3.2 61.2
Vi34 2.2 18.0
GI36 1.7 19.8
GI37 b 8.3
AII16 1.0 4.6
F1122 3.1 29.1
AII25 b 9.5
GII28 3.2 191.5
FI1133 3.2 73.5
VII34 2.2 4.4
GII36 1.7 4.6
GII37 b 5.8
GJ17 c d
G129 c b

aProtection factors are computed fas/kq,s Wherek , the
rate constant expected in a random coil model at the same pH
and temperature, is calculated as[B6] using anE, of 17
Kcal/mol.

b Exchange is too rapid to be measured.

¢ As the subscript ‘c’ indicates, this residue is in the cross-
link and, therefore, is not present in CM.

4 Residue attached to a side chaifi N of Lys. A protection
factor cannot be computed since this configuration is not
included in the rules for estimation @f. [36]. Its exchange
rate is measurable and is about the same &5 G

different cross-peaks are observed for the same

residue in different modulegFig. 6a). As the
temperature is increased, extensive overlap is
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Fig. 6. BetaCore®® N- H HSQC spectra taken at 800 MHz in
H,0:D,0 (9:1 by vol at pH 3 and(a) 1 °C, (b) 35 °C and

observed for cross-peaks of the same residue in(c) 55 °C. Each frame is composed of an overlay of two spec-

different modules, as expected for identical disor-
dered domaingFig. 6¢). The fact that throughout
the unfolding transition each resonance is reported
by two peaks(e.g. Fig. 6B, one with a chemical
shift well resolved and away from the random coil
envelope and the other with a chemical shift in
the random coil envelope, implies that BetaCore
is in slow conformational exchange on the NMR
time scale between folded and unfolded forms
[32].

tra, one obtained with a sample in which 10 positions of CM
I were *® N-labeled(red cross-peaRsand a second obtained
under identical conditions with a sample in which 9 positions
of CM II were *°N-labeled(black cross-peaRs Each cross-
peak in(a) and in(c) is designated by CMI or II), residue
number (14-38 and conformation(‘f' or ‘u’ for folded or
unfolded, except for 6 glycine residues in the ‘u’ conformation
for which the sequence position cannot be determined unam-
biguously. At 35°C, both f and u cross-peaks are observed for
each residue. Cross-peak positions in frathg observed at
35 °C, are duplicated if one overlays framé? and(c). Pub-
lished in[14] and reprinted here with permission.
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4, Discussion

Our general strategy for design of a native state

mimic is to incorporate cross-links that shift the
conformational equilibria of CMs toward more
native-like structure. The strategy is predicated on

a bias toward compact, well packed species of the
native core elements on which the modules are
modeled. Intramodule cross-links are not expected
to organize compact structure around themselves;
rather they are designed to eliminate more extend-
ed, higher entropy conformations from the ensem-
ble and thereby increase the population of more

collapsed conformations, among which the native-
like are favored.
An intermodule cross-link incorporates two

modules in one molecule and enhances the prob-

ability of interactions between CM and CM I1.

We hypothesize that intermodule interactions that

are mutually stabilizing will involve specific con-

tacts between hydrophobic surfaces of compact

conformations of individual modules. By specific,

we mean that a set of contact surface interactions

are, collectively, significantly more stable than

other sets that are possible. In the panel of new

two-module peptides with cross-links at varying

positions and lengths, the presence of increased

native-like structure, easily screened in 1D NMR

N. Carulla et al. / Biophysical Chemistry 101—102 (2002) 67-79

contacts between antiparallel strands of different
modules.

Folded BetaCore undergoes reversible, global,
moderately cooperative, non-two state thermal
transitions to an equilibrium ensemble of unfolded
conformations[14]. Folded and unfolded ensem-
bles interconvert slowly on the NMR time scale,
indicating a significant energy barrier between
them. BetaCore has properties that compare favor-
ably to some of the more successful designed
proteins in the literature. However, it is not a
perfect mimic of a native state, as evidenced by
its lack of very slow hydrogen exchange in the
most organized and well packed elements of sec-
ondary structure, its limited number of long-range
NOEs and its deviation from two-state global
folding/unfolding. Nevertheless, it is an encour-
aging lead toward the next generation of two-
module proteins designed to mimic a native state

4.1. Future directions, based on BetaCore results,

for design of a native state mimic

It is fairly straightforward to design a core
module from hydrogen exchange data, synthesize
the module and determine whether it favors native-
like structure. The creative challenge comes in the
next step, the choice of a cross-link that promotes
module self-association that is mutually stabilizing

spectra, was taken as a strong suggestion of spe4nqg specific. In these first attempts, we based the

cific intermodule interactions. These expectations
are in large part fulfilled in BetaCore, in which
each constituent module is far more native-like
than an individual CMs and specific intermodule
interactions are evident in the new fold.

BetaCore is the first designed protein which
folds to a four-stranded antiparall@-sheet con-
formation that is soluble in water. Its dominant
conformation at low temperature is indicated by
well-dispersed chemical shifts, i+ 1 periodicity,
numerous long-range NOEs sufficient to permit
calculation of low resolution NMR structures and

positioning of the intermodule cross-link on a
dimeric form of BPTI the existence of which is
surmised from hydrodynamif33] and molecular
modeling studieg34]. In the molecular model of
the putative BPTI dimer, the residues at the hydro-
phobic monomer-monomer interface are primarily
in the B-hairpins (Fig. 7@. Two core modules
arranged in head-to-tail fashion retain the dimer
interface of the molecular model and Afg in one
module should be close to L&u in the otli€ig.
7a). However, in a similar head-to-tail arrangement
that does not retain the native ‘twist' of thg-

slowed amide hydrogen isotope exchange patterns.sheets, Argf would be close to AEn(Fig. 7b).

This conformation contains features of native BPTI

Following up on these two possibilities, two-

structure, but has very different tertiary structure. module analogs were constructed with cross-links
Each constituent module retains a native-like 4:4 of length 16 atoms connecting 17—24 or 17-29
B-hairpin, but not the distinctive twist of the native (Fig. 2c¢,d. Evaluation of 1D H NMR spectra

hairpin. Altogether new structural features are the indicates that the best positioning is a link between
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@ (b)

N

A I

R17 29 N24 R17 L29

(d) N24

D 2D L29

R17

Fig. 7. Intermodule orientation in a calculated BPTI dimer and in BetaGayel he head-to-tail antiparall@-sheet model, orienting
CM I and CMII as in the dimer of native BPTI proposed [i84]. Residue Arg” in CMI (left) is nearer to Le&® than to Asf
in CM 11. (b) Flattened diagram ofa). Omitting the native-like twist of3-sheet strands suggests that%&rg in Ckhay be closer
to Asr?* in CM II. (c) The head-to-head antiparallgtsheet calculated for BetaCore from NMR paramefér§. Coordinates of
an NMR structure close to the average were used for the dradid:lattened diagram ofc). Both Lei#® and Asff are far from
Arg"’. Drawings(a) and(c) were generated with the program MOLSCRIPBB]. In (b) and(d), block arrows arg-sheet strands,
bold lines areB-turns and thin lines are the more flexible regions which include the disulfide cross-link.

Arg*” and Lew®. Keeping the 17-29 cross-link self-association of BetaCore is not head-to-tail as
position, additional two-module analogs were con- in Fig. 7a,b, but head-to-head in an antipargiel
structed with cross-links of length 10 to 22 atoms sheet as in Fig. 7c,d.

(Fig. 2d). The two-module analog with the longest What do we learn from the fact that the com-
cross-link, BetaCore, was the most promising can- plementary associating surfaces are not the ones
didate. However, after complete NMR characteri- predicted? Besides noting the outcome as a nice
zation [14], it became clear that the intermodule example of serendipity in science, we draw two



78

inferences. It is probably important to use longer
intermodule cross-links for the first round of vari-
ants, as they permit more alternative arrangements
of intermodule contacts. In longer cross-links, the
polarity (and related water solubilidyis an impor-
tant concern. A second inference stems from the
fact that the BetaCore cross-links are located on
the outside of the packed structure, whereas the
links were designed to be between strands that
were expected to be adjacent. Future iterations of
this molecule may position a long cross-link on
the outside of the hypothetical head-to-tail dimer,
to test whether this permits head-to-tail association.

Further optimization may also include cross-link
packing. Alternatively, the first experiments with
a long cross-link may be used to identify sites
where a main chain peptide linker can effectively
replace the cross-link. In this system, for example,
that would be simply to connect through peptide
linkages the C-terminus of CM and the N-
terminus of CMII. What we learn from BetaCore
iterations will be applied to systems based on
different slow exchange cores to produce other
native state mimics.
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