J. Am. Chem. S0d.997,119,5321-5328

5321

Solution Structures of Rl o-Chain Mimics: AS-Hairpin
Peptide and Its Retroenantiomer

James M. McDonnell! David Fushman Sean M. Cahill," Brian J. Sutton,* and

David Cowburn**

Contribution from The Laboratory of Physical Biochemistry, The Rockefellerdsity,
1230 York Aenue, New York, New York 10021, and The Randall Institute,
King’'s College London, 26-29 Drury Lane, London WC2B 5RL, U.K.

Receied Naoember 8, 199%

Abstract: A central event in the development of the allergic response is the interaction between immunoglobulin E
(IgE) and its cellular high-affinity receptor ERI. Allergen-bound IgE mediates the allergic response by binding
through its Fc region to its cellular receptor on mast cells and basophils, causing the release of chemical medi-
ators. One strategy for the treatment of allergic disorders is the use of therapeutic compounds which would in-
hibit the interaction between IgE and dRi. Using a structure-based design approach, conformationally con-
strained synthetic peptides were designed to mimic a biologically aftivairpin region of thex-chain of FeRI.

Two peptide mimics of the FRI a-chain were previously shown to inhibit IgE-ceRI interactions, one a peptide
comprised ofL-amino acids, covalently cyclized by N- and C-terminal cysteine residues, and the other its

retroenantiomer. In this paper the solution structures

of these compounds are derived using NMR spectroscopy.

The topochemical relationship between the retroenantiomeric compounds and the structural basis of their biological

activity is described.

Introduction

The synthetic recreation of protein surfaces offers a unique

opportunity to evaluate the contribution of individual protein

receptor for IgE. The3-hairpin structure is induced in the
peptides by conformational constraints in the form of cyclization
via a disulfide. The structural relationship between the retro-
enantiomers is described.

regions to macromolecular recognition events. A peptide-based
approach to mimicking protein surfaces has been limited by Resyits
the fact that short linear peptides rarely maintain the conforma-

tion in which they are found in the parent protein. This is
particularly true for peptide models gBfsheet structure. While
many examples are available for peptides that fold inteelical
structures, peptides forming monomefisheet structures have
been rare. Only very recently have peptide modefs-béirpin
structure been describéd?

The elements of affinity and specificity of molecular recogni-

Peptide Design. The tertiary structure of a small peptide
only seldom resembles that of its parent profeso, the use of
short linear peptides as mimics of protein structure has only
occasionally been successful. In an effort to overcome this
limitation, attempts have been made to limit the conformational
flexibility available to the peptide by the introduction of
conformational constrainf§. This is done commonly by

tion processes depend upon the degree of complementary ofncorporation of residues that display strong conformational

the interacting surfaces. One widely used topochemical ap-

proach to studying molecular recognition is the use of retro-
enantiomeric peptides, modified peptides which corte@imino
acids with sequence inverted relative to aramino acid
compound. Ab-amino acid peptide with reversed peptide bond
orientation will in principle yield an isomer with similar side-
chain topology. Comparable biological activity has been
observed for retroenantiomeric peptides in a number of biologi-
cal systems;® although this approach has not been universally
applicable’®

In this paper we describe the structure of two retroenantio-
meric, 5-hairpin-forming, peptide mimics of the high-affinity

tendencieS or by the covalent cyclization of the peptide
backbone.

A B-hairpin region comprised of the-&C' strands of the
second extracellular domain of thechain of FeRI (FceRI
a2) has been shown to be important in its interaction with'§E.
We have synthesized a set of cyclic peptides designed to mimic
this C—C' 5-hairpin structure found in the ERI a-chain. Two
peptides were initially prepared, one comprised-afmino acids
and another wittb-amino acids with sequence reverse (retro-
inverso) relative to the analog. Thep-peptide was designed
to be a retroenantiomer of theamino acid peptide, presenting
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a similar topological surface as thepeptide, while making use

of the preferred pharmacological propertiespedmino acids.
The underlying principles of the retro-inverso approach have
been evident for many yeat&:'5 In support of this theory, -

and retrop-peptides have been shown to possess similar
biological activities in a number of case¥ However this has
not proven to be universally trd&7 TheL- and retrop-amino
acid FeRI peptide mimics were cyclized by an intramolecular
disulfide bond formed between amino and carboxyl terminal

cysteine residues. The remaining peptide sequence found in

the mimics is native to the €C' region of FeRI o2. Both
the L and retrop conformationally constrained BRI mimics
inhibited IgE-FceRI interactions at low micromolar concentra-
tions while uncylized or scrambled sequence controls were
inactivel® The CD spectra of the peptides suggested the
formation of 8-character and showed the expected reciprocal

chiralityl® We have used nuclear magnetic resonance spec-

troscopy to characterize the solution structures-aind retro-
D-FceRI mimics, to evaluate the structural basis of the biological
activity of the peptides, and to analyze the structural relation-
ships between retroenantiomers.

Given the tendency of-sheet peptides to aggregate, we
thought it important to verify that the cyclo@62) and cyclo-
(ro-262) (o = retrod) peptides were indeed monomeric species.
No concentration effect was seen in the CD spectra of the
peptides in the concentration range AM to 1 mM. No
significant changes in chemical shiftQ.01 ppm) or line widths
were observed in 1-BH-NMR spectra from 10@M to 10 mM.

These results suggest that in the concentration range tested th

peptide is monomeric. As a further test to confirm the
monomeric status of peptide samples, translational diffusion

coefficients were measured and hydrodynamic calculations

performed for the cyclof-262) peptide. Translational diffusion
coefficients were measured using pulse-field-gradient NMR

methods. Two different approaches were used, varying either
gradient strength or gradient pulse length (see the Materials and

Methods). The two approaches gave translational diffusion
coefficients of (2.2H- 0.06) x 107% and (2.194+ 0.04) x 1076
cné/s. To interpret the significance of these experimental
values, hydrodynamic calculations were performed on NMR-
derived structural models of cycl@{262). The hydrodynamic
calculations were initially performed using BRKT&S(a

program which converts coordinates to a sphere model) and

subsequently were carried out using an all atom bead m&hod
employing a MATLAB adaptation of the program HYDR®O.
Hydration of the peptide structure was performed by solvating
the peptide in a 10 A layered water box in Insightll (Biosym,
San Diego) and equilibrating according to standard protocols.
Only water molecules within a given distance from the peptide
were then included in the hydration shell of the structure and
incorporated in the hydrodynamic calculations. The calculated
translational diffusion coefficients for the cyclo(62) struc-
tures were 2.33 1076, 2.20 x 1075, and 2.13x 107% cn/s,
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Figure 1. An illustration of the TOCSY-NOESY walk used for the
sequential assignment of the cyc@62) peptide. Sequentidhn(i, i
+ 1) connectivities are indicated for residues13.

for hydration shells of 3.5, 3.75, and 4.0 A, respectively. This
level of hydration is consistent with NMR-observed and
hydrodynamics-calculated values for translational diffusion
coefficients for the protein ubiquitit? All experimental
evidence fully supports the assumption of monomeric peptide
structure.

NMR. Identification of amino acid spin system type was
accomplished by analysis of TOCSY spectra. Sequential
resonance assignments were performed using connectivities
between H; and H44; protons in an overlay of TOCSY and
NOESY spectr&® Figure 1 illustrates an example TOCSY-
NOESY map for the cyclo@-262) peptide. The unambiguous
connecting walk permits sequential residue assignments. Analy-
sis of the H'—H® fingerprint region also reveals that interresidue
HN;—H% 1 NOESs are stronger than intraresidub+H®* NOEs
for the following residues: for cycla¢262), lle2, Tyr3, Tyr4,
Lys5, Glu8, LeulO, Lysl1l, Tyrl2; for cycla{+262), Tyr2,
Lys3, Leud4, Ala5, Asp8, Lys9, Tyrl0, Tyrll, llel2, Cys13. This
information suggests these residues exist in an extended
conformatior?* consistent with g3-strand conformation for
these residues.

Coupling constants were calculated from 1-D proton spectra
and 2-D DQF-COSY spectra, and were in good agreement with
each other. Figure 2 illustrates the 1-D proton spectrum and
2-D DQF-COSY spectrum for the cyclod262) peptide, from
which 3J(HN—H®) coupling constants were calculated. In both
the L- and retrop-peptides those residues designed to form

B-strands show large values fal(HN—H%) consistent with the

putatives-structure, while those residues in the predi@edrn
show smaller coupling constants.

Protection from hydrogendeuterium exchange suggests that
several amides are either buried or involved in hydrogen bond
formation?® Both cyclo(-262) and cyclo{-262) demonstrate
significant protection levels for five to six of the amide protons
(Figure 3). Itis unusual for small peptigkehairpin models to
show measurable levels of amide protection from deuterium
exchange, and the presence of amide protection in these peptides
suggests stable structure. The exchange rates, corrected for
temperature, pH, and nearest neighbor effects, for the ayclo(
262) peptide are significantly faster than their equivalents in
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1995 117, 12562-12566.
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Figure 2. Both 1-D (bottom) and 2-D DQF-COSY (top) experiments were used to déif€'—H*) coupling constants. The cyclof262)
spectra are shown as an example. The sharp single peaks at 7.55 and 7.18 ppm represent the C-terminal amide peaks.
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Figure 3. Hydrogen-bonded amides are suggested from the results of hydrdgatrerium exchange experiments for cycl@62) (a) and cyclo-

(ro-262) (b) and supported by solvent mapping analysis studies (illustrated in (c)). No amide signals were observed for residues Lys5 in cyclo(
262) and Tyr2 and Lys9 in cyclagf262) in the HD exchange experiments, presumably due to fast exchange, and consequently are not shown in

(a) or (b). Solvent mapping studies (c) were used only qualitatively to confirm direct exchange experiments.

the cyclo(p-262) peptide, suggesting a larger population of the L-peptide compared to its retroenantiomer (Figure 4). In

hydrogen-bonded conformers in the retrgeptide than in the

addition to the direct exchange experiments, a qualitative

L-peptide. This is also supported by the generally smaller comparison of exchange can be made by analysis of interactions

8J(HN—H®) coupling constants observed for tfeesidues of

of amide protons with bulk watéP. Figure 3c demonstrates a
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Figure 4. Summary of NMR chemical shifts, amide coupling constants, amide exchange rates, and observed cross strah@dNOKSS is a

qualitative indicator of secondary structure in proteins with positive values being associated witinétie and negative values correlated with
[-strands. Fod,(i, i + 1) NOE results are reported on a log scale; values are normalized between spectra from XEASY analysis, with a maximum
value of 10 000. Amide exchange rates were calculated from a single exponential decay fit of the raw exchange rates (Figure 3) and reported here
normalized for primary structure effectsty» times are on a log scale. In the summary of cross strand NOEs the thickness of the arrow is proportional

to the number of observed interresidue NOEs L

cross section of a ROESY spectrum indicating peptidater dimensional spectrum is also displayed. As is also shown in
cross peaks, the intensity of which is relative to the chemical the hydroger-deuterium exchange experiments (Figure 3a), the
exchange rate of the amide proton. For comparison a one-solvent interaction analysis indicates some amide peaks that are
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well protected (for example, lle12), while others show inter-

mediate protection factors (Ala9) or very rapid exchange rates
(Tyr2). This implies that some portions of the structure are
more stable than others.

A summary of chemical shifts, coupling constants, amide
protection factors, and sequential and cross-strand NOEs is
shown in Figure 4. Elements of secondary structure are
suggested by several NMR criteria. Tyestrands are predicted
on the basis of strond,(i, i + 1) NOEs, large3J(HN—H%)
values, and negative chemical shift valuesA@*—ACP. The
observed set of long-range NOEs demonstrate the formation of
a compact stable structure stabilized by interstrand interactions
between both backbone and side-chain atoms and are consisten
with the 5-hairpin structure found in the native protein.

Structure Calculations. NOE-derived distance constraints,
3J(HN—H%) couplings constants, and hydrogen bonds implied
by amide protection studies were input as restraints in the
distance geometry program DIANA with the REDAC proce-
dure?6 DIANA uses no assumptions about protein energetics
other than van der Waals repulsions, and standard bond lengthsid
and angles; calculated structures are unrefined, and structures
have only been adjusted by rotation and translation for
comparison purposes. The structures calculated for ayclo(
262) and cyclo@-262) are shown in Figure 5. Parts a and ¢
of Figure 5 demonstrate the superposition of backbone and
carbonyl oxygen atoms of the 20 lowest target function
calculated structures for cyclo@62) and cyclo@-262), re-
spectively.

For the family of structures the root mean squared (rms)
deviations calculated for backbone atoms are 1.58 A for cyclo-
(L-262) and 1.08 A for cyclo@-262) (see Table 1). Global
rms deviations are illustrated in Figure 5b,d, where the width
of the ribbon is proportional to the rms deviation of the backbone
atoms. The rms deviations are larger for cyclo(L-262) than for
its retroenantiomer cyclafr262) and imply greater conforma-
tional flexibility. These values result from the observed smaller
coupling constants, which effect a greater available range of
backbone dihedral angles, and from generally weaker crossFigure 5. Superimposition of the 20 lowest target function calculated
strand NOEs, giving larger upper limit distance constraints input structures for cycla¢262) (a) and cyclof-262) (c). (b) and (d)
into DIANA. The larger rms deviations are also anticipated illystrate the ribbpn representation of the structures_ vyhere ribbon
from the lower protection factors observed for amide protons widths are proportional to the global backbone rms deviations (see also
in cyclo(L-262). Table 1).

Cyclo(L-262) forms a type Il S-turr?? for residues Asp6
Ala9 and shows a high amide protection factor for Ala9,
involved in thei, i + 3 hydrogen bond. In contrast the cyclo-
(ro-262) peptide shows its highest amide protection factors at piscussion
the base of thg-hairpin, suggesting that for some reason the . .
retrod structure forms, or maintains, the hydrophobic cluster ~ The cyclo(-262) and cyclo@-262) peptides exhibit a
found at the base of thg-hairpin better than the-peptide. structure similar to that predicted for the—f(:’ region m_the
However, the turn in cyclof-262) is not as well defined homology-based model of the &Rl o-chaini® A detailed
spectroscopically; in contrast to cycle262), the two o struct_ural comparison betwe_en the peptide structures and the
hydrogens of Gly7 are either averaged or equivalent and the protein region will bg of great mterestlwhen the crystal structure
B-methylene hydrogens of Glu6 and Asp8 are not spectroscopi-0F the FeRI o-chain becomes available. The formation of
cally distinct. The calculated structures of cyctp@62) result  Structure in the peptides is dependent on covalent cyclization
in two distinct turn structures: 85% of calculated structures USiNg the intramolecular disulfide. Peptides demonstrate random
demonstrate dihedral angles roughly analogous to the type IlI coll structure .Wlthout this disulfide bor'd. Peptide model_s of
turn observed for the-peptide, but ca. 15% of the structures Stablef-hairpins are rare and only recently has some insight
consistently demonstrate the inverse type Il turn. Experimental P€€N gained into the formation of these structdrés® The

data do not allow us to determine if these represent subpopu-PePtide mimics of the FRl a2 C-C region are unusually
lations or merely result from ambiguities resulting from the Well structureds-hairpins; this is illustrated by their long+D
exchange half-lives. Using some protein structures solved in

poorly defined hydrogen atoms in the turn of cycts@62),
likely arising from interconverting conformers.

(25) Bruschweiler, R.; Morikis, D.; Wright, B. Biomol. NMRL995 5, this |ab0rat9ry asa Star'dard for comparison, cyol2@2) show
353-356. smaller amide protection values than the very st#iide-5C

(26) Gintert, P.; Withrich, K. J. Biomol. NMR1991, 2, 517-530

(27) Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985 (28) Blanco, F.; Jimenez, M.; Pineda, A.; Rico, M.; Santoro, J.; Nieto,

3, 1-110. J. Biochemistry1l994 33, 6004-6014.
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Table 1. Statistics for NMR Calculations Given the dynamic nature of these peptide structures and the
cyclo-262)  cyclo(p-262) fact that the side-chain conformations are generally only well
- defined out to the-carbon positions, it is impossible to define
no. of residues 13 13 . . .
no. of distance restraints a single structure for each peptide. However, from the analysis
NOEs of cyclo(L-262) and cyclo@-262) it is clear that the retroenan-
intraresidue 84 77 tiomeric peptides can present very similar, although not identical,
sequential 47 45 topochemical surfaces. Figure 6 shows a GRASP surface
grlonrsZstran q i 4 615 representation of two similar conformers of cyckd62) and
total no. of NOEs 155 146 cyclo(m-262). This topological similarity between the two
no. of dihedral angle restraints 11 11 compounds is reflected in their similar affinity for IgE.
no. of hydrogen bond restraints 4 5 However, cyclo(-262) and cyclo(@-262) are not structurally
no. of stereospecifi-methylenes 5 4 identical on their surfaces. The issue of differing structures by
rms deviations (A) for retroenantiomeric peptides is well understood and has been
Cagﬂ%ﬁgjé?&”{g? discussed by othefs. Some subtle structural difference re-
backbone atoms 1.580.77 1.08+ 0.34 sults in an apparent greater flexibility of cycle262) in
heavy atoms 2.880.96 2.50+ 0.67 comparison with cyclo@-262), and is demonstrated most clearly
without termini (2-12) in differences in amide protection factors (Figure 4). Neverthe-
backbone atoms 098041  0.72-0.27 less, this study has demonstrated that the general structural
ﬂ-tﬂ?r?\%le;/t(()glz or5-8) 242079 2.27+0.69 principles of the retroenantiomeric approach are valid, at least
backbone atoms 0.220.16 0.08+ 0.05 in certain systems. Further, we have shown that conformation-
heavy atoms 1.08 0.33 0.91+ 0.33 ally constrained peptide structures can be induced to mimic

structures found in proteins and, in doing so, may mimic the
o ) . biological activity of that protein region. The ability to
hairpin from Abl SH2Z° but greater amide protection values  gynthetically recreate protein surfaces offers a unique approach
than are observed for the relatively flexibfe—/35 hairpin for characterizing molecular recognition events. These con-
structure of the Abl SH3 proteilf. As far as we are aware,  formationally stable mimics of the ERI protein may represent

cyclo(-262) and cyclo@-262) are the first synthetjé-hairpins 4 step toward the rational design of therapeutics for treating
to demonstrate significant protection in amide hydrogen allergic disorders.

deuterium exchange experiments. The peptides described here

have a number of features which may contribute to their unusual \yo+erials and Methods

structural stability. It has been suggested that the formation of

a hydrophobic cluster is a crucial nucleating event in the Peptide Synthesis, Refolding, Purification, and Preparation.
formation of af-hairpin# The aromatic and hydrophobic resi- ~ Peptides were synthesized on an Applied Biosystems 430A peptide
dues at the base of thé-hairpin in cyclo(-262) (CIYY- synth(_e&_zer using standard fm0<_: _chemlstry. (_:r_ude pep_ﬂde was reduced
KDGEALKYC) and cyclo(p-262) (CYKLAEGDKYYIC) are W|th.d|th|othre|tol and HF.>LC.pur|f|ed. The pUI’.Ierd peptides were then
probably important in stabilizing structure. Additionally the subjected fo an air oxidation protocol for intramolecular disulfide
FoeRI peptides have a glycine residue at position 2 oftHern. formation3® Peptides show greater than 95% intramolecular disulfide

Glvcine is th idue f di di bonding at the end of this procedure as monitored by HPLC and
ycine is the most common residue found in turns, and its 4| pi-ms analysis. The calculated molecular mass for the cyclized

flexibility effectively accommodates tight turd$. The peptides  peptides cycla(262) and cyclo@-262) was 1566.82, while the

do exhibit deviations in behavior from ideal plangisheet observed masses by MALDI-MS were 1566.7 and 1567.3, respectively.
structure, in that both demonstrate helical twist of the strands No significant impurities were detectable by NMR. The cyclized
and show some bending in the plane of {hetrands. As product was then repurified by RP-HPLC and used for the experiments
expected cycla(-262) shows a right-handedness to the helical described below. The sequences of the peptides used in this study are
twist, while cyclo(p-262) demonstrates a more marked left- as follows: cyclo(-262) “-(CIYYKDGEALKY)" p-C-amide (allL-
handed twist. Variability in the amount of twist contributes amino acids except the C-terminal residue); cyde?62) o-C-"L-

to the increase in rms deviations at the termini of the pep- (YKLAEGDKYYIC)"-amide (all o-amino acids except the N-terminal
tides (see Figure 5), as a wide range of helical twist is con- residue). For NMR samples, lyophilized peptide was dissolved in 90%

. . . . H,0/10% DO, pH adjusted to 5.5.
sistent with the set of constraints used for structure calculations. - 6 DO, p )

Th deviati f ideal behavi ted f tid Nuclear Magnetic Resonance.All NMR experiments were per-
€se devialions from ldeal behavior are expected Tor peplite ¢, mqq on a Bruker DMX-500 spectrometer. Two-dimensional spectra

mimics of a-hairpin $tructure, as opposed t_q85hairpin in were recorded in pure phase absorption mode using States-TPPI phase
the context of a protein where the structure is tethered to the cycling procedures. TOCSY, NOESY, and ROESY spectra were

rest of the molecule covalently and by a network of interstrand collected at 288 K for various mixing times. Water suppression was
interactions. achieved either by presaturation during the relaxation delay or by using
The structural relationship between peptide retroenantiomersthe Watergate pulse schefteFor determination of coupling constants,
has been much discussed (recently reviewed in ref 31). Activity one-dimensional spectra were collected with 16 384 data points and
studies between retroenantiomeric peptides have been analyze§igh digital resolution and 2-D DQF-COSY were collected with 64
in a number of different systeri$,’6 and conformational scans and 8192 real data point$C resonances were assigned from a

. R . . 13c-—1 i i 0
analyses have been carried out on small cyclic retroenantiomeric 3;: ('j_' HMQCh experlrr;ehnt dperformed n 99'9;‘? 6%0 at natulr al d
eptides:32 In addition, a number of theoretical papers have oo anoe: The rate of hydrogedeuterium exchange was analyze
pep ) ’ pap using a series of one-dimensional spectra. For cymlg@2) exchange

speculated on the topological similarity of retroenantiorfié?s?> was measured at 288 K, pH 5.0; 22 spectra were collected over a period
(29) Overduin, M.; Rios, C. B.; Mayer, B. J.; Baltimore, D.; Cowburn, of 3 h. Because of spectral overlap of amide signals at 288 K, cyclo-
D. Cell 1992 70, 697—704. (L-262) exchange was monitored at 298 K, pH 4.5; 14 spectra were
(30) Gosser, Y. Q.; Zheng, Z.; Overduin, M.; Mayer, B. J.; Cowburn,
D. Structure1995 3, 1075-1086. (33) McDonnell, J. M.; Blank, K. J.; Rao, P. E.; Jameson, B.JA.
(31) Chorev, M.; Goodman, MIIBTECH 1995 13, 438-445. Immunol.1992 149, 1626-1630.
(32) Mammi, N. J. and Goodman, MBiochemistry1986 25, 7607 (34) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661~
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cyclo(l-262) cyclo(rD-242)

Figure 6. Similarity of topochemical features presented by the retroenantiomeric peptides. Solid surface representations demonstrate that side
chains can be presented analogously in cyeR§2) and cyclo@-262) structures. The surface which is predicted to be exposed in #Rl Fc
a-chain protein is shown, and several prominent side chains are indicated. The figure was prepared using the prografh GRASP.

recorded in 1 h. Signal intensity was plotted versus time and fitted to employing a simplex algorithm. Peptide hydration was performed in
a single exponential decay in order to derive exchange rates. Solventinsightll (Biosym, San Diego) using a 10 A layered waterbox. The
accessibility of amide protons was also confirmed by analyzing amide heavy atoms of the peptide and water oxygen atoms were assigned
cross peaks with bulk water in ROESY experimefitiNOE correla- radii of 1.0 and 1.6 A, respectively. The errors calculated for the
tions in KO and DO were assigned in XEAS¥ and peak volumes derived translational diffusion coefficients were assessed as standard
integrated using the program PEAKINT.Peak volumes are converted  deviations of diffusion coefficients calculated from different peaks in
into upper limit distance constraints using the program CALMBA, the NMR spectrum.
where nonstereospecifically assigned methylene and methyl groups are  Structure Calculations. Structures were calculated using the
corrected for center averagiigand distance constraints involving  DIANA program#? Both one-dimensiondH spectra (Figure 2a) and
methyl groups are increased by 1.0 A to account for their greater double quantum filtered COSY spectra (Figure 2b) were used to derive
intensity38 3J(HN—H%) coupling constants. For the one-dimensional spectral data,
Measurements of the translational diffusion coefficients were Spin—spin couplings were calculated by fitting individual amide peaks
performed using pulse-field-gradient NMR methods. Two measurement to a double Lorentzian equation and measuring the separation between
schemes were employed, based on variation of either gradient-pulsethe two Lorentzian maxima. Because several of the peaks in the one-
length3 in the range of 210 ms at a constant magnetic field gradient dimensional spectra overlap, we additionally used two-dimensional
(21 G/cm), or the gradient strength (from 2 to 21 G/cm) in the pulse DQF-COSY experiments to unambiguously resolve cross peaks and
sequence incorporating bipolar gradient pufehirty to forty 1-D calculate®J(HN—H®) constants. For fits of the DQF-COSY peaks,
spectra, corresponding to various gradient lengths or strengths, wereSpectra were imported into the program MATLAB and one-dimensional
acquired in a pseudo-2-D fashion, and intensities of the NMR signals slices of each peak were extracted and fit to an antiphase superposition

were fitted to standard equatidhsusing a MATLAB platform of two Lorentzians, due to the nature of antiphase doublet peaks in the
DQF-COSY. Restricted values ap were derived as previously
(35) Otting, G.; Liepinsh, E.; \Whrich, K. Sciencel 991, 254, 974-80. described?® Structures were initially calculated without hydrogen
(36) Eccles, C.; Gutert, P.; Billeter, M.; Wthrich, K. J. Biomol. NMR bonds, and restraints for these were added only when present in a set
1991 1, 111-130. of initial calculated structures, and when the amide exchange protection

(37) Gintert, P.; Wthrich, K. J. Biomol. NMR199], 1, 447-56.

(38) Wagner, G.; Braun, W.; Havel, T. F.; Schaumann, T.; Go, N,; factor was significant.

Wilthrich, K. J. Mol. Biol. 1987, 196, 611-639. (42) Gintert, P.; Braun, W.; Walrich, K. J. Mol. Biol. 1991, 217, 517—
(39) Dingley, A. J.; Mackay, J. P.; Chapman, B. E.; Morris, M. B.;  30.
Kuchel, P. W.; Hambly, B. D.; King, G. K. Biomol. NMR1995 6, 321~ (43) Clore, G.; Appella, E.; Yamada, M.; Matsushima, K.; Gronenborn,
328. A. Biochemistry199Q 29, 1689-96.
(40) Wu, D.; Chen, A.; Johnson, C. $. Magn. Reson., A995 115 (44) Molday, R. S.: Englander, S. W.; Kallen, R. Biochemistryl972
260-264. 11, 150-158.
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