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Abstract

A central question in protein folding is the relative importance of locally encoded structure and cooperative
interactions among residues distant in sequence. We have been exploring this question in a predominantlyb-sheet
protein, sinceb-structure formation clearly relies on both local and global sequence information. We present evidence
that a 24-residue peptide corresponding to two linked hairpins of cellular retinoic acid-binding protein I(CRABP I)
adopts significant native structure in aqueous solution. Prior work from our laboratory showed that the two turns
contained in this fragment(turns III and IV) had the highest tendency of any of the eight turns in this anti-parallel
b-barrel to fold into native turns. In addition, the primary sequence of these two turns is well conserved throughout
the structural family to which CRABP I belongs, and residues in the turns and their associated hairpins participate in
a network of conserved long-range interactions. We propose that the strong local-sequence biases within the chain
segment comprising turns III and IV favor longer-range interactions that are crucial to the folding and native-state
stability of CRABP I, and may play a similar role in related intracellular lipid-binding proteins(iLBPs).
� 2002 Elsevier Science B.V. All rights reserved.

Keywords: Protein folding; Peptide fragment;b-Sheet;b-Turn; Diffusion–collision; Conserved interaction; Intracellular lipid-
binding proteins

� We dedicate this manuscript to John T. Edsall in memory of his long career as a scientific statesman and eminent biophysicist.
We have been fortunate to pursue our scientific careers during the time of his influence on biophysics and biophysical chemistry.
We have benefited from his wisdom, his rigor, his broad knowledge and his integrity. The present view of protein structure and
folding has been molded by his fundamental contributions, his critical reviews and his thoughtful editorial guidance. Beyond this
he was a scientist with a social conscience; we aspire to follow his example. He will be greatly missed.
*Corresponding author. Tel.:q1-413-545-6094; fax:q1-413-5451289.
E-mail address: gierasch@biochem.umass.edu(L.M. Gierasch).



422 K.S. Rotondi et al. / Biophysical Chemistry 100 (2003) 421–436

1. Introduction

The seminal work of Anfinsen in the 1960s
demonstrated that the information necessary to
guide the acquisition of the native state of a protein
resides in its primary sequencew1x. The last four
decades of research on protein folding has focused
on understanding how this information is
expressed. A central question in these investiga-
tions has been the relative role of local and global
forces in directing the folding process. Two broad
models have been developed as potential mecha-
nisms for the folding reaction. The hydrophobic
collapse model posits that global information in
the pattern of hydrophilic and hydrophobic resi-
dues directs acquisition of the native state through
a collapse that sequesters the hydrophobic residues
from solvent w2–4x. In contrast, the framework
model suggests that locally defined, native-like
secondary and super-secondary structure forms ear-
ly and assembles to form the native statew5,6x.
Two variants of the framework model of folding
are the nucleation–condensationw7,8x and the
diffusion–collisionw9,10x models. In the former, a
region of locally defined structure provides a
nucleus upon which the rest of the chain can
organize, while in the latter, two or more such
regions of locally defined structure are separately
encoded, and the productive collision of these
regions favors the folding reaction. In framework
models, the acquisition and retention of native
regions of structure lead to a build-up of native
structure throughout the folding reaction, and thus
these models are hierarchical. Central to frame-
work models is the ability of primary sequence to
encode native conformation independently of the
other regions of the folding chain. By contrast, the
hydrophobic collapse model does not require linear
sequence to favor native structure when isolated
from the entire protein chain.
The framework model has been tested in many

studies of protein fragments. Considerable evi-
dence for the behavior of short peptides shows
that thea-helix can be locally definedw11–16x
and that the stability of helices in protein fragments
correlates with their roles in the folding of helical
proteinsw17–20x. In addition, these locally defined
helices have been shown to function in both

nucleation–condensationw8x and diffusion–colli-
sion folding processesw10x. By contrast, there
have been fewer studies of peptide fragments from
primarily b-sheet proteins. The topology ofb-
structure requires that residues far removed in
primary sequence make specific contacts. None-
theless, anti-parallel up–downb-structure relies
upon the presence of turns between adjacent
strands. Turns constitute a region where interac-
tions in local sequence can have significant effects
on longer-range interactions.
In recent years there has been an increasing

number of studies showing native conformational
bias in hairpin fragments ofb-sheet proteinsw21–
24x. The distal loop of the spectrin SH3 domain
showed a tendency to fold into a native-like
conformation in a fragmentw25x, and this loop
also appears to be well formed in the folding
transition statew26x. Similarly, a 16-residue frag-
ment corresponding to the N-terminal hairpin of
ubiquitin populates a native-like conformation
w23x, and hydrogen exchange results show that this
same region shows early protectionw27x. Recent
work suggests that the ability of this region of
ubiquitin to fold relies on the presence of a five-
residue turn with a glycine bulgew28x. Removing
the glycine in the fragment disrupted the turn
conformation, and mutating it in the protein slowed
folding by a factor of two, arguing that it plays a
critical role. In the protein G B1 domain, the
second of two turns persists in a fragmentw29x
and is formed in the transition statew30x. All of
these examples underline the potential roles played
by turns and hairpins in folding and demonstrate
that their behavior in excised fragments can be
used to examine their roles in folding. However,
all of these examples come from small(-100
residues) proteins, none of which contain regular
b-structure.
The question remains to what extent local

sequence biases in turns are important in the
folding of largerb-proteins. Inb-barrel proteins,
is this bias towards native conformations a feature
of all of the turns, and if not, do the propensities
of turns to adopt native conformations determine
a hierarchical process of folding? A better under-
standing of these local sequence-encoded steps in
b-sheet folding may help to provide general prin-
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Fig. 1. (A) Cartoon depiction of CRABP Iw33x showing the overall architecture.(B) Ribbon diagram of CRABP I with residues
involved in the conserved hydrophobic and polar clusters(Gunasekaran et al., unpublished) shown in spacefill. Shown in red are
residues in the network of hydrophobic residues that are on the 64–88 segment. Other members of the hydrophobic network are in
dark purple if they are on the N-terminal sheet, or in light purple if they are on the C-terminal sheet. In light blue are residues in
the polar cluster that reside on the 64–88 segment; other residues in the polar cluster are shown in green. Phe71(depicted in dark
blue) forms conserved hydrophobic interactions with F65 and P85 in the hydrophobic cluster, as well as a conserved hydrophobic–
polar interaction with S83 in the polar cluster. As such, it bridges the two clusters.(C) Stick representation of CRABP I 64–88
fragment. Intra-fragment hydrogen bonds available in the native conformation are shown, and the hydrogen bond donors are labeled.

ciples applicable to the folding mechanisms of this
relatively under-studied yet highly important struc-
tural classw31x. Aberrant folding ofb-sheets may
have deleterious consequences, and indeed may be
causative in many diseasesw32x, and thus enhanced
understanding may help in the design of therapeu-
tic interventions.

To examine these issues, we have focused our
attention on the folding of ab-barrel protein with
a simple anti-parallel, up–down topology—cellular
retinoic-acid-binding protein I(CRABP I, Fig. 1).
CRABP I is a member of the large family of
intracellular lipid-binding proteins(iLBPs), allow-
ing us to use comparative sequence and structure
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data to extend our findingsw33x. The physiological
role of CRABP I is the transport and sequestration
of the sparingly soluble ligand retinoic acid. As
occurs for all iLBPs, the hydrophobic ligand binds
in a central cavity formed by a 10-strandedb-
barrel. The folding of CRABP I has been well
characterizedw34–36x. The earliest kinetic event
(;300ms) involves hydrophobic collapse accom-
panied by acquisition of considerable secondary
structure (w36x; Habink and Gierasch, unpubli-
shed). In a second kinetic phase(100–200 ms),
the population of folding species largely attains its
native topology, as indicated by docking of the N-
and C-termini and formation of the binding pocket
w36x. Intriguingly, the 100–200-ms intermediate
population is devoid of stable hydrogen bonds in
the b-barrel. The bulk of the folding population
reaches the native state, with all tertiary interac-
tions and a stable hydrogen-bonding network in
the sheets occurring an order of magnitude later
in a 1-s time phase. A small population(;15%)
of the folding protein is rate-limited bycis–trans
isomerization of the Leu84–Pro85 bond, leading
to an observable 15–20-s time phasew37x.
The hypothesis that the local sequence biases

early folding events was tested through a fragment
study focusing on theb-turns of CRABP I. Seven
short (six hexa- and one hepta-) peptides corre-
sponding to theb-turns in CRABP I were subject
to biophysical characterization(Rotondi and Gier-
asch, in preparation). Results from nuclear mag-
netic resonance(NMR) and circular dichroism
(CD) indicate that, while the balance of the turns
are primarily random coil in nature, turns III and
IV possess considerable bias toward the native
conformation. Indicators include non-random CD
spectra, native-like deviations from random-coil
chemical shift, native hydrogen bonding monitored
by amide proton temperature shifts, and native-
like cross-strand nuclear Overhauser enhancements
(nOes). These two turns occur at intriguing posi-
tions in the CRABP I structure: turn III joins a
hairpin devoid of cross-strand hydrogen bonding,
while the turn IV hairpin forms the transition
between the N- and C-terminal sheets of theb-
barrel. The fact that these turns form linked hair-
pins in CRABP I suggested that the region
encompassing them and the intervening strand

might play a significant role in the folding of the
intact protein. In fact, the turn IIIyIV-linked hairpin
and the helix–turn–helix sub-domain, which we
earlier showed to have a strong tendency to adopt
native structure as an isolated fragmentw38x, con-
stitute the most likely regions to behave in a
framework-like way. Thus, we seek to explore the
extent to which local sequence-encoded structure
formation by the turn IIIyIV-linked hairpin plays
a role in productive folding of CRABP I.
An additional motivation for the present studies

of the turn IIIyIV-linked hairpin region of CRABP
I derives from observations based on sequence
comparisons in the iLBP family. We have identi-
fied interacting residue pairs in the CRABP I
structure that have been conserved in the iLBP
family as hydrophobic–hydrophobic or polar–
polar, based on the premise that these pairwise
interactions are likely to contribute favorably to
stability and folding(Gunasekaran et al., in prep-
aration). Interactions between amino acids within
five residues in primary sequence were considered
local, and those beyond this window, global. The
analysis of local conserved interactions found only
three in theb-domain of CRABP I; remarkably,
two were associated with turn III and one with
turn IV. In addition, the global analysis identified
a hydrophobic network primarily involving resi-
dues on the N-terminalb-sheet, as well as a
smaller, polar cluster in theb-domain of CRABP
I (Fig. 1b). Five of the seven residues involved in
conserved polar interactions and six of 19 residues
involved in conserved hydrophobic interactions
reside in the turn III and IV hairpins, suggesting a
critical role for this portion of the molecule in
organization of this interaction network.
We hypothesize that early steps in the folding

of CRABP I are critically dependent on the ten-
dency of turns III and IV to take up native
conformation, which in turn favors the organiza-
tion of the subset of residues into the conserved
network of long-range interactions. The resultant
early organization of this region of the molecule
provides an interaction surface upon which addi-
tional longer-range conserved interactions can form
(Fig. 1). To refine and test this hypothesis, we
examined the behavior of the turn IIIyIV-
linked hairpins in a 25-residue fragment cor-
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responding to residues 64–88 in CRABP I
( NFKVGEGFEEETVDGRKSRSLPTWE , turn64 88

III and IV regions previously studied as peptides
are in italics) (Fig. 1b,c). Biophysical characteri-
zation of CRABP I 64–88 supports the notion that
this region of CRABP I populates a native-like
conformation in the unfolded state and influences
the early folding events of the intact protein. The
resultant fragment is monomeric in nature. While
there is no indication of stable tertiary structure,
there are numerous data showing that the two turns
and their connecting strand populate native con-
formation. Supporting this native bias are the
chemical shift deviations from random coil, non-
sequential nOes, and amide shift with temperature
NMR data in the turn III and IV regions of the
large fragment. Results of the conformational anal-
ysis of this fragment and the implications for the
folding of the intact protein are presented in this
paper.

2. Materials and methods

2.1. Peptide synthesis and characterization

The CRABP I 64–88 fragment was synthesized
by solid-phase methodsw39x utilizing 9-fluor-
enylmethyloxycarbonyl (Fmoc) protection and
N -w(dimethylamino)-1H-1,2,3,-triazolow4,5-bx-
pyridin-1-ylmethylenex-N-methylmethanaminium
hexyfluorophosphateN-oxide (HATU) as a cou-
pling agent. The synthesis was carried out on a
PE Biosystems(Framingham, MA) Pioneer pep-
tide synthesis system with PE Biosystems proto-
cols. The N- and C-termini were left unprotected
to enhance solubility. The crude peptide was puri-
fied using reverse-phase high-performance liquid
chromatography(RP-HPLC). Support resin and
HATU were purchased from PE Biosystems(Fra-
mingham, MA). Fmoc-amino acids were pur-
chased from Peptides International(Louisville,
KY). Vydac preparatory and analytical HPLC
columns were purchased through the NEST group
(Southboro, MA). HPLC-grade dimethylformami-
de, dichloromethane, acetonitrile and methanol
were purchased from EM-Scientific(St. Louis,
MO). Phenol, ethyl ether and triisopropyl silane
were purchased from VWR(West Chester, PA)

and Sigma Scientific(St. Louis, MO). Spectropho-
tometric-grade trifluoroacetic acid was purchased
from Aldrich chemicals(Milwaukee, WI).
The identity of the pure peptide was confirmed

by NMR spectroscopy, amino acid analysis(Cor-
nell Biotechnology Analytical Chemistry Facility,
Ithaca, NY) and mass spectrometry(Mass Spec-
trometry Facility, University of Massachusetts,
Amherst). The purity of the peptide was assessed
by analytical RP-HPLC. The extinction coefficient
at 280 nm was calculated by the method of Gill
and von Hippelw40x; subsequently, peptide con-
centration was determined byA or quantitative280

NMR spectroscopyw41x.

2.2. CD spectroscopy

CD spectra were collected at 58C on a JASCO
J-715 spectropolarimeter and processed with Jasco
J-700 software version 1.50. A JASCO PTC-
348WI Peltier piezo electric controller maintained
temperature control. CD samples were in 10 mM
phosphate, pH 5.3, at peptide concentrations of 24
mM and 4.4 mM. The pathlength of the CD
cuvettes(Hellma, Germany) ranged from 0.01 to
1 cm. A 2-cm jacketed cell from Uvonic Instru-
ments Inc was used with a circulating water bath
for temperature control in some of the low con-
centration analyses. CD spectra reported are the
average of five scans, using a 1-nm bandwidth at
a scan rate of 10 nmymin, and were corrected by
subtracting a solvent spectrum acquired under
identical conditions. Spectra were recorded above
200 nm to maintain a photomultiplier voltage of
-600 V.

2.3. NMR spectroscopy

NMR analysis was performed on a Bruker 600-
MHz Avance NMR spectrometer using a TXI SB
5-mm probe withz gradients. Temperature was
maintained with a Bruker BCU 05 temperature
control unit (calibrated against 4% methanol in
methanol-d with a trace of hydrochloric acid).4

Samples were initially analyzed at concentrations
of 100 mM and 1 mM to check for aggregation.
The samples were in 10 mM potassium phosphate,
pH 5.3, 10% D O, with 0.11 mM 2,2-dimethyl-2-2
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silapentane-5-sulfonic acid as a chemical shift
reference, with a final volume of 650ml. The pH
was adjusted with 1 M potassium hydroxide and
1 M hydrochloric acid and read directly from a
Fisher pH meter with no correction for the deute-
rium isotope effect. 1D spectra were collected with
14 000 points and a spectral width of 7183.9 Hz,
or approximately 12 ppm. Spectra were zero-filled
to 32768 points prior to Fourier transformation,
giving an effective spectral resolution of 0.2 Hzy
point or 0.0004 ppmypoint. Water suppression in
all experiments was achieved using the excitation
sculpting modification of the WATERGATE gra-
dient selective excitation pulse schemew42x.
Total correlation 2D spectroscopy(TOCSY)

w43x was used for identification of peptide spin
systems, measurement of amide-proton chemical
shift change with temperature(temperature coef-
ficient, DdyDT) and determination of Ha devia-1

tion from random coil. A low temperature
coefficient indicates that the amide proton is
shielded from bulk solvent, whether through par-
ticipation in a hydrogen bond or through steric
occlusionw44x. As a result, the temperature coef-
ficient is a powerful tool for identifying the pres-
ence of intramolecular hydrogen bonds in
fragments. The shift from random coil for thea-
proton of a residue provides information on the
secondary structure populated in a site-specific
manner. An upfield or negative shift from the
random coil value is indicative of participation in
a helical or turn conformation, while a downfield
or positive shift indicates extended conformation
w45,46x. This site-specific secondary structure
information is extremely useful in determining the
overall conformational tendencies of a protein
fragment.
TOCSY mixing was effected using an MLEV-

17 sequencew47x with a mixing time of 78 ms,
while phase sensitivity was accomplished using
States-TPPI phase cyclingw47x. The chemical shift
data reported were recorded at 38C. Amide tem-
perature-shift data were collected at 3, 5, 10, 15
and 258C. TOCSY spectra were acquired with a
spectral width of 6127.4 Hz or approximately 10
ppm in both dimensions, with 2048 complex data
points in t2 and 1024 experiments of eight scans
each int1. A Gaussian window function was used

with a line broadening ofy2 Hz and a Gaussian
broadening of 0.1 and 0.05 in t2 and t1, respec-
tively. The processed matrices were 1024=1024
points with an effective resolution of 6 Hzypoint
or 0.01 ppmypoint.
Proton nuclear Overhauser effect spectroscopy

( H NOESY) provides a powerful tool for deter-1

mining inter-proton distances in biomoleculesw48x.
The intensity of the nuclear Overhauser effect
(nOe) is related to interproton distance by an
inverse sixth power, and the maximum distance
observable is approximately 5 A. NOESY spectra˚
were collected at 38C for mixing times of 150
and 300 ms, with a spectral width of 6127.4 Hz
or approximately 10 ppm in both dimensions, 2048
complex points int2 and 1024 experiments of 32
scans each int1. Phase sensitivity was achieved
using States-TPPI phase cyclingw47x. Gaussian
window functions were applied with line broad-
ening of y2 Hz and a Gaussian broadening of
0.09 and 0.04 int2 and t1, respectively. The data
in t1 were zero-filled to 2048 points prior to
Fourier transformation, resulting in matrices that
were 2048=2048 points with an effective resolu-
tion of 3 Hzypoint or 0.005 ppmypoint. Sequential
assignment of the fragments was accomplished
using the NOESY sequentiala-proton to amide
proton wd (i,iq1)x nOes; in combination withaN

TOCSY data, nearly complete assignment of the
peptide was accomplished(Table 1).

2.4. Conservation of secondary structure

Secondary structure conservation was deter-
mined between CRABP I and 53 sequences of
other iLBP family members with sequences greater
than 30% homology(to increase reliability of
sequence alignmentw49,50x). Sequence alignment
was accomplished using theCLUSTALW program
w51x. The conservation analysis is based upon the
primary sequence and secondary structure of a
reference protein, in this case CRABP I. The
residue of the reference protein is used to calculate
the conservation of each position in the sequence.
The positional conservation score is a simple
percentage of the occurrence of the reference
residue in the available sequences at that position.
The crystal structure of CRABP I was used to
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Table 1
Chemical shifts of the protons in CRABP I 64–88

Residue Chemical shift(ppm)

NH aH bH Other

F65 8.73 4.66 3.00, 3.09 2,6: 7.33 3,5: 7.30 4: 7.28
K66 8.4 4.28 1.71 g1.32 d1.61,´3.00
V67 8.32 3.98 2.02 g0.92
G68 8.71 3.87, 4.04
E69 8.3 4.32 1.9, 2.06 g2.23
G70 8.55 3.78, 3.86
F71 8.14 4.62 2.97,3.10 2,6: 7.14 3,5: 7.48 4: 7.22
E72 8.52 4.26 1.88, 1.99 g2.23
E73 8.51 4.24 1.94, 2.04 g2.30
E74 8.59 4.37 1.96, 2.04 g2.31
T75 8.36 4.43 4.27 g1.19
V76 8.45 4.04 2.08 g0.94
D77 8.52 4.55 2.70
G78 8.41 3.90, 3.95
R79 8.14 4.28 1.80, 1.86 g1.58, 1.63 d3.17 NH 7.40
K80 8.35 4.33 1.85, 1.77 g1.41, 1.46 d1.66,´2.97 NH7.60
S81 8.4 4.41 3.86
R82 8.42 4.38 1.77, 1.88 g1.59, 1.63 d3.15 NH 7.28
S83 8.4 4.42 3.86
L84 8.26 4.60 1.56 g1.56 d0.91
P85 4.32 1.92,1.99 g1.51 d3.59, 3.80
T86 8.07 4.23 4.19 g1.14
T86c 8.41 4.16 g1.32
W87 7.99 4.75 3.28, 3.32 2: 7.21 5: 7.17 7: 7.44

4: 7.63 6: 7.39 NH 10.19
W87c 8.18 4.72 3.26, 3.32 2: 7.24 7: 7.44 NH 10.15
E88 7.80 4.09 1.79, 1.98 2.08
E88c 7.84 4.08 1.80, 1.98 2.09

determine the secondary structure of each residue
w33x. Secondary structure conservation scores for
all turns, strands, loops and helices are the average
of the positional scores within those elements of
secondary structure.

3. Results and discussion

3.1. CRABP I 64–88 is monomeric and lacks
stable tertiary structure

The CD spectrum of CRABP I 64–88(not
shown) shows a strong minimum below 200 nm
and a very weak negative band centered on 232
nm, consistent with a largely random distribution
of conformationsw52x. Seemingly in contradiction,
the amide proton NMR resonances of many resi-
dues in this peptide have temperature coefficients

below 4 ppby8C (see below), suggesting intramo-
lecular hydrogen bonding. An alternative possibil-
ity that could account for the low temperature
coefficients was intermolecular association. How-
ever, the CD spectrum does not change with
concentration between 24mM and 4.4 mM. In
addition, the 1D NMR spectrum of this fragment
exhibits narrow lines(the width at half height of
the Trp87 indole proton is 6 Hz) at the concentra-
tion of 4.4 mM.

3.2. CRABP I 64–88 samples native-like structure

Ha chemical shift deviations from random coil1

provide a residue-specific measure of the confor-
mational state populated by a polypeptidew45,46x.
We compared the deviations from random coil for
residues in the CRABP I 64–88 fragment with the
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Fig. 2. Ha chemical-shift deviation from random coil for residues in the CRABP I 64–88 fragment. For comparison, the deviations
from random coil shifts are shown for the short turn fragments studied(Rotondi and Gierasch, in preparation) and intact CRABP
I w57x. Residues in the turn regions are highlighted in red. Note native-like deviations in the turn regions, as well as the strand
bridging turns III and IV. Weak and alternating positive and negative deviations in the region beyond turn IV suggest a more random,
coil-like behavior. The dotted lines indicate the generally accepted threshold deviations for confident assignment of secondary
structure propensityw45,46x.

shifts exhibited by short fragments of turns III and
IV and with those of intact native CRABP I
residues 64–88(Fig. 2). The magnitudes of the
shifts from random coil are considerably smaller
both in the short turn fragments and in CRABP I
64–88 (0–0.16 ppm) than in the native protein
(0.05–1.05 ppm), as expected for short sequences
that populate an ensemble of conformations. None-
theless, the behavior of residues in turns III and
IV is strikingly similar to that exhibited in the
intact protein. The pattern of deviation from ran-
dom coil in the turn sequences is more native-like
in the longer fragment. Therefore, this analysis

reveals a native bias in the turn III and IV portions
of the CRABP I 64–88 fragment. Moreover, the
native-like bias of the long fragment continues in
the strand that links turns III and IV. With the
exception of Phe71, all of the residues in this
strand show a downfield shift from random coil,
i.e. toward extended conformation. The shift of
Phe71 in the intact protein is toward extended
conformation, while its chemical shift in the large
fragment is random coil. Phe71 forms many terti-
ary contacts in the native protein, including stack-
ing interactions with Phe50 and Phe65. We suggest
that the conformation and environment of this
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Fig. 3. (a) Fingerprint and(b) amide regions of the CRABP I
64–88 NOESY spectrum. Peaks labeled with a ‘c’ result from
a small population(;15%) of peptides containing acis
Leu84–Pro85 bond. Conditions: 38C, 4.4 mM CRABP I 64–
88, pH 5.3, 10 mM PO , 10% D O in H O,t s150 ms.2y

4 2 2 m

Cross-peaks arising from an impurity are circled.

residue are significantly affected by these interac-
tions, which are absent in the fragment. The
behavior of Thr75 is curious. From the crystal
structuref,c values, Thr75 in the intact protein is
near to extended, with a kink that enables it to
take part in the conserved polar cluster, and its
Ha resonance exhibits a modest upfield shift1

towards turn or helical conformation. Interestingly,
the chemical shift of this residue in both the short
and long fragments is typical of an undistorted
extended conformation. Thus, the difference likely
reflects the absence in the fragments of the longer-
range network of native contacts. Most of the
sequence beyond turn IV in the CRABP I 64–88
fragment varies between weakly extended and
weakly helical biases, which indicates a more
random coil conformation in this region of the
fragment. Only Leu84 appears to be in an extended
conformation. Overall, based on deviations in the
Ha chemical shifts from random coil, the CRABP1

I 64–88 fragment appears to sample native-like
structure in turns III and IV, as well as the strand
connecting them.
The ability of the NOESY experiment to report

on inter-proton distance can be exploited to deter-
mine the short-range conformational biases in a
protein fragment. The distance between sequential
amide anda-protons is dependent upon the local
conformation. In extended regions, the sequential
amide–amide distance is longer(;4.5 A), so the˚
NN(i,iq1) nOe is weaker, while the sequentiala-
amide distance is rather short(;2.5 A) and the˚
correspondingaN(i,iq1) nOe is strongw48x. In
contrast, the sequential distances reverse in a helix
or in the iq3–iq4 positions of ab-turn, with the
sequential amide–amide distance falling to;2.5
A and the a-amide distance reaching;3.2 A.˚ ˚
These sequential nOes provide information on the
local backbone conformation in short fragments
w53x.
The sequential nOe pattern observed in the turn

regions of CRABP I 64–88 is that expected for
the native turns(Figs. 3 and 4). Both the turn
regions show a strong NN nOe with a weakaN
nOe between theiq3 andiq4 residues—between
Gly68 and Glu69 in turn III, and between Asp77
and Gly78 in turn IV. As a result of the glycine
bulge at Gly78 in turn IV, the amide protons of

residues Gly78 and Arg79 are considerably closer
in the crystal structure(3.0 A) than expected in˚
extended conformation. The presence of a medium
NN and weakaN nOe between this pair is in
accord with a native-like conformation at the C-
terminus of turn IV, including the glycine bulge.
In addition, NN andaN nOes observed in the
strand that bridges turns III and IV are consistent
with the native extended conformation. The region
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Fig. 4. Summary of results of the NOESY analysis, as well as the amide temperature coefficients for the CRABP I 64–88 fragment.
The native conformations of residues in the fragment are indicated above the residue numbers(E for extended, T for turn). Strong
NN(i,iq1) andaN(i,i) nOes in the turn regions, coupled with weakeraN(i,iq1) nOes, indicate that the turns are populated in the
64–88 fragment. By comparison, the presence of stronger sequentialaN and weaker NN nOes in the strand linking turns III and
IV indicates a more extended conformation. Note that observable non-sequential nOes are associated with turns III and IV, with
only one in the more ‘random coil’ C-terminal region of the fragment. Amide temperature coefficients(DdyDT ppby8C) were
measured between 3 and 258C; ‡ indicates a residue that would be an intra-fragment hydrogen-bond donor in the native confor-
mation. An asterisk indicates that overlap precluded measurement of a given nOe; no entry for temperature dependence indicates
that overlap did not allow that amide resonance to be followed.

beyond turn IV in the CRABP I 64–88 fragment
is harder to interpret due to the large amount of
spectral overlap; on the other hand, the spectral
overlap itself is telling, pointing to a random
distribution of conformations in this region.
Despite this, the presence of a strongaN nOe
coupled with a medium NN nOe provides some
indication of extended conformation around Ser83
and Leu84, consistent with the chemical shift of
the Leu a-proton. Progressively weakeraN and
NN nOes observed approaching the C-terminus of
the CRABP I 64–88 fragment suggest a more
random coil conformation.
A series of sequentialaa nOes is present in the

CRABP I 64–88 fragment(data not shown). The
residue pairs, with their crystal structure distances
are: Lys66–Val67, 4.3 A; Gly68–Glu69, 4.4 A;˚ ˚
Thr75–Val76, 4.4 A; Val76–Asp77, 4.7 A;˚ ˚
Asp77–Gly78, 4.3 A; and Thr86–Trp 87, 4.3 A.˚ ˚
There is also a sequentialba nOe between Thr75

and Val76 (5.1 A). With the exception of that˚
corresponding to Thr86–Trp87, these sequential
nOes are associated with the turn III and IV
residues. The sequentialaa interproton distance is
relatively invariant from strand to turn, remaining
at approximately 4.5 A, which is near the distance˚
limit for an observable Overhauser effectw54,55x.
The fact that these nOes are observable suggests
that the turns are conformationally stable, with
little segmental motion. The complete sequential
and non-sequential nOe analyses, as well as the
amide temperature coefficients measured for the
sufficiently resolved amide protons, are summa-
rized in Fig. 4.

3.3. The native-like structure in CRABP I 64–88
is persistent

The Ha chemical shift deviation from random1

coil and the sequential nOe data argue that indi-
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vidual residues and pairs of residues visit local
conformations that correspond to the native struc-
ture of CRABP I a significant portion of the time.
On the other hand, these very local data do not
indicate whether the native structure is persistent
throughout the peptide. The nOes observed for
interproton pairs from non-sequential residues
should be more useful indicators of the sampling
of native-like structure throughout fragment. In
addition, the presence of a native-like hydrogen
bonding network, as evidenced by reduced amide
temperature coefficients for those amides that are
intramolecularly hydrogen bonded, would be
strong evidence that native conformation is per-
sistent throughout the fragment. Indeed, these data
support the presence of native-like turns in the
CRABP I 64–88 fragment.
As previously mentioned, the amide temperature

coefficients for CRABP I 64–88 are rather low
(average 3.3 ppby8C). However, inspection of the
data (Fig. 4) reveals that, in general, the most
reduced temperature coefficients are associated
with amides that would be involved in intra-
fragment hydrogen bonds in the native conforma-
tion (average 2.6 ppby8C for those amides that are
hydrogen-bonded in the protein vs. 3.6 ppby8C for
those that are not; Fig. 1C). The turn hydrogen
bonds of Glu69(2.6 ppby8C) in turn III and the
bifurcated hydrogen bond in turn IV involving the
amides of Gly78(2.7 ppby8C) and Arg79 (1.6
ppby8C) show decreased shift with temperature,
indicative of the persistence of these turns in the
larger fragment. In addition, the temperature coef-
ficients of the expected hydrogen-bond donor
amides in the strand between turns III and IV are
uniformly lower than their non-hydrogen-bonding
neighbors(Fig. 4). We therefore conclude that the
native bias exhibited in the Ha chemical shift1

analysis is sufficient to cause partial protection of
the amide protons expected to be involved in
native hydrogen bonds. More interestingly, this
requires at least the partial concomitant presence
of native conformation in both turns and the
intervening strand.
The non-sequential nOe data likewise support

persistent structure over a longer range. Specifi-
cally, anaN(i,iq2) nOe is evident between Val67
and Glu69(Figs. 3 and 4). This nOe is consistent

with a native turn, since these residues would
occupy theiq1 and iq3 positions of the turn.
The analogousaN(i,iq2) nOe is observed
between Val76 and Gly78 in the turn IV region
(Fig. 3); the interproton distance in the X-ray
crystal structurew33x is consistent with the pres-
ence of this nOe. A glycine bulge at Gly78 in turn
IV results in close approach of residues Asp77 and
Arg79 in this turn in native CRABP I, and a non-
sequentialaN(i,iq2) nOe observed between these
residues in CRABP I 64–88 suggests that the
bulge feature is retained for at least some fraction
of the time. In addition, anaN(i,iq2) nOe is
evident between Thr75 and Asp77. One additional,
non-sequential nOe, anaN(i,iq2) between Pro85
and Trp87, was observed in this fragment. This
nOe would not be expected in the native confor-
mation of the protein(interproton distance 6.3 A˚
w33x), suggesting that the fragment loses its native
structural bias towards its C-terminus. The pres-
ence of the expected non-sequential nOes in the
turn III and IV regions of CRABP I 64–88
indicates that the native-like turns continue to be
populated in this fragment. Equally important is
the absence of such non-sequential nOes in the
strand joining turns III and IV, as these would not
be expected in a primarily extended region. The
sequence beyond turn IV, which appeared more
random coil in the Ha analysis, is the only area1

in the fragment where an unexpected non-sequen-
tial nOe was observed. In total, the results of the
non-sequential nOe analysis are in complete sup-
port of the results of the Ha chemical shift1

analysis, indicating native bias in turns III and IV
and suggesting an extended conformation in the
strand linking them.
It is noteworthy that a minor conformer corre-

sponding to acis isomer of Pro85 can be observed
in the TOCSY spectrum of CRABP I 64–88(Fig.
5). Integration of the Trp87 indole-protoncis and
trans isomers indicates that thecis isomer repre-
sents approximately 15% of the population. This
is intriguing, as approximately 15% of the popu-
lation of CRABP I folds through a slow phase
associated with thecis–trans isomerization of
Pro85 w34,37x. Thus, the populations ofcis and
trans isomers are the same in the fragment and in
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Fig. 5. Fingerprint region of the TOCSY spectrum of the
CRABP I 64–88 fragment. Peaks labeled with a ‘c’ arise from
the small population of molecules(;15%) containing acis
Leu84–Pro85 bond.Conditions: 3 8C, 4.4 mM CRABP I 64–
88, pH 5.3, 10 mM PO , 10% D O in H O,t s78 ms. The2y

4 2 2 m

circled peaks arise from an impurity.

the denatured protein, arguing that the fragment is
a good model of the unfolded state of CRABP I.
Taken together, the results of the biophysical

characterization of CRABP I 64–88 suggest con-
tinued native bias in turn III and IV, as well as in
their intervening strand. Both the sequential nOe
and Ha results produce patterns characteristic of1

the native conformation in these regions. The non-
sequential nOes are located in the turns and expect-
ed if the sequence is populating a native-like
ensemble, with the exception of one in a portion
of the fragment that appears as random coil. The
amide temperature-shift data support the presence
of native hydrogen bonding in the turns.

3.4. Sequence conservation

The results of the sequence conservation on the
secondary structural level show turns III and IV
to be the best-conserved turns in CRABP I. Turn
IV is, in fact, the best-conserved secondary struc-
tural element in the protein(Fig. 6). The interven-
ing strand, strand 5, which is biased toward its

native conformation, also displays higher than
average conservation. In contrast, strand 6 appears
to be primarily random coil conformation in our
structural analysis on CRABP I 64–88. This strand
has considerably lower sequence conservation on
the secondary structure level. These results suggest
that regions of CRABP I that display a tendency
to adopt native conformation when examined as
fragments are also found to be well conserved in
the iLBP family. This type of analysis may prove
to be a powerful tool in identifying regions of
sequence likely to influence early folding events.

3.5. Implications for folding

The presence of a native-like structural bias in
the 64–88 region of CRABP I suggests a role in
the early folding events of this protein. An intrigu-
ing question is whether the locally encoded native
structure is manifest in the unfolded state or,
alternatively, is characteristic of the earliest inter-
mediate ensemble of CRABP I(formed with a
300-ms time constant). We earlier found that pep-
tides corresponding to turns III and IV retained
native-like conformation in 7 M urea, a strong
argument that they populate their native-like con-
formations in the unfolded state of the intact
protein. We raised the question whether CRABP I
64–88 shows the same structural tendencies in 7
M urea as in aqueous solution. TheDd Ha1

analysis was repeated under these conditions(data
not shown). Despite a slight(0–0.05 ppm) shift
towards extended conformation for nearly all the
amide protons in the fragment, the pattern retains
a native-like quality. The lone exception is Phe71,
which shifts upfield. As has been discussed, Phe71
is involved in many global interactions, including
one with Phe65, also on the large fragment. We
conclude that urea disrupts some longer-range
hydrophobic clustering involving Phe71, but that
otherwise the native-like bias is retained in urea.
Together, these findings suggest that pre-existing
biases towards native local structure may exist in
the unfolded state. Hydrophobic interactions in this
region of the iLBP family that are critical for
productive folding likely come into play when the
protein is introduced into folding conditions upon
dilution from urea. A similar role to that suggested
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Fig. 6. Conservation of secondary structural elements in CRABP I. Turns are shown in red, strands in green, helix in purple and
loops in black. The solid horizontal line indicates the average conservation of all secondary structural elements in this protein. Note
that turn IV is the most conserved element in CRABP I, while turn III is the second-best conserved turn. In addition, the strand
connecting turns III and IV, strand 5, shows better than average conservation.

for Phe71 has been postulated for a hydrophobic
residue in turn III of intestinal fatty-acid-binding
protein w56x. The retention of a native-likeDd

Ha pattern in turns III and IV, as well as in the1

intervening strand 5, in 7 M urea indicates that
the CRABP I 64–88 fragment represents a model
of the unfolded state of CRABP I.
Adoption of native-like structure by turns III

and IV and their intervening strand in the unfolded
state of CRABP I suggests a role as a microdo-
main, as postulated by the diffusion–collision
model of protein foldingw9,10x. Prior work in our
laboratory has shown that the helix–turn–helix
sub-domain of CRABP I is also a locally organized
piece of super-secondary structure that may func-
tion as a microdomain and may exist in the
unfolded state of CRABP Iw38x. The presence of

two microdomains at either end of ab-sheet
suggests that this portion of the molecule could
form through the productive collision of these two
microdomains. If this were the case, it might be
hypothesized that the N-terminal sheet of CRABP
I plays a central role in organizing the folding of
the rest of the molecule. Such a role is supported
by the distribution of conserved pairwise interac-
tions in CRABP I (Gunasekaran et al., in prepa-
ration). A highly cross-linked network of
conserved interactions was observed in the iLBPs,
and seven of the nine residues that participate in
four or more conserved interactions are located on
the N-terminal sheet of CRABP I and in the turn
III–turn IV linked hairpins. These residues form a
total of 21 interactions with other N-terminal sheet
residues, 11 interactions with residues on the
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Fig. 7. Proposed model for the kinetic steps in the folding for CRABP I(see text).

linked hairpins and 13 interactions with residues
on the C-terminal sheet. Only two of the highly
cross-linked conserved interacting residues are on
the C-terminal sheet, and these two interact more
with residues on the N-terminal sheet(six) than
with other residues on the C-terminal sheet(four).
As a result, formation of the N-terminal sheet may
proceed in the absence of an organized C-terminal
sheet and would allow the highly interacting resi-
dues on the N-terminal sheet to enter into the bulk
of their native interactions. In contrast, the highly
interacting conserved residues on the C-terminal
sheet would be without the majority of their native
interactions in the absence of the organized N-
terminal sheet.
Together, these results and observations suggest

a model for the folding of CRABP I(Fig. 7). This
work has demonstrated that the linked turn III and
turn IV hairpins likely populate an ensemble with
a native-like bias in the unfolded state. We hypoth-
esize that in the earliest(300ms) folding phase of
CRABP I, the two microdomains identified, which
are separated by only 26 residues, diffuse and
collide productively. In this event, the highly inter-
acting residues of the N-terminal sheet and the
linked hairpins form a network of side-chain inter-
actions that serves to stabilize the intermediate. In
the subsequent(100 ms) folding phase, the loosely
established N-terminal sheet, with its network of
conserved interactions, may serve as a point of
organization for the C-terminal sheet. The residues

on the C-terminal sheet that are involved in con-
served interactions are then positioned to engage
in their contacts with N-terminal-sheet side chains,
bringing the N- and C-termini together and form-
ing the binding cavity—features that have been
observed to form in this kinetic phasew36x. The
last step in folding probably involves exclusion of
solvent from the strands, packing of side chains
into van der Waals contacts, and the cooperative
formation of interstrand hydrogen bonds.
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