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ABSTRACT A 1.10-Å atomic resolution X-ray
structure of human fibroblast growth factor 1 (FGF-
1), a member of the �-trefoil superfold, has been
determined. The �-trefoil is one of 10 fundamental
protein superfolds and is the only superfold to
exhibit 3-fold structural symmetry (comprising 3
“trefoil” units). The quality of the diffraction data
permits unambiguous assignment of Asn, Gln, and
His rotamers, Pro ring pucker, as well as refinement
of atomic anisotropic displacement parameters
(ADPs). The FGF-1 structure exhibits numerous
core-packing defects, detectable using a 1.0-Å probe
radius. In addition to contributing to the relatively
low thermal stability of FGF-1, these defects may
also permit domain motions within the structure.
The availability of refined ADPs allows a translation/
libration/screw (TLS) analysis of putative rigid body
domains. The TLS analysis shows that �-strands
6–12 together form a rigid body, and there is a clear
demarcation in TLS motions between the adjacent
carboxyl- and amino-termini. Although separate
from �-strands 6–12, the individual �-strands 1–5 do
not exhibit correlated motions; thus, this region
appears to be comparatively flexible. The heparin-
binding contacts of FGF-1 are located within
�-strands 6–12; conversely, a significant portion of
the receptor-binding contacts are located within
�-strands 1–5. Thus, the observed rigid body motion
in FGF-1 appears related to the ligand-binding func-
tionalities. Proteins 2004;57:626–634.
© 2004 Wiley-Liss, Inc.
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INTRODUCTION

Human acidic fibroblast growth factor (FGF-1), the
broadest-specificity human mitogen known, is a member of
the �-trefoil superfold and exhibits a characteristic 3-fold
structural symmetry (Fig. 1). Proteins that share this
architecture include the fibroblast growth factors,1 the
Kunitz soybean trypsin inhibitors,2 the ricin-like plant
and bacterial toxins,3–6 interleukin-1� and -1�,7 and the
hisactophilin-like actin-bundling proteins,8 and various
carbohydrate-binding proteins such as xylanase.9 Al-

though these proteins exhibit diverse functionalities, they
all share a role as high-affinity ligands.

The �-trefoil fold was first observed in the soybean
trypsin inhibitor by Sweet et al.,2 and further described
and characterized by McLachlan10 and Chothia and co-
workers.11 The structural architecture consists of 12
�-strands that form 6 �-hairpins. The fold can be conceptu-
ally divided into a 6-stranded �-barrel “top” half (formed
by �-strands 1, 4, 5, 8, 9, and 12) and a �-hairpin triplet
“bottom” half (formed by �-strands 2, 3, 6, 7, 10, and 11)
that closes off the “bottom” of the �-barrel (Fig. 1). An axis
of 3-fold symmetry runs through the center of the �-barrel,
dividing the structure into 3 “trefoil” subdomains of ap-
proximately 40 amino acids each.

The structure of �-trefoil proteins has been postulated to
have arisen from a series of gene duplication events
involving the trefoil subdomain.12–14 However, the trefoil
subdomains are not compact, independent regions, and the
structural symmetry, combined with a circularly permut-
able architecture, provides for possible alternative “domain-
swapped” definitions for the repeating structural motif.
The backbone atoms of each structurally conserved region
of the symmetry-related subdomains in FGF-1 overlay
with a root-mean-square deviation (RMSD) between 0.6
and 0.8 Å.15,16 The backbone atoms of the entire molecule
can be rotated by the 3-fold symmetry and overlaid upon
itself, with an RMSD of 1.1 Å. However, a comparison of
the primary structures of the 3 trefoil subdomains sug-
gests a level of identity that is only marginally above
random, indicating extensive divergence of the primary
structure of the subdomains despite the pronounced ter-
tiary structure symmetry. Specific regions within FGF-1
have been identified as conferring receptor-binding and

The Supplementary Materials referred to in this article can be found
at http://www.interscience.wiley.com/jpages/0887-3585/suppmat/
index.html

Grant sponsor: Use of the Advanced Photon Source was supported
by the U.S. Department of Energy, Basic Energy Sciences, Office of
Science; Contract number: W-31-109-Eng-38. Grant sponsor: Use of
the BioCARS Sector 14 was supported by the National Institutes of
Health, National Center for Research Resources; Grant number:
RR07707. Grant sponsor: National Science Foundation; Grant num-
ber: MCB 0314740.

*Correspondence to: Michael Blaber, 406 Kasha Laboratory, Insti-
tute of Molecular Biophysics, Florida State University, Tallahassee,
FL 32306-4380. E-mail: blaber@sb.fsu.edu

Received 2 March 2004; Accepted 20 May 2004

Published online 29 July 2004 in Wiley InterScience
(www.interscience.wiley.com). DOI: 10.1002/prot.20239

PROTEINS: Structure, Function, and Bioinformatics 57:626–634 (2004)

© 2004 WILEY-LISS, INC.



heparin-binding functionalities,17–19 and these contribute
to the divergence of the subdomains.

In this report, we describe the details of an atomic
resolution (1.10 Å) structure of human FGF-1, including
characterization of core-packing defects within the struc-
ture. Refinement of atomic anisotropic displacement pa-
rameters (ADPs), and subsequent evaluation of translation/
libration/screw (TLS) motions within the FGF-1 structure,
identifies �-strands 6–12 as comprising a rigid body
domain, while �-strands 1–5 appear relatively flexible.
The rigid body demarcation of these regions follows the
general segregation of receptor-binding and heparin-
binding functionalities within FGF-1.

MATERIALS AND METHODS
Data Collection and Processing

The 140–amino acid form of human FGF-1, containing
an additional amino-terminal 6-residue His-tag, was ex-
pressed and purified as previously described.20 The puri-
fied protein was dialyzed against 50 mM HNa2PO4, 100
mM NaCl, 10 mM (NH4)2SO4, 2 mM dithiothreitol (DTT),
and 0.5 mM ethylenediaminetetraacetic acid (EDTA), pH
5.8, for crystallization. Crystals were grown using the
hanging-drop vapor-diffusion method with a protein con-
centration of 12 mg/mL and 1 mL of reservoir solution

containing 3.5–4.5 M sodium formate. Large, single crys-
tals grew in 3–7 days at room temperature. Data collection
was performed at BioCARS beamline 14-BM-C (� � 0.90
Å) at the Advanced Photon Source at Argonne National
Laboratory. Crystals were flash-frozen directly, with no
additional cryoprotectant, in a stream of nitrogen at 100 K.
Six data sets were collected, from a total of 4 crystals in the
resolution range 5–1.10 Å, in order to maximize data
completeness. A seventh data set was collected in the
resolution range 28–1.50 Å. This “low-resolution” data set
was collected with a beam intensity that was 20% of that
used for the high-resolution data in order to accurately
measure the high-intensity low-resolution reflections. Data
were collected with oscillation widths of either 1° or 0.25°
using an ADSC Quantum 4 charge-coupled device (CCD)
detector (Area Detector Systems Corporation, Poway, CA).
The data were integrated and merged using DENZO and
SCALEPACK21 (Table I).

Structure Refinement

The 1.65-Å structure of FGF-1 [Protein Data Bank
(PDB) accession code: 1JQZ] was used as the starting
model for refinement (2 molecules per asymmetric unit,
and with solvent omitted), and 5% of the reflections were
withheld for the calculation of Rfree.

22 The Crystallogra-
phy and NMR System (CNS)23 was used to perform an

Fig. 1. Top panel: A schematic representation of the secondary
structure of FGF-1, and the numbering of the individual �-strands. The
�-strands comprising the “trefoil” subdomains 1–3 are indicated by the
black, gray, and white shading, respectively. The amino and carboxyl
termini are indicated. Middle panel: A relaxed stereo ribbon diagram of
FGF-1 as a “side” view. Bottom panel: A relaxed stereo diagram looking
down the 3-fold axis of structural symmetry.

TABLE I. Crystal, Data Collection, and Refinement
Statistics for FGF-1

Crystal
Space group C 2 2 21
Crystal cell constants a � 74.26 Å, b � 96.21 Å,

c � 108.96 Å
Resolution (Å) 24.71–1.10
Mosaicity (°) 0.30

Data collection
Reflections measured 1,925,881
Reflections unique 151,310
Redundancy 12.7
I/�, overall 72.7
I/�, (1.13–1.10 Å) 4.1
Rmerge (%), overall 6.1
Rmerge (%), (1.13–1.10 Å) 38.2
Completeness (%), overall 96.4
Completeness (%), (1.13–1.10 Å) 70.7

Refinement
No. of nonhydrogen protein atoms 2294
No. of solvent molecules 407
Rcryst (%) 14.7
Rfree (%) 17.1
RMS bond length deviations (Å) 0.015
RMS bond angle deviations (°) 2.285
Mean B-factor, protein (Å2) 19.4
Mean B-factor, solvent (Å2) 32.7
Ramachandran most favored (%) 93.9
Ramachandran additional allowed (%) 5.7
Ramachandran generously allowed (%) 0.4
Ramachandran disallowed region (%) 0.0
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initial rigid body refinement, with isotropic temperature
factors from the search model, and resulted in values of
31.1% and 31.6% for Rcryst and Rfree, respectively. After
several rounds of positional refinement by simulated an-
nealing, followed by water picking, isotropic B-factor refine-
ment, and minor rebuilding using O,24 Rcryst and Rfree

were reduced to 21.6% and 22.9%, respectively. A total of
279 water molecules was added to the structure at this
point.

Further refinement was carried out using conjugate
gradient least-squares minimization (CGLS) with
SHELXL-97.25 Refinement using isotropic thermal factors
resulted in essentially no improvement in the model.
Subsequent refinement utilized 6-parameter restrained
ADPs instead of individual isotropic thermal factors. This
step resulted in a substantial improvement in both Rcryst

and Rfree to 16.3% and 19.1%, respectively. The anisotropic
treatment of the atoms contributed to improved phases
and electron density, which permitted modeling of disor-
der in the form of several alternative side-chain conforma-
tions, as well as more extensive water structure. Water
molecules were added using the interactive automated
water-picking process available in SHELXL-97. These
water molecules were inspected for spherical densities and
plausible hydrogen-bonding partners before being in-
cluded in the model.

In the final stages of refinement, hydrogen atoms were
generated by SHELXL-97 according to established stereo-
chemical criteria. These hydrogen atoms were not directly
refined but were regenerated before each refinement cycle.
Some hydrogen atoms (generally on backbone atoms) were
visible in difference maps calculated with the hydrogen
atoms removed from the model. The addition of hydrogen
atoms resulted in improvements of Rcryst and Rfree to
15.6% and 17.9%, respectively. Final refinement of the
data, after modeling all visible alternative conformations,
and a total of 407 solvent molecules, resulted in values for
Rcryst and Rfree of 14.7% and 17.1%, respectively. This final
value of Rcryst was calculated from the last round of
refinement using all data, including the 5% of reflections
previously set aside for cross-validation.

Analysis of Core-Packing Defects

The presence of core-packing defects within the FGF-1
structure was evaluated using the Molecular Surface Pack-
age (MSP)26 and a probe radius of 1.0 Å. Calculations were
performed on the refined structure sans discrete hydrogen
atoms and utilizing a unified atom model for the van der
Waals radii. Cavities identified using a 1.4-Å probe radius
can potentially contain disordered solvent, not visible by
X-ray diffraction,27 and thus do not necessarily represent
packing “defects.” However, the smaller the probe radius, the
greater the uncertainty in the calculation due to positional
error in the model coordinates. Due to these considerations, a
1.0-Å probe radius was selected for these calculations.

Analysis of ADPs

The equivalent isotropic displacement parameter �U2�
(the mean-square displacement, MSD) is related to the
standard isotropic B factor by the relationship

B � 8�2�U2� (1)

The magnitude of U in terms of the refined ADPs28 is given
as

U � 1/3	U11 � U22 � U33
 (2)

Anisotropy, A, is defined as the ratio of the smallest to the
largest eigenvalue of the 3 � 3 matrix U described by the 6
ADP terms. Both A and U are useful quantities in approxi-
mate comparisons of the overall magnitude of the ADP,
but they do not provide information regarding the orienta-
tion of the anisotropy, and consequently, two atoms with
identical values of U and A may have different directions of
vibration. The MSD of an atom along a specific vector can
be calculated from the ADP terms and by defining the
specific vector of interest.29 If the vector is the interatomic
vector between two atoms (bonded or not), and if the two
atoms share a rigid body motion, then the difference in the
MSD along the interatomic vector will be zero. Correlated
ADPs between two atoms A and B, along the interatomic
vector, n, quantitate the degree of possible rigid body
motion for the atoms as a pair:

�AB � � UA
2 � n � UB

2 � n. (3)

A �AB value of 0 indicates that the ADPs are identical
along the interatomic vector, and this is a necessary
condition for the pair of atoms to move as a rigid body. The
correlation decreases with the magnitude of the delta
value, with negative values indicating the ADPs are
negatively correlated. The �AB values for all possible
pairwise combinations of C� atoms within a structure can
be plotted as a matrix (i.e., a “delta plot”). Alternatively,
the absolute values (��AB�) for all pairwise atom combina-
tions can be plotted, and the average computed, to quan-
tify the overall degree of correlated ADPs within a particu-
lar region. A delta plot for C� atoms of FGF-1 was
calculated using the program ANISOANL.

TLS Analysis

Although a �AB value of 0 is a necessary condition for
correlated motions between two atoms, it is an insufficient
condition, and by itself does not confirm the presence of
rigid body domain motion. Rigid body domains suggested
by �AB value analysis were evaluated in terms of a TLS
model for domain motion.30,31 TLS analysis was carried
out using the program ANISOANL and the TLS-derived
ADPs were fitted to the actual ADPs obtained from full
anisotropic refinement. Similarity between the derived
and actual ADPs can be evaluated using an “R factor” and
“goodness-of-fit” (GOF) term:

R factor � ���U2/��Uobs
2 (4)

GOF � ���U2/	# of obs. � # of params.
*1000. (5)

RESULTS
Atomic Resolution Structure of FGF-1

The data quality meets the requirements of “atomic
resolution” as defined by Sheldrick and Schneider,25 in
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that the data extend to at least 1.2-Å resolution, with 50%
or more of the theoretically measured reflections in the
last resolution bin having I 
 2 �. The total number of
reflections used by SHELXL-97 for the refinement of the
FGF-1 structure was 131,042, and there were 24,420
parameters with 29,744 restraints, yielding a correspond-

ing data-to-parameter ratio of 5.4. The final structure
contains 2 molecules in the asymmetric unit and consists
of 2294 nonhydrogen protein atoms and 418 solvent atoms
(or 152 additional solvent molecules in comparison to the
previously reported 1.65-Å structure20). As an indication
of the increased contrast afforded by the additional terms

Fig. 2. A relaxed stereo diagram of the atomic model of the refined 1.10-Å structure of human FGF-1 in the
region of positions 102–107 (molecule B). Included in the image is the 2Fo-Fc electron density map contoured
at 4.0 �. This region conveniently illustrates the ability to unambiguously discriminate between the carbon,
nitrogen, and oxygen atoms within various side-chains (e.g., His102, Asn106).

Fig. 3. A relaxed stereo ribbon diagram of FGF-1 as a “side” view (top) and looking down the 3-fold axis of
structural symmetry (bottom) and showing the locations of core-packing defects (cavities) identified using a
1.0-Å probe radius. The cavities are numbered as in Table II, and also color coded, 1–9, from red to violet. The
locations of the amino and carboxyl termini are indicated by the letters N and C, respectively. Also included in
the figure is the TLS vector associated with the domain involving �-strands 6–12 (shaded as light gray).
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of the Fourier series present in the 1.10-Å data, it was
possible to discriminate between the nitrogen and carbon
atoms on His side-chains, the nitrogen and oxygen atoms
of Asn and Gln side-chains, and the stereochemical pucker
of Pro side-chains, allowing accurate determination of the
orientation of such residues (Fig. 2). The structure factors
and refined model of FGF-1 have been deposited in the
PDB (accession 1RG8).

Improvements are seen in the Ramachandran plot, with
5 residues moving into the most favored regions (increas-
ing the total to 93.9% from 90.7%). The backbone is well
ordered; however, multiple conformations were modeled
for the side-chains of Lys57, Lys105, Ser116, and Cys117
of molecule A and Ser116, Cys117, and Leu133 of molecule
B. In addition, Pro residues 4 and 11 of molecule A and
residues 4, 11, 121, and 136 of molecule B were modeled in
two different ring-puckering conformations. The side-
chains of Ser17, Lys113, and Lys128 of the A molecule and
Lys9, Lys10, Ser17, Gln40, and Arg122 of the B molecule
showed significant disorder and could not be modeled in
discrete conformations. As with the previously reported
1.65-Å structure, the main-chain atoms of the first two
His-tag residues and residues 138–140 of the C-terminus
are undefined in the electron density maps.

A final refinement of the structure using blocked full-
matrix least-squares mode was performed with no re-
straints in order to accurately estimate the coordinate
error of each atom. The protein was split into 20 blocks of
15 residues, each with a 1-residue overlap. From this
method, average coordinate errors were estimated at 0.03
Å for backbone atoms and 0.04 Å for all atoms. The
root-mean-square difference between the 1.10-Å model
and the previously reported 1.65-Å model main-chain
atoms is 0.21 Å, which is significant given the estimated
coordinate error of the atomic resolution model.

Extent of Core Packing Defects

A total of 9 cavities was identified within the hydropho-
bic core of FGF-1 using a 1.0-Å probe radius (Fig. 3). These
“microcavities” range in size from 6 to 39 Å3 and have a
combined volume of 150 Å3. The largest cavity is centrally
located within the structure; however, none of the cavities
are detectable using a 1.4-Å probe radius.

Analysis of FGF-1 Disorder Using the ADP Model
and TLS Analysis

The equivalent isotropic MSD parameters �U2� for main-
chain atoms of the two independent models of FGF-1 in the
asymmetric unit are shown in Figure 4. The values are
highly correlated even though the crystal contacts differ
between the molecules. Therefore, the �U2� values reflect
an intrinsic property of the molecule and are not a
manifestation of the crystal environment or lattice energy.
Not surprisingly, the regions with the largest values
include residues 5–11 of the N-terminal, as well as turn
regions comprising residues 17–20, 27–29, 35–40, 48–51,
59–62, and 113–115. The region encompassing residues
66–109 is well-ordered and displays the lowest equivalent
isotropic displacement. Contained within this region is the

well-ordered �8–�9 turn, which has been identified as a
key region for dimerization and receptor binding in differ-
ent members of the FGF family.32,33 Generally speaking,
highly conserved hydrophobic residues have the lowest
individual equivalent isotropic displacement.

The absolute value of the MSD values (��AB�) along the
interatomic vector for all pairwise C� combinations in the
FGF-1 structure is shown in Figure 5. In order to focus
upon the correlations between the �-sheet structural ele-
ments, the plot was prepared omitting the turn regions.
The ��AB� plot for FGF-1 suggests two general domains
within the structure that exhibit correlated anisotropy.
The demarcations of these domains are located between
�-strands 12 and 1 (the carboxyl and amino termini,
respectively) and the other in the region of �-strand 5.

Results of the TLS analysis for various domain defini-
tions comprising 2, 3, 4, 5, 6, or 8 �-strands, the entire
structure as a single domain, as well as the �-barrel and
lower �-hairpin triplet comprising separate domains, are
listed in Supplementary Table SI. The best R factor and
GOF values are observed for domain definition #1 for
domains defined by two adjacent �-strands, domain defini-
tion #3 for domains defined by three adjacent �-strands,
domain definition #6 for domains defined by four adjacent
�-strands, and domain definition #22 for a domain defined
by five adjacent �-strands. For domains defined by six
adjacent �-strands, the best R factor and GOF values are
observed for domain definition #34; however, there is little
difference between the values for any of the six �-strand
domain definitions. Since these results consistently identi-
fied a demarcation of rigid body motion between �-strands
12 and 1 (see discussion below), the existence of a possible
second rigid body boundary was evaluated in the TLS
analysis by scanning for a second boundary at all positions
between �-strands 2 through 11 (Supplementary Table
SII). The results of this analysis indicate that �-strands

Fig. 4. MSD values for main-chain atoms of FGF-1. There are two
independent molecules in the asymmetric unit: molecules A (solid line)
and B (dotted line). The locations of the 12-�-sheet secondary structure
elements are also shown.
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6–12 exhibit correlated rigid body motion; however,
�-strands 1–5 as a group appear to be somewhat flexible
and do not form a correlated rigid body. The vectors of the
TLS libration tensors associated with the �-strands 6–12
domain are shown in Figure 3, and the displacement
around the longest libration axis is 3.2°2.

DISCUSSION

The FGF-1 structure reported here is the highest resolu-
tion structure determined to date for any member of the
�-trefoil superfold. This structure provides data on the
absolute configuration of Asn, Gln, and His residues;
pucker of Pro residues; more accurate modeling of residues
with multiple conformations; more extensive solvent struc-
ture; lower coordinate error; and information regarding
atomic anisotropic displacement. FGF-1 exhibits rela-
tively low thermal stability,34,35 and a previous 1.65-Å
X-ray structure of FGF-1 identified the presence of four
cavities within the core region using a 1.0-Å probe ra-
dius.20 However, it was noted also that the volume calcula-
tions of such cavities are sensitive to small positional
errors in the coordinates of the model. The refinement of
an atomic resolution structure of FGF-1 provides an
opportunity to re-evaluate such internal cavities with
greater certainty. The results of the cavity analysis using
the present 1.10-Å atomic resolution structure indicate the
presence of nine cavities within the core region of FGF-1
(Table II). These nine cavities comprise the original four
seen in the 1.65-Å structure, as well as five additional
small cavities. Cavity #3 (the largest) is located at the
center of the structure and is a characteristic feature of all

�-trefoil structures (although the volume varies substan-
tially for different members). Of the remaining eight
cavities, six are associated with the first trefoil subdomain
(Table II). Of these six cavities associated with trefoil 1,
four are at the interface between trefoil 1 and the rest of
the structure, and two are located internally to trefoil 1.
This analysis therefore shows that the region of the
structure associated with the largest number of internal
cavities is the first trefoil domain (�-strands 1–4).

The presence of internal cavities does not necessarily
mean that the core-packing volume is less than optimal.
Only if such defects can be filled without the introduction
of strain can it be concluded that there is a more optimal
set of core-packing residues. Serrano and coworkers36

have shown, through a series of core-packing mutants,
that “overstuffing” the core can contribute a favorable
free-energy term due to the hydrophobic effect, but also an
unfavorable term due to the introduction of strain. In some
cases, the two energetic terms can largely cancel each
other out, resulting in a mutant with stability essentially
indistinguishable from the wild-type. However, such mu-
tants can be readily distinguished from the wild-type by
examining their folding and unfolding kinetic constants.
The additional buried hydrophobic area increases the
folding rate constant, whereas the introduction of strain
increases the unfolding rate constant. The net result is
that the mutant will exhibit a “chevron plot” that is shifted
in the vertical axis in comparison to the wild-type protein.
Therefore, a characteristic property of a less-than-optimal
core-packing volume is one where greater buried area can
be introduced, but without an associated introduction of
strain (i.e., without an increase in the rate of unfolding).
We have reported an extensive study on core-packing
mutants of FGF-1, including folding and unfolding kinetic
data, and involving a combination mutant that results in a
net increase in the core volume of four methyl groups.16

Although this mutant was designed from a consideration
of increasing the primary structure symmetry, it was
noted that the additional methyl groups should reside
within several of the identified central cavities. Various
biophysical analyses showed that this mutant is associ-
ated with no distortions of the tertiary structure, a reduc-
tion in the packing defects detectable using a 1.0-Å probe
radius, and no increase in the rate of unfolding (i.e., no
increase in structural strain). Thus, we conclude that the
core of FGF-1 has a combined volume that is less than
optimal (at least with regard to biophysical considerations)
and the identified cavities represent packing defects.

Protein dynamics is a key aspect in understanding
protein function; however, it can be one of the most
challenging properties of proteins to characterize. It has
long been recognized that proteins with more than one
structurally compact subdomain can exhibit independent
motions of these domains.37 Such motions have been
inferred from comparisons of different crystal forms of the
same protein, ADP and TLS analysis of atomic-resolution
X-ray structures, covariation of NMR-derived backbone
dynamical parameters, and molecular dynamics simula-
tions.38–41 Core-packing defects have been proposed as the

Fig. 5. ��AB� matrix for the refined anisotropic positional displacement
along the C� atom interatomic vectors of FGF-1 (the average values for
both molecules within the asymmetric unit is plotted). The values are
shaded as follows: black, 0 � ��AB� � 0.25 �; dark gray, 0.25 � � ��AB� �
0.50 �; gray, 0.50 � � ��AB� � 0.75 �; light gray, 0.75 � � ��AB� � 1.00 �;
white, 1.00 � � ��AB�, where the � values are calculated from the set of
�-sheets in the structures.
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basis of the observed rigid body motions for the structur-
ally compact subdomains of the NG domain of Thermus
aquaticus Ffh protein, identified using atomic-resolution
X-ray data with ADP refinement and TLS analysis.41

In a recent study of TIM-barrel enzymes in the histidine
biosynthesis pathway, Wilmanns and coworkers42 have
provided evidence that this fundamental superfold evolved
via a gene duplication and fusion event. In this case, the
two structural subunits are not visible as independent,
compact structural elements, but integrate seamlessly to
form the TIM barrel superfold. An analysis of apo- and
holo-forms of 2,5-diketo-D-gluconate reductase, an aldo-
keto reductase sharing the TIM barrel superfold, has
identified a hinge-bending motion between 2 halves of the
protein in response to binding of �-nicotinamide adenine
dinucleotide phosphate (NADPH) cofactor.43 This hinge-
bending motion demarcates the aforementioned dupli-
cated region. Thus, it is apparent that domain motions can
occur for symmetrically related regions within a symmet-
ric superfold, even though such domains are not readily
identifiable as structurally compact separate domains.

The plot of the MSD values for FGF-1 suggests that the
carboxyl-terminal region of the protein, consisting of ap-
proximately �-strands 6–12, exhibits generally lower posi-
tional displacements in comparison with the amino-
terminal region (Fig. 4). Analysis of the anisotropic
positional displacement correlations along the C� inter-
atomic vectors suggests a potential rigid body demarcation
between the termini and within the region of �-strand 5
(Fig. 5). As previously mentioned, �AB � 0 is a necessary
but insufficient condition for defining rigid body motions.
Confirmation of rigid body motions can be provided by TLS
analysis and evaluation of the resulting R factor and GOF
values.31,41,44 For the various domains evaluated, involv-
ing groupings of 2, 3, 4, or 5 �-strands, a consistent pattern
is present in the R factor and GOF values of the TLS
analysis: The greatest correlations are observed for defini-
tions where �-strand 12 is not paired with �-strand 1
(Supplementary Table SI). Thus, the TLS results are
consistent and confirm that the termini in FGF-1 demar-
cate a boundary of rigid body motion. The question arises
as to whether there is another discernible demarcation of
rigid body motion within the molecule (possibly involving
�-strand 5, as suggested by the delta plot) or whether such
motion is distributed around the entire structure. Scan-

ning along the structure with a second demarcation in the
TLS analysis shows that �-strands 6–12 comprise a rigid
body domain (Supplementary Table SII). However, these
results also suggest that individual �-strands 1–5 do not
exhibit significant correlated anisotropy with each other;
thus, this region appears as a relatively flexible separate
subdomain. The TLS results obtained for both indepen-
dent molecules of FGF-1 were consistent. We note also
that while the �-trefoil structure can be described as a
6-stranded �-barrel, capped at one end by 3 �-hairpins, the
TLS analysis for FGF-1 does not support any rigid body
motion for such subdomain definitions.

The identified rigid body subdomain in FGF-1, involving
�-strands 6–12, includes 3 of the 4 �-strands of trefoil 2
and all of trefoil 3. Thus, the domain motion does not
neatly follow the putative gene duplication regions. How-
ever, the �-hairpin structures within FGF-1 (i.e., the pairs
of �-strands stabilized by the largest number of inter-
strand hydrogen bonds) involve �-strands 2–3, 4–5, 6–7,
8–9, and 10–11 (Fig. 1). These pairings highlight the
circularly permutable, domain-swapped characteristics of
the �-trefoil superfold and suggest why the carboxyl-
terminal rigid body domain does not include �-strand 5.

The cellular receptors for the FGF family of proteins
characteristically contain 3 extracellular immunoglobulin
(Ig)-like domains, 2 of which interact with bound FGF.
However, signaling requires that 2 such complexes dimer-
ize so as to activate the intracellular tyrosine kinase
portion of the receptor. Formation of the dimer complex
subsequently requires the presence of heparin, a polysul-
fonated polysaccharide present in the extracellular matrix
or as heparan on cell-surface glycoproteins, forming a
signaling-competent FGF/FGF receptor (FGFR)/heparin
ternary complex. Although two different FGF structures
(FGF-1 and FGF-2) for the ternary complex have been
reported,45,46 the details of the individual FGF/FGFR
interactions and FGF/heparin interactions share some
similarities. There are 14 close contacts (i.e., within 3.4 Å)
between the receptor Ig-like domains and FGF in the
ternary complex (PDB accession: 1FQ9). Of these, 10 are
located within the first trefoil subunit, 1 is in trefoil 2, and
3 are located within trefoil 3. In contrast, there are 8 close
contacts between the heparin and FGF in the ternary
complex, 1 of which is located in trefoil 1, none in trefoil 2,
and 7 are located in trefoil 3. The receptor-binding and

TABLE II. Volume and Location of Solvent-Excluded Cavities Within FGF-1 Detectable Using a 1.0-Å
probe Radius.

Cavity Volume (Å3) Center (X,Y,Z) Neighbor Positions �-strands Trefoil(s)

1 17 16.5 �38.4 36.1 13, 14, 44 1, 4 1
2 6 17.9 �31.8 40.2 14, 22, 111, 132 1, 2, 10, 12 1, 3
3 39 12.8 �34.9 41.5 (Center of structure)
4 8 11.8 �34.0 35.8 14, 95, 97, 132 1, 9, 12 1, 3
5 26 17.9 �38.9 42.5 23, 25, 44 2, 4 1
6 20 16.0 �32.6 45.8 23, 73, 110, 117 2, 7, 10, 11 1, 2, 3
7 7 17.9 �41.6 46.6 25, 31, 65, 74 2, 3, 6, 7 1, 2
8 22 8.5 �35.7 47.2 67, 85, 99, 109 6, 8, 9, 10 2, 3
9 6 8.4 �42.0 47.5 83, 85 8

The neighboring residues to the cavities, as well as their associated �-strand and trefoil, are also listed.
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heparin-binding functionalities within FGF-1 are there-
fore segregated within different regions of the structure.
In this regard, the carboxyl-terminal rigid body domain
(�-strands 6–12) contains essentially the entire set of
heparin-binding contacts, while the amino-terminal do-
main (�-strands 1–5) contains the majority of receptor-
binding contacts (Fig. 6). Flexibility between these function-
ally independent regions may play an essential role in the
productive formation of a stable, signaling-competent,
ternary complex of FGF, FGFR, and heparin. Rigidity of
the heparin-binding domain may also be an essential
structural feature that contributes to the binding affinity
for specific heparin sulfate glycosaminoglycans.47 Further-
more, FGF-1 is unique among the FGFs in that it is the
only known member that can bind to all known FGF
receptors. A recent structure of the FGF10/FGF receptor
2b structure48 shows that this complex requires an un-
usual rotation of one of the receptor Ig-like domains,
forming a previously undescribed conformation for an FGF
with its receptor. Thus, the ability of FGF-1 to interact
with all known FGF receptors would likely require a
certain structural plasticity. An important question is why
a protein that exhibits a clear structural symmetry should

exhibit asymmetric domain motions. The fact is, despite
the tertiary structure symmetry (i.e., 3-fold) present in
FGF-1, this symmetry is essentially absent at the level of
the primary structure, and this contributes to the asymmet-
ric features of the core packing defects. We continue to
study this question.
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