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Properly Oriented HeparinDecasaccharide-Induced Dimers Are the Biologically
Active Form of Basic Fibroblast Growth Factér
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ABSTRACT. Interaction of basic fibroblast growth factor (FGF-2) with heparin or heparan sulfate
proteoglycans (HSPGSs) is required for receptor activation and initiation of biological responses. To gain
insight into the mechanism of activation of the FGF receptor by FGF-2 and heparin, we have used NMR,
dynamic light scattering, and HSPG-deficient cells and cell-free systems. The first 28 N-terminal residues
in FGF-2 were found to be highly mobile and flexible, consistent with the disorder found in both the
NMR and X-ray structures. The structure of an FGFh2parin-decasaccharide complex that binds to

and activates the FGF receptor was compared to a hegatimsaccharide-induced complex that does

not promote an interaction with the receptor. The major change observed upon the addition of the
tetrasaccharide to FGF-2 was an increase in the correlation time consistent with the formation of an FGF-2
dimer. The NMR line widths of FGF-2 in the presence of the decasaccharide are severely broadened
relative to the tetrasaccharide, consistent with dynamic light scattering results which indicate FGF-2 is a
tetramer. The interaction of these heparin species with FGF-2 does not induce a significant conformational
change in the overall structure of FGF-2, but small chemical shift changes are observed in both heparin

and receptor binding sites. tans-oriented symmetric dimer of FGF-2 is formed in the presence of the
tetrasaccharide whereas twis-oriented dimers in a symmetric tetramer are formed in the presence of
the decasaccharide. This suggests thatcth@riented FGF-2 dimer is the minimal biologically active
structural unit of FGF-2. These data allow us to propose a novel mechanism to explain the functional
interaction of FGF-2 with heparin and its transmembrane receptor.

Basic fibroblast growth factor (FGF-2)s a member of a
protein family that exhibits a variety of functions related to
cell growth and differentiation (Baird & Bohlen, 1990;
Basilico & Moscatelli, 1992; Folkman & Klagsbrun, 1987;
Miyamoto et al., 1993), and its angiogenic activity has
suggested an involvement in wound healing, tumor growth,
and cancer (Basilico & Moscatelli, 1992). A common feature
of the FGF family is the high affinity toward heparan sulfate
proteoglycans (HSPGs) (Miyamoto et al.,, 1993). The
interaction of FGF-2 with HSPG is required for binding to
its cell surface tyrosine kinase receptor (FGFR) and is
essential for mediating internalization and intracellular
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targeting through a proposed mechanism of receptor dimer-
ization (Pantoliano et al., 1994; Reiland & Rapraeger, 1993;
Roghani & Moscatelli, 1992; Yayon et al., 1991). It has
been suggested that HSPG might interact directly with FGFR
to facilitate the formation of a trimolecular complex and that
the HSPG-induced dimerization of FGF-2 may be important
for receptor dimerization (Kan et al., 1993; Ornitz et al.,
1992).

Heparin is a heterogeneous mixture of oligosaccharides
of varying length and sulfation levels. Until recently, the
minimal heparin-derived sequence identified to bind to
FGF-2 was a pentasaccharide withOzsulfate groups
(Maccarana et al., 1993), and a minimum heparin sequence
consisting of an octa- or a decasaccharide was required for
FGF-2 to bind to its receptor (Ishihara et al., 1993; Ornitz
et al., 1992). Ornitz et al. (1995) have suggested that
synthetic heparins as small as a disaccharide would bind
FGF-2 and promote FGF-2 binding to its receptor. Although
the mechanism by which HSPG activates FGF-2 is still
unclear, an FGF-2heparin binding domain consisting of
residues K128, R129, K134, and KE38s been identified
by site-directed mutagenesis (Li et al., 1994; Thompson et
al., 1994) and the X-ray structures of the tetra- and
hexasaccharideFGF-2 complexes (Faham et al., 1996). A

potential second heparin binding site has been observed in

the X-ray structure of FGF-2 complexed with synthetic

2 Numbering for FGF-2 is from amino acid residue 1 deduced from
the cDNA sequence encoding the 155-residue form. The mature form
is comprised of residues-2155.
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heparin-derived di- and trisaccharides (Ornitz et al., 1995). WATERGATE sequence and water flip-back pulses (Grz-
Heparin has also been shown to protect FGF-2 from esiek & Bax, 1993; Piotto et al., 1992) . All 2D spectra
inactivation from exposure to low pH, elevated temperature, with 5N indirectly detected dimensions were recorded with
or proteases and to restore bioactivity to inactive growth the States TPPI hypercomplex phase increment (Marion et
factor (Gospodarowicz & Cheng, 1986; Pineda-Lucena et al., 1989) and collected with appropriate refocusing delays
al.,, 1994; Saksela et al., 1988; Sommer & Rifkin, 1989; to allow for spectra without any phase correction. The
Westall et al., 1983). heteronucleal®™ NOE, T;, andT, relaxation times for FGF-2
Elucidation of the mechanism of heparin-induced aug- and the FGF-2tetrasaccharide complex were measured with
mentation of FGF-2 binding to its cell surface receptor has *HN and N spectral widths of 8064 and 1642 Hz,
been hampered by often contradictory reports most likely respectively, with maximum acquisition times of 127 i} (
related to the complexity and heterogeneous nature of theand 97.4 msty).
system. Several mechanisms based on interpretation of For FGF-2, both thd; and T, data were collected with
experimental evidence have been proposed with a consensug? transients per increment. Theinversion recovery times
that heparin induces oligomerization of FGF-2 which in turn were 20, 60, 140, 240, 360, 520, 720, and 1200 ms and the
facilitates receptor dimerization and transmembrane signalingT, Carr—Purcel-Meiboom-Gill (CPMG) (Meiboom &
(Mach et al., 1993; Ornitz et al., 1992, 1995; Spivak- Gill, 1958) trains were 8, 24, 40, 56, 72, 104, 152, and 184
Kroizman et al., 1994; Venkataraman et al., 1996). What ms in duration (Kay et al., 1992; Markley et al., 1971).
has eluded our understanding are data that definitively Recycle delays foll; and T, experiments were 1.7 and 1.3
distinguish between an oligomerization event such as addings, respectively. Since the NOE measurement requires an
“beads on a string versus” a defined structural unit required equilibrated >N magnetization for accurate analysis, the
for receptor binding and activation. In previous papers (Moy recycle time was extended to more th& s while 48
etal., 1995, 1996) we presented the nearly compleéN, transients per increment were collected. In the NOE
*CO, and™*C assignments, the solution secondary structure, experiment with presaturation, the proton saturation period
and the high-resolution NMR structure of FGF-2 to comprise was 3 s. IH saturation was carried out with the use of 180
the essential foundation for such a study. In this paper, we 1H pulses applied every 5 ms.
present the first direct egperimental evid_en_ce obtaineq by For FGF-2 complexed with the tetrasaccharide in a 1:1
NMR,_lndependentIy confirmed .by dynamlc light scattering ratio, theT, inversion recovery times were 20, 80, 180, 300,
and biological relevance estaphshed in cell-based and ceII-420, 600, 860, and 1300 ms, and THeCPMG periods were
free assays, to propose a specifically oriented hep®#®F-2 g 54 40, 56, and 72 ms. ATl experiments were collected
complex. with 64 transients, and the 20 ms time point was collected
twice. Since thel, experiment had a lower signal to noise
ratio, 96 scans were used and the time point at 40 ms was
Materials. The heparin-derived tetrasaccharide was kindly collected twice.
provided by Robert J. Linhardt, Division of Medicinal and The *N-edited NOESY-HMQC experiments were col-
Natural Products Chemistry, University of lowa (Pervin et |ected as described previously (Moy et al., 1995).
al., 1995), and the heparin-derived decasaccharide was kindly
provided by Carl Svahn, Department of Organic Chemistry,

Pharmacia AB (Aviezer et al., 1994). NMRPipe software package (Delaglio et al., 1995) and

NMR Sample PreparationA 1 mM **N-FGF-2 sample  analyzed with PIPP (Garrett et al., 1991) and NMRPipe. Peak
was prepared as described previously (Moy et al., 1995) andnejghts were automatically assigned for each residue in all
was titrated with a stock solution of heparin-derived tet- op spectra after semiautomatically peak picking one 2D
rasaccharide at a concentration of 3 mg/140in 50 mM spectrum using NMRPipeT; and T, values were determined
potassium phosphate, 2 mM Nahnd 90% HO/10% DO by fitting the measured peak heights to the two-parameter
at pH 5.5. 1D*H and 2D *N HSQC (Bodenhausen &  profile I(t) = I, exp(tT,). The LevenbergMarquardt

Ruben, 1980) were collected at a molar ratio of FGF-2 to zigorithm (Press et al., 1986) was used to determine the

of each quarter increment was carried out by addition of 9 parametery? = S(I(t) — I«(t))%o, where I(t) are the

uL a of tetrasaccharide stock solution to an initial volume jntensities calculated from the fitting parametelgt) are

of FGF-2 of 60QuL. The concentration of the tetrasaccha- the experimental intensities, ands the standard deviation

ride was determined by dry weight, and the concentration of the experimental intensities. For the FGF-2 data the

of FGF-2 was determined spectrophotometrically [absorbancestandard deviation of the differences between the heights of

(0.1% at 280 nm)= 0.964 (Thompson et al., 1994)]. corresponding peaks in duplicate spectra divided by the
Similarly, a 1 mM**N-FGF-2 sample was titrated with a  square root of 2 (Palmer et al., 1991) whereas for the FGF-

decasaccharide at a molar ratio of FGF-2 to the decasac-2—tetrasaccharide complexwas set to the root-mean-square

charide of 1:0.25, 1:0.5, and 1:1. TH and 2D™N HSQC baseline noise in the spectra as determined from NMRDraw.

were collected at these concentrations. The two methods for determining experimental uncertainty
NMR Data Collection All spectra were recorded at 25 were very similar. Uncertainties ify and T, measurements

MATERIALS AND METHODS

Data Processing and AnalysisSpectra were processed
as described previously (Moy et al., 1995) using the

°C on a Bruker AMX600 spectrometer using a gradient-
enhanced triple-resonancéel/**C/*>N probe. All hetero-
nuclear NOET,, andT, relaxation time measurements were
carried out in duplicate for FGF-2. Water suppression in
the NOE,T,, and T, experiments was carried out with the

were obtained from the covariance matrix generated in the
Levenberg-Marquardt algorithm and were used in Monte
Carlo simulations for determining the standard deviations
for fitting parameters (Farrow et al., 1994; Kamath & Shriver,
1989; Palmer et al., 1991).
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The steady-state NOE values for FGF-2 were determinedto 50 ps of molecular dynamics using the AMBER 4.0
from the ratios of the average intensities of the peaks with parameter set. The heparin was used as an axis of rotation
and without proton saturation. Since the data for the FGF- to form the tetramer of FGF-2. Thus, the tetramer was
2—tetrasaccharide complex were not recorded in duplicate, formed by a rotation around the heparin with some translation
the steady-state NOE values were determined from the ratiosto eliminate interatomic distances which were too short and
of the intensities of the peaks with and without proton to maintain salt bridges between heparin and the four copies
saturation. The standard deviation of the NOE value was of FGF-2. The tetramer model was subjected to 500 steps
determined by the baseline noise (Farrow et al., 1994). Theof conjugate gradient minimization.
overall correlation time was determined by using residues
that had'>N T,/T, ratios within one standard deviation and RESULTS AND DISCUSSION
NOE values greater than 0.6 (Clore et al., 1990a; Clubb et
al., 1995; Kay et al., 1989). Three models of the spectral
density functions were used to classify five classes of
optimized parameters (Clore et al., 1990a,b; Farrow et al.,
1994; Kay et al., 1989). Selection of the appropriate spectral
density function was determined by initially fitting the data
to the simplest spectral density function and only selecting

Titration of FGF-2 with a Decasaccharide and Tetrasac-
charide 2D N HSQC spectra of FGF-2 and FGF-2 titrated
with both the tetrasaccharide and decasaccharide are shown
in Figure 1. A severe increase in line widths results upon
addition of heparin to FGF-2'fN T, < 36.6 ms). It is
important to note that the results are independent of the order

the more complicated spectral density function as required of addition. FGF-2 aliquots added to a concentrated (3 mg/

; . : 150 uL) and 4-fold excess tetrasaccharide sample brought
:3[ gtl thigdgi[? (Clore etal., 1990a; Clubb etal., 1995; Powers to the same FGF-2 concentration yielded the same broadened

Dynamic Light Scattering Dynamic light scattering data NMR spe.ctra._ )
were collected and analyzed with a DynaPro-801 instrument 1 he major difference between the tetra- and decasaccharide
(Protein Solutions, Inc., Charlottesville, VA). Initially, 150 Was the comparable extent of their effect on the FGF-2
uL aliquots from free FGF-2, the FGF-2etrasaccharide (1: spectra. While the decasaccharide caused extensive broad-
1) complex, and the FGF-alecasaccharide (1:0.25) complex  €ning of the 2DN HSQC spectra at a 0.25 molar ratio of
NMR samples were used for dynamic light scattering heparin to FGF-2, itwas possible to titrate the tetrasaccharide
analysis. The titration curves were determined by adding t© @ 1:1 molar ratio with FGF-2 and acquire a 2 HSQC
aliquots of a 10-fold excess oligosaccharide stock solution SPectrum of acceptable quality. A 1D spectrum shows an
to a 0.5 mM FGF-2 sample. The observed molecular weight approximate 50% decrease in signal intensity ata 1:1 molar
at each titration step was averaged over 10 data points. ratio of the tetrasaccharlﬁfGF—Z complex relative to the

Binding and Cross-Linking of?3-FGF-2 to Soluble  free FGF-2 spectrum. Similarly, a 2BN HSQC shows an
FGFR-1 and to Cells. Conditioned medium from cells ~aPproximate 80% decrease in signal intensity.
secreting FGF receptor-JAP fusion protein (0.24 OD units/ Chemical shifts are sensitive to local changes in protein
min) was incubated for 45 min at room temperature with structure and provide a qualitative analysis of the structural
rabbit anti-human placental AP antibodies prebound to effects of proteir-ligand interactions. From the 2BN
agarose-protein A beads (Pierce, Rockford, IL). The FGFR- HSQC spectra of FGF-2 and the complex with the tetrasac-
1-coupled beads were washed three times with 1 mL of 20 charide and decasaccharide (Figure 1) it is apparent that the
mM HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100, and presence of heparin does not induce any significant structural
10% glycerol (HNTG) and incubated with 2 ng/mig3- changes in FGF-2 since most of the observed chemical shifts
FGF-2 and heparinoligosacchrides at increasing concentra- are nearly identical between the two samples. Some
tions for 90 min at room temperature. High-affinity-bound relatively small chemical shift changes or significant per-
129-FGF-2 was determined after three cycles of washing with turbations in signal intensity, however, did occur in both
HNTG and counted in a-counter. High-affinity binding ~ FGF-2-oligosaccharide complexes (6-0.3 ppm; vector of
of FGF-2 to CHO cells was performed as described by Yayon both **N and *HN chemical shift changes). Residues that
et al. (1991). Briefly,’?4-FGF-2 and heparinoligosac- incurred small chemical shift changes were clustered in two
chrides at increasing concentrations were incubated with cellsregions of the FGF-2 structure: N36, G37, L127, K128,
for 90 min at 40°C. Low-affinity-bound FGF-2 was released R129, G131, K134, G136, T139, G140, Q143, K144, and
from the cell surface ypa 5 min incubation with a cold  A145, which are in the vicinity of the heparin binding domain
solution containing 1.6 M NaCl and 20 mM HEPES, pH as identified by site-directed mutagenesis and the tetra- and
7.4. High-affinity-bound FGF-2 was determineg & 2 M hexasaccharideFGF-2 complex X-ray structures (Faham et
NaCl and 20 mM acetate buffer, pH 4.0, extraction. al., 1996; Li et al., 1994; Thompson et al., 1994), and E105,

Calculation of the FGF-2Heparin Molecular Model. ~ L107, S109, N110, N111, and L149, which are in the vicinity
The FGF-2 tetramer model was generated by starting with of the putative receptor binding domain (Springer et al., 1994;
the monomer of FGF-2 from a recently solved FGFSDS ~ Zhu et al., 1991).
crystal structure. The dimer of FGF-2 was created by 3D '*N-edited HMQC-NOESY spectra were collected for
rotating about the Cys78)S-Cf axis to permit a minimum  both free FGF-2 and the FGF-2etrasaccharide complex.
distance between 128 and 138 heparin binding regions onFigure 2 shows strips taken from both the free and complex
different FGF-2 units. A heparin model consisting of *N-edited NOESY spectra, parallel to tife axis, for the
alternating sulfated glucosaminglucose structure (obtained amides of residues Thr-130 through Ser-137 which cor-
from 1lhpn.pdb) was positioned on the dimer roughly respond to the FGF-2heparin binding site. While the data
spanning the hexasaccharide and tetrasaccharide structureer the FGF-2-tetrasaccharide complex are only marginal,
of the recent FGF-2heparin crystal structure (1bfb.pdb and it is still apparent that the NOE data are identical for both
1bfc.pdb). This dimer model was minimized and subjected spectra. This supports the conclusion that heparin does not
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FiGure 1. Comparison of théH—15N HSQC spectra for (A) FGF-
2, (B) the 2:1 FGF-2tetrasaccharide complex, and (C) the 4:1
FGF-2-decasaccharide complex. Residues which incurred a chemi-
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Ficure 2: Composite of amide strips taken from the 100 ms
mixing time 3D!*N-edited NOESY-HMQC spectrum of (A)
FGF-2 and(B) the FGF-2tetrasaccharide complex for the
stretch of sequence from Thr-130 to Ser-137 corresponding
to missingS-strand Xl in the NMR structure (Moy et al.,
1995). The diagonal peaks are indicated by an asterisk, NH-
Ei)—NH(H_—l), NHG+1)—Ha((?, NH(i)—NH(i+1), and NH-
i+1)—Hp() NOEs are indicated by solid arrows, and
NH(i)—-NH(+2), NH(i+2,3,4-Ha(i), and NH{+2,3,4)-
HB(1) NOEs are indicated by dashed arrows. Intraresidue
Ho—NH and H3—NH NOEs are boxed.

Although the severe increase in line widths in the FGF-2
NMR spectra upon addition of either the tetra- or decasac-
charide implies the formation of high molecular weight forms
of FGF-2, it is also possible that the line width increase is a
result of a dynamic exchange process. To distinguish
between these two possibilitié®| T, T,, and heteronuclear
NOEs were measured for FGF-2 alone and the FGF-2
tetrasaccharide complex to measure the overall correlation
time (r;) for both samples. Correlation time generally
increases linearly with an increase in molecular weight;
however, if the effect on line width is a result of dynamic
exchange, no effect will be observed on the correlation time
and a significant exchange term will be required to fit the
relaxation data.

Ty, T2, and NOE Relaxation Parameterfelaxation data

cal shift change upon addition of the tetrasaccharide are labeledwere obtained for 141 and 125 residues for FGF-2 and the

and boxed.

FGF-2-tetrasaccharide complex, respectively, out of 145
possible®™N—H backbone correlations. Resonance overlap

induce any significant conformational change in FGF-2 upon was the main cause of difficulties in measuring peak intensity
binding and is consistent with the X-ray structures of the especially in the random coil region of tfg, T, and NOE

tetra- and hexasaccharidEGF-2 complexes (Faham et al.,

1996).

spectra. For FGF-2, L92 is overlapped with the intense E14
peak, the peak intensity was assigned to E14, and the



4786 Biochemistry, Vol. 36, No. 16, 1997 Moy et al.

1600
-1 1400
1200 —,
1000
800
800

T1 {ms)

Lol 11

I Y Y S B |

10 20 30 40 50 80 70 80 90 100 110 120 130 140 150

12.0
10.0
8.0
8.0
4.0
2.0

| 1 L 1 I 1

it L 1 i 1 1
Linewidths (Ha)

to 20 30 40 50 80 70 80 90 100 110 120 130 140 150

10 20 30 40 50 60 Y0 80 90 100 {it0 120 130 140 150 10 20 30 40 50 60 Y0 80 90 100 110 120 130 140 150

10 20 30 40 S50 60 Y0 80 90 100 110 120 130 (40 150 10 -20 80 40 50 80 70 80 90 100 (10 120 130 140 150

Residue Regidue

Bi B B By By Bvi Byn By Bxi Bx 13136 Byy B Bu B Biv By Bwi By Bvin Bxi Bx 13136 Bxy

Ficure 3: Plots of the measureh, T,, and NOE data and the calculated order parame&yf a per residue basis for (A) FGF-2 and
(B) the FGF-2-tetrasaccharide complex. The locations of thegddtrands, as determined by NMR (Moy et al., 1995), are indicated below
the figures.

>

relaxation data were not determined for L92. Fewer cor-
relations were obtained in the FGFftrasaccharide com-
plex because of; line broadening. Relaxation data were
not determined for residues E68, R69, S73, A79, G89, L92,
Y115, Y120, W123, V125, and G142 in the FGF2
tetrasaccharide complex because of overlap or weak intensity.

The values of thé®N Ty, T,, and NOE data are plotted as
a function of residue number in Figure 3 for FGF-2 and the r
FGF-2-tetrasaccharide complex. The averdgealues for PN S I S N D S DO
residues 36152 are 0.894t 0.056 and 1.28 0.10 s for 0 02 04 06 08 1 12 14
FGF-2 and the FGF-2tetrasaccharide complex, respectively. Time (sec)
Similarly, the averagd, values are 68.3- 7.3 and 36.14 B 120 (~—
7.1 ms and the average NOE values are 0800057 and
0.809+ 0.123 for FGF-2 and the FGF2etrasaccharide
complex, respectively. A comparison of the experimental
5N T, andT, data of selected residues for both FGF-2 and
the FGF-2-tetrasaccharide complex is shown in Figure 4.
Six residues (Y33, C34, L41, F103, R116, and Y124) in
FGF-2 had NOE values which exceeded the theoretical 20 | B L 1
maximum of 0.83 by less than 0.04 (Kay et al., 1989). Nine . B \§, ]
residues (K30, 143, K61, L64, M85, N110, A126, K138, and 0 D—
G140) in the FGF-2tetrasaccharide complex had NOE
values which exceeded the theoretical maximum by less than . ]
0.15. Negative NOEs were observed for residueg¢3and g'GURE 4: Comparison of the experimentdN (A) T, and (B) T

: ata of selected residues of FGF-2 (solid line) and the FGF-2

3—15 for FGF-2 and the FGF-2etrasaccharide complex,  tetrasaccharide complex (dashed line) with the single-exponential
respectively. least-squares best-fit curves.

Calculated Correlation Timerf) for FGF-2 and the FGF-
2—Tetrasaccharide ComplexThe overall correlation time  where the internal correlation timegj is less than 100 ps,
(tr) can be determined from th&/T, ratio under conditions 7, > 1 ns, andTl; is not significantly shortened by chemical
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exchange (Clore et al.,, 1990a; Kay et al., 1989). Thus and C-terminal regions, FGF-2 is well ordered with Sl
residues which are suspected to have significant contributionsvalues being greater than 0.80 except for residues G37, F39,
to their experimentalT; and T, values fromz, and/or E54, E68, and G70, which are in or near loop regions.
chemical exchange are removed from thecalculation. Residues G37 and E54 reside in loop regions between
Typically, residues with NOE values less than 0.6T@fT, pB-strands 1 and 2 ang-strands 3 and 4, respectively.
ratios which lie either 1 SD above or below the mean were Residues E68 and G70 are in the loop betwgestrands 4
removed from ther; calculation. For FGF-2, 23 residues and 5, and F39 is at the start gfstrand 2. Five other
had NOE values less than 0.6, and 27 residues were outsideesidues in loop regions which were not assigned because
1 SD of theT,/T, mean. The overall correlation time for of overlap or lack of an observable cross peak were L91,
FGF-2 was determined to be 1H40.3 ns by fitting theT;, L92, and Y120. All residues exhibit very fast internal
T,, and NOE data for each of the 91 residues to the Lipari motions on time scales20 ps except for residues E54, E67,
and Szabo “model-free” formalism (Lipari & Szabo, 1982). E68, S96, E108, S109, N111, and Y112, which exhibit
The optimal correlation timerf), order parameters), and internal motions of 20—111 ps, and the mobile N- and
effective internal correlation timez{) were calculated  C-terminal residues-129 and 152154, which exhibit a
individually for each residue, and the overall correlation time second slower motion on a time scale of-0134 ns. The

for FGF-2 was the average from all the residues. For the average calculatetd relative error estimate was 28%.
FGF-2-tetrasaccharide complex, 27 residues had NOE FGF-2—Heparin Dynamics. The N relaxation data
values less than 0.6, 20 residues were outside 1 SD of the(Figures 3 and 4) from the FGF2etrasaccharide complex
T4/T, mean, and an additional 19 residues did not convergeindicated that the presence of heparin bound to FGF-2
during ther, calculation. The optimal overall correlation induced a distinct effect on the dynamics of FGF-2. 1t is
time for the FGF-2tetrasaccharide complex was determined quite apparent that the observédand line width values

to be 20.2 ns by simultaneously fitting the, T,, and NOE increased dramatically for residues-3062 in the FGF-2

data for 49 residues to the Lipari and Szabo model-free tetrasaccharide complex while the NOE values and order
formalism (Lipari & Szabo, 1982). For the FGF-2 parameters were quite similar. The FGFi2trasaccharide
tetrasaccharide complex an optimal overall correlation time complex exhibits the same mobility as free FGF-2 for the
instead of an average value is reported because of an apparemM- and C-terminal residues as indicated by order parameters
limitation in the model. A plot of? versus correlation times  below 0.8. The average value of the order paramg&ter
(Supplementary Information, Figure 1S) is very asymmetric observed for residues 3152 for FGF-2 increased in the
and flat about the minima. This suggests that certain presence of the tetrasaccharide to t496.06. An increase
parameters have a minimal contribution to reducing the valuein & is not unexpected upon formation of a complex, but
of 2 at higher values ofr,. This results in the mean there is no indication of a local effect on mobility since the
correlation time of 21.3t 1.9 ns being skewed toward a order parameter increase is observed throughout the protein.
higher value relative to the optimal correlation time of 20.2 Therefore, the major effect of the tetrasaccharide on FGF-2
ns (minima on the? versus correlation time plot). Thiswas dynamics is the substantial increase in the protein’s overall
not the case for free FGF-2 where the mean correlation time correlation time. Since a correlation time of 20.2 ns was
of 11.4 + 0.3 ns was nearly identical to the optimal measured for the complex compared to 11.4 ns for free FGF-
correlation time of 11.3 ns and thy versus correlation time 2, this indicates that the presence of the tetrasaccharide
plot was symmetrical about the minima. Correlation times induces the formation of FGF-2 dimers and the observed
of 11.4 and 20.2 ns were used in all subsequent calculationsincrease in FGF-2 line widths is not a result of exchange
for FGF-2 and the FGF-2tetrasaccharide complex, respec- broadening. In the FGF-2tetrasaccharide complex a total

tively. of 18 residues exhibit internal motions of 2011 ps
FGF-2 Dynamics. The generalized order parameglis compared to 8 residues in free FGF, and 9 residues in

plotted as a function of residue number for FGF-2. The addition to the mobile N- and C-terminal residues exhibit a

average value of the order parame®rfor residues 36 second slower motion on a time scale of 6134 ns. In

152 for free FGF-2 is 0.9& 0.05. Other proteins of similar  addition, an exchange term was required to fit 32 residues
size, including interleukin-4 (Redfield et al., 1992) and p53 for the complex, but only 5 residues in free FGF-2 required
(Clubb et al., 1995), hav& ~ 0.90, indicating limited this additional exchange term. The average exchange value
conformational flexibility. Theé*N relaxation data of FGF-2  in the FGF-2-tetrasaccharide complex was 542.7 Hz.
indicate that the first 28 N-terminal residues are highly Since an additional exchange term was required by residues
flexible and mobile & < 0.6). Negative NOEs were throughout the protein structure, this suggests a possible slow
observed for residues-3.2 and 2-25, and 27 residues were monomef-dimer exchange where the dimer is the predomi-
best fitted to the extended spectral density model (Clore etnant species.

al., 1990a,b) in which there are two internal motions. The In the case of the FGF-2ecasaccharide complex, a
dynamic analysis supports the previous observation that twogreater effect was observed on the broadening of FGF-2 line
distinct conformations exist for the first 28 residues caused widths compared to the tetrasaccharide. Since the dynamics
by acis—transisomerization of prolines 10 and 13 (Moy et data for the tetrasaccharide support the formation of a dimer,
al., 1995) and that the first 728 residues are disordered it is reasonable to conclude that the greater increase in line
in the NMR structure of FGF-2 (Moy et al., 1996). Thisis widths associated with the decasaccharide at a lower molar
also consistent with the observation that the first-19 ratio of decasaccharide to FGF-2 (0.25:1) is consistent with
residues in the X-ray structures of FGF-2 {41b5) are not the formation of a higher order oligomer.

visible in the electron density map and have been identified FGF-2—Heparin Dynamic Light ScatteringTo indepen-

as disordered (Ago et al., 1991; Eriksson et al., 1991, 1993; dently confirm the NMR results, dynamic light scattering
Zhang et al., 1991; Zhu et al., 1991). Aside from the N- data were collected on 130 aliquots of the NMR samples
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of FGF-2 and not a result of exchange broadening. This is FIGURE 6: 123-FGF-2 binding to the high-affinity receptor in (A)

i i i -2 hindinag & cell-freein vitro system and (B) CHO mutant cells deficient in
also consistent with the observation that the FGF-2 binding HSPG and expressing FGFR-1 in the presencapheparin, (n)

affinity for heparin is relatively strong{p in the nanomolar heparin-derived decasaccharide, a®l fieparin-derived tetrasac-
range) and an exchange between free and complexed FGF-Z2naride. (B) The inset shows the effect of the tetrasaccharide in
is not expected on the NMR time scale (Moscatelli, 1987; the presence of subsaturating concentrations (100 ng/mL) of
Nugent & Edelman, 1992; Li & Seddon, 1994; Spivak- decasaccharide-induced FGF-2 binding to the soluble receptor.
Kroizman et al., 1994).

No evidence to Suggest an FGFGF dimer interface for the hlgh-afflnlty receptor while the decasaccharide restored
the tetrasaccharide-containing complex was observed, and30—90% of FGF-2 high-affinity receptor binding induced
the interaction between FGF-2 and the oligosaccharides wad?y native heparin. The tetrasaccharide was inactive in both
determined to occur predominantly in the heparin binding Systems even at extremely high concentrations of the
domain. Since the NMR spectra of FGF-2 in the presence tetrasaccharide. Moreover, the “nonactive” tetrasaccharide
and absence of the oligosaccharides are almost identical, thignarkedly inhibited in a dose-dependent manner the induced
requires the structures of the FGF-2 dimer and tetramer tobinding of FGF-2 to soluble FGFR-1 at subsaturating
be composed of symmetric protein units arranged in a concentrations (100 ng/mL) of the decasaccharide (inset,
conformation such that the backbone atoms are in almostFigure 6B). These results clearly indicate that both oli-
identical environments. Given these constraints, a “sand- gosaccharides can efficiently bind FGF-2 but only the
wich” motif of the FGF-2-tetrasaccharide dimer is indicated decasaccharide can further induce high-affinity receptor
which is repeated in the decasaccharide complex. ConsistenPinding and activation.
with a sandwich model, dynamic light scattering data of = Model of a Biologically Actie FGF-2-Heparin Complex
FGF-2 titrated with both the tetra- and decasaccharide (FigureThe use of NMR in conjunction with dynamic light scattering
5) indicate that complete dimerization of FGF-2 occurs at and receptor binding assays allows us to propose a novel
approximately a 1:0.5 ratio of FGF-2 to the tetrasaccharide mechanism for the interaction of FGF-2 with heparin and
and the FGF-2 tetramer occurs at approximately a 1:0.25its receptor as illustrated in Figure 7. Since the FGF-2
ratio. tetrasaccharidérans-dimer is inactive in receptor binding

In Vivo and in Vitro Heparin-Induced FGF-2 Receptor and initiation of the biological response, we conclude that
Binding. The ability of both the tetrasaccharide and the the minimum active structural unit of the FGF-RBeparin
decasaccharide to induce high-affinity FGF-2 receptor bind- complex is the properly orientats-dimer component of the
ing was examined by utilizing two experimental systems: tetramer sandwich motif induced by the decasaccharide
Chinese hamster ovary (CHO) mutant cells deficient in (Figure 7). It is still plausible that the tetramer structure is
HSPGs and genetically engineered to express FGF receptor-Tequired for biological activity; in fact, a recent paper by
(FGFR-1) (Aviezer et al.,, 1994) and a cell-frée vitro Mohammadi et al. (1996) suggests that autophosphorylation
system employing the soluble ectodomain of FGFR-1 geneti- of FGFR requires an association of receptor dimers induced
cally fused to alkaline phosphatase (Ornitz et al., 1992; by a multivalent heparinFGF complex, which is consistent
Yayon et al., 1992). As shown in Figure 6, both experi- with the tetramer structure induced by the decasaccharide.
mental systems demonstrate that the heparin-derived tet-The observed sandwich motif may be attributed to the
rasaccharide was unable to augm&ftFGF-2 binding to presence of both B-sulfate and 689-sulfate groups in the
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Ficure 7: Proposed model for the interaction of FGF-2 with the
tetrasaccharide to form the inactiteansdimer and with the

decasaccharide to form the actives-dimer complexed with the g re 8: FGF-2-decasaccharide tetramer model. The residues
FGF-2-tyrosine kinase receptor dimer. involved in heparin binding (128, 129, 134, and 138) are indicated

i hari lting i - by the presence of side-chain atoms, the potential intermolecular
oligosaccharide, resulting in two distinct charged surfaces gigyifide bond by C78 is colored yellow, the residues that incur

for FGF-2 binding. Since the high-affinity binding of heparin  chemical shift changes in the heparin binding site are colored blue,
to FGF-2 and resulting biological activity are dependent and those in the putative receptor binding site are colored red.
mainly on the presence of @-sulfate groups (Maccarana

et al., 1993), the observed tetramer structure may simply beheparin-FGF-2 interactions. Itis tempting to speculate that
a result of the presence of@sulfate groups and, therefore, these local changes in FGF-2 structure contribute to the
not crucial for activity. heparin-dependent ligandreceptor recognition process.

The direct experimental evidence presented here is in full - Formation of disulfide-linked monomers in the presence
agreement with the previously observed heparin length andof heparin may be a mechanism to enhance the stability of
charge dependency for FGF-2 receptor mediated activity. the active heparinFGF-2 complex. It is interesting to note
Heparin species smaller than an octasaccharide are unablghat C78 in the FGF-2decasaccharide tetramer model is
to form the FGF-ZXis-dimer or tetramer complex (Aviezer  capaple of forming an intermolecular disulfide bond between

etal., 1994; Ishihara et al., 1993; Ornitz et al., 1992). On 4gjacent monomers, but direct evidence for this disulfide
the basis of this scheme an FGF@casaccharide tetramer pond was not available since a C78S.C96S-FGE-2 mutant

model was generated from an FGF<licrose octasulfate a5 ysed for the current study. C78 is also surface
crystal structure, a heparin NMR structure, and the tetra- and 5 cessible, which is consistent with the observation that
hexasaccharideFGF-2 complex X-ray structures using mgification of C78 does not impair receptor binding or

molecular modeling and molecular dynamics techniques g ivation (Lappi et al., 1991). This suggests tiia C78

(Figure 8) (Xu et al., 1996). This model is consistent with termolecular disulfide bond is formed in the presence of
the chemical shift perturbations observed for the binding of heparin, this bond is not crucial or necessary for FGF-2
the decasaccharide to the FGF-2-heparin binding site Wh”eactivity '

maintaining a symmetric tetramer structure without modi- ) ) o .
fications to the backbone structure of FGF-2. The model FGF-2 dimers have been observed in cross-linking experi-
also supports the observation that a decasaccharide wouldnents but at very high heparin to FGF-2 concentrations
be the shortest oligosaccharide capable of facilitating an Where the major species present was a monomer (Omitz et
active, high-affinity complex of two correctly oriented dimers @l 1992, 1995). Dimers have been inferred from crystal-
in a tetramer arrangement by spanning adjacent monomerographic data based on unit cell contacts (Venkataraman et
heparin binding sites. Additionally, residues previously al., 1996) even though X-ray structures of FGF-2 indicate
identified as important in receptor binding (Springer et al., that the protein is a monomer (Ago et al., 1991; Eriksson et
1994; Zhu et al., 1991) are located on exposed surfaces indl., 1991; 1993; Zhang et al., 1991; Zhu et al., 1991).
the FGF-2-decasaccharide tetramer model. These residuesAdditionally, the amount of heparin required to induce a
are apparently not involved in the FGFGF dimer interface  positive FGF-2 response (ng/ml) was well below the quantity
or heparin binding site but are adjacent to the FGf@parin ~ reported to induce an FGF-2 dimerg{mL) (Ornitz et al.,
binding domain and incur a chemical shift perturbation upon 1992, 1995). Therefore, the role of an FGF-2 oligomer in
binding heparin. Mutation of E105 (Zhu et al., 1991) and FGF-2 activity has been based purely on speculation. Our
N110 and L149 (Springer et al., 1994) to alanine has beendata clearly indicate that theajor form of FGF-2 in the
shown to dramatically impact receptor binding affinity. presence of equimolar amounts of a tetrasaccharide or a
Interestingly, oligosaccharide binding to FGF-2 induces decasaccharide is a dimer or tetramer, respectively, and
chemical shift perturbations in a region of the protein that provide strong experimental evidence to support these
forms a receptor binding face but is not directly involved in previous speculations.
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