
















































































































































































































Table 4.1. An Illustration of Intensity Distribution of the Data 

H K L Foos Sigma 

0 2 4 82.100 0.080 

0 2 5 0.080 5.840 

0 2 6 34.970 0.130 

0 2 42 15.410 0.380 

0 2 43 0.000 999.0 

0 2 44 3.580 1.430 

0 2 45 6.230 0.820 

0 2 46 27.110 0.400 

TABLE 4.2. Heavy Atom Refmement Statistics 

Derivative Reso- Concen- measured comp- Rsym Refined fHIE 

lution tration reflection lete (%) Sites 

Native 2.1 A 31,326 95% 11.8 

EMTS 3.4A 2.5 mM 16,070 92% 12.2 8 1.26 

K2PtCl4 2.3 A 3.0mM 45,881 91% 9.28 14 0.84 

1 

fH IE= I deriv,obs- F 
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Figure 4.1. lllustration of the 8-fold averaged electron density map in the region near 

His 93. 

Figure 4.2. lcr level electron density around a sucrose octasulfate molecule [(2F0 -

Fc) <Xcalc)], calculated at 2.7 A resolution. 

93 



Figure 4.3. Binding of sucrose octasulfate to aFGF. The j3 strand that is involved in 

sucrose octasulfate binding is labeled. 
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(5) (6) 
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(7) (8) 

Figure 4.6. Superposition of the eight sucrose octasulfate molecules that are related 

by noncrystallographic symmetry. Figure 4.6 (2) to (8) reveal the sucrose octasulfate 

structures of #2 to #8 (thin line) superimposed to sucrose octasulfate #1, based on the 

corresponding aFGF molecules. Sucrose octasulfate #1 is shown in the thick line. 

Figure 4.6 (1): Superposition of the sucrose octasulfate bound to aFGF determined by 

us (#1, shown with thick line) and the free sucrose octasulfate determined by small 

molecule crystallography (32). 
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aFGF 112 

bFGF 120 

KKNGRSKLGPRTHFGQ 

KRTGQYKLGPKTGPGQ 

Figure 4.7. Sequence alignment of acidic and basic FGF in the sucrose octasulfate 

binding region. 

104 104 

Figure 4.8. The structure of aFGF bound to sucrose octasulfate. The two putative 

receptor binding sites, which are near residues 38 and 104 respectively, are shown 

with thick line. 
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Figure 4.12. Dimerization of FGF. Lane 1, cross-linking of aFGF in the absence of 

sucrose octasulfate; Lane 2, cross-linking of aFGF in the presence of sucrose 

octasulfate; Lane 3, cross-linking of bFGF in the absence of sucrose octasulfate; Lane 

4, cross-linking of bFGF in the presence of sucrose octasulfate. 
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Chapter 5 

FGF Stability and Activity Revealed by the Mutant and FGF -ligand 

Complex Structures 
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5.1. Introduction 

Since FGFs can induce mitogenic, chemotactic and angiogenic activity in a 

variety of cells of epithelial, mesenchymal and neural origins ( 1 ), FGF is a very 

attractively therapeutic target. With the ability to promote tissue repair (2), FGF has 

been considered as a potential drug for wound healing. On the other hand, some 

members of the family are highly expressed in many malignantly transformed cells 

(3). Therefore, inhibition of FGF activity in these cells may be useful. To use FGF as 

a tissue growth promoting drug, high therapeutic efficiency is usually connected with 

the high stability of the protein. One potential way of enhancing FGF stability is to 

introduce specific mutations into FGF. To investigate how mutations can change FGF 

stability, two mutant structures have been determined and will be discussed in this 

chapter. Furthermore, to be used as a routine therapy, high yield and efficiency of 

protein purification is required to prepare large quantities ofFGF. Copper and heparin 

biaffinity columns have been demonstrated to have increased FGF binding affinity 

(4). The structure of FGF and copper complex has been studied. Finally, the structure 

of an FGF-inhibitor analog complex is analyzed to provide a structural basis for 

rational design of drugs to either enhance or inhibit FGF activity. 

5.2. The mutant Gly93His aFGF structure 

While the mutant Ala47Cys aFGF exhibits comparable activity to the native 

aFGF, the substitution of glycine for histidine 93 in aFGF has been shown to increase 

aFGF stability (5). The thermal denaturation temperature of Ala47Cys/Gly93His 

aFGF is about 10 oc higher than Ala 47 aFGF. This is consistent with the observation 

that while [Ala47] aFGF rapidly loses mitogenic activity in the absence of heparin 

(with a half-life of approximately 13 hours (5)), [Ala47, Gly93] aFGF exhibits no loss 

of activity over 250 hours in the same conditions. In addition, [Ala47, Gly93] aFGF 

appears to have slightly higher activity because it can produce the same mitogenic 
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effect as the [Ala47] aFGF analog or the native aFGF but at lower concentrations. 

Furthermore, because [Ala47, Gly93] aFGF can be eluted from a heparin column at an 

identical concentration of NaCl required for [Ala47] aFGF, the stability of [Ala47, 

Gly93] aFGF does not seem to be due to its increased binding affinity for heparin. In 

order to provide a structural basis for comparing the stability of the [Ala47] and 

[Ala47, Gly93] aFGF analogs, their crystal structures were determined. 

In the [Ala47, Gly93] aFGF structure (6), it is shown that residues 90 to 94 have a 

sequence of Glu Glu Asn Gly Tyr and form a 3:5 ~-hairpin as defined by Sibanda, et 

a/. (7). A 3:5 ~-hairpin consists of two terminal amino acids from two adjacent ~ 

strands with three intermediate residues forming a tight ~ turn. This hairpin structure 

is a combination of a classic type I ~ turn and a G 1 ~-bulge (8, 9) which possesses a 

conformation of ~<lR<lR<lL~. where <lL stands for left-handed alpha helix and <lR for 

right-handed alpha helix. Since the main chain torsion angles for the fourth residue of 

the loop are in the left hand alpha helical region of the Ramachandran plot, glycine is 

the most easily accommodated amino acid at this position. The most common amino 

acids observed to replace glycine in the 3:5 ~-hairpin are asparagine and aspartic acid 

(10), although asparagine is seen more frequently (9). Indeed, basic FGF, which has a 

similar main chain conformation as aFGF in this region (Figure 5.1), has an 

asparagine at the fourth position of the hairpin. 

Although the structure of [Ala47, Gly93] aFGF suggests that glycine should be the 

most energy-favored amino acid at position 93, it could be interesting to determine 

the [Ala47] aFGF structure and compare the structures of the naturally occurring 

[His93] aFGF with the [Gly93] aFGF analog. Thin plates of hexagonal crystals of 

[Ala47] aFGF were obtained by using the similar crystallization conditions for [Ala47, 

Gly93] aFGF (6), but they only diffracted to about 4 A resolution. Conditions for 

better quality crystals were then screened with a factorial method (11) in the presence 

of sucrose octasulfate which can generally stabilize FGF (2). The details of 
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crystallization and structure determination are described in Chapter 4. 

The crystal structure of the [Ala47] aFGF-sucrose octasulfate complex reveals the 

well defined side chain position of His 93 (Figure 4.1 ). Further, the side chain of His 

93 is highly exposed to solvent and is not in contact with the rest of the aFGF 

molecule. The overall geometry of the 3:5 hairpin around position 93 in [Ala47] aFGF 

is quite similar to that in [Ala4 7, Gly93] aFGF (Figure 5.2). In addition, the main 

chain torsion angles of histidine 93 are observed to be maintained in a left-handed 

alpha helix conformation. Therefore, as demonstrated by this structure, in addition to 

asparagine and aspartate, histidine can also be accommodated at the 4th position of a 

typical 3:5 hairpin and adopt a left-handed alpha helix conformation. However, 

relative to glycine, a histidine in the fourth position of a 3:5 hairpin is less favorable 

and hence leads to decreased stability of aFGF. 

5.3. The mutant Asp40Arg bFGF structure 

Another mutant FGF that was studied was the Asp40Arg bFGF analog. Arginine 

40 is one of the positively charged residues located in the region of bFGF-(31-51) 

which has been reported to be important in receptor binding and probably also in 

heparin binding (9). Surprisingly, mutation of arginine 40 to an aspartic acid resulted 

in an active bFGF, although it appears to be less stable at low ionic strength (10). To 

further investigate the property of the mutant, the structural determination of 

Asp40Arg bFGF has been carried out. 

Crystallization trials with the low ionic precipitant solution PEG8K, from which 

the [Arg40]bFGF crystals have been obtained (4), failed to produce any [Asp40] bFGF 

crystals. Instead, screening with factorial conditions (7) yielded crystals of 0.5 x 0.5 x 

0.5 mm3 in size that diffracted to about 1. 7 A resolution. Each droplet contains equal 

volumes of the [Asp40] bFGF sample at a concentration of 10 mg/ml and the reservoir 

solution of 2.0 M (NJ-4)2S04 and 0.2 M Na Citrate at pH 5.6. These crystals belong 
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to the space group P2t2t2I and have cell dimensions of 31.8 A, 42.1 A and 86.1 A. 

At about the same time as the [Asp40] bFGF crystals were obtained, the same crystal 

form of the native bFGF crystals was reported to be crystallized in 60% saturated 

ammonium sulfate and 0.2 M sodium succinate (pH 5.3) (12). 

The mutant structure of Asp40Arg bFGF was determined by a combination of 

molecular replacement and single isomorphous replacement (SIR) method. Using the 

determined bFGF structure (4), a clear molecular replacement solution with an R­

factor of 38.0% was obtained by using the Crowther fast rotation function (13) and 

the brute-force translation search (14) when diffraction data within 4 to 8 A resolution 

were used. In addition, rigid body refinement of the molecular replacement model 

with TNT (15) lowered the R-factor down to 36.7% using the same reflections. The 

difference Fourier (F0 - Fe) map calculated with the model phases, however, 

displayed no density for the aspartic acid side chain. To improve the model phases, 

several cycles of positional refinement with TNT to 3 A resolution was carried out. A 

model with an R-factor of 26.1% and r.m.s. deviations from the ideal bond distances 

and bond angles of0.023 A and 3.6°, respectively, was obtained. The difference map 

phased with this model still did not reveal side chain density for Asp 40. 

An ETMS derivative data set was then collected in order to further improve the 

phases. The heavy atom binding site, located from a difference Patterson map (Figure 

5.3), was consistent with that located from a difference Fourier map using the 

molecular replacement phases. In addition, the mercury binding site was near the 

solvent exposed cysteine 93 residue, which further supported the correctness of the 

molecular replacement. The single isomorphous replacement phases were 

subsequently calculated by refining the Hg binding site against the difference 

Patterson with HEAVY (16) (Table 5.1). After the SIR phases were combined with 

the molecular replacement phases, the density of the C13 atom of Asp 40 was found in 

the electron density map calculated with the combined phases. Building in an alanine 
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at position 40 followed by several cycles of refinement, manual adjustment of the 

model and phase combination finally made it possible to model in an aspartic acid. 

Refinement of the [Asp40] bFGF model to 1.7 A proceeded to an R factor of 18.4%, 

with the root-mean-square deviations from the ideal bond distances and angles of 

0.016 A and 2.7°, respectively (Figure 5.4). 

The overall structure of [Asp40] bFGF is very similar to the model of [Arg40] 

bFGF which was used during the molecular replacement solution. The root-mean­

square difference of the 124 corresponding a-carbons is only 0.61 A. Surprisingly, 

the change of arginine to aspartic acid at residue 40 does not cause any large 

structural disturbance in this region (Figure 5.5). The positional deviation between the 

Cas of amino acid 40 in the two structures is only 0.14 A. Yet, in spite of the similar 

backbone structures around residue 40, the side chains of Arg 40 and Asp 40 exhibit 

quite different conformations (Figure 5.6). In the crystal structure, Arg 40 is localized 

at the beginning of 13-strand 3 and its side chain is mainly stabilized by forming two 

hydrogen bonds with an adjacent amino acid, Asp 38. In addition, Arg 40 is involved 

in a lattice contact and is further stabilized by interacting with two asparagines of a 

neighboring molecule. It is hence expected that the substitution of the arginine to 

aspartic acid would lead to the disruption of all the interactions that Arg 40 is 

involved in, and would result in an altered structure. Indeed, the mutant Asp 40 

structure shows that the Asp 40 side chain does not interact with Asp 38. Nor is it in 

contact with the neighboring molecule. Nevertheless, the mutant structure reveals that 

Asp 40 bFGF appears to remain a stable structure. Instead of forming the interactions 

observed in [Arg40] bFGF, Asp 40 is stabilized by interacting with the neighboring 

amino acid histidine 36. His 36 is observed to display a large conformational change 

in the D40 mutant structure (Figure 5.6). By moving closer to Asp 40, His 36 is able 

to be hydrogen bonded to Asp 40. In addition, a new hydrogen bond is formed 

between Asp 42 and the repositioned His 36. Therefore, according to this structure, it 
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seems that [Asp40] and [Arg40] bFGF may have comparable stabilities. Indeed, this is 

confmned by other biochemical studies after the structure was solved (T. Arakawa, 

personal communication). 

While the [Asp40] bFGF Ca backbone is shown to remain a similar configuration 

to that of [Arg40] bFGF, considerably larger conformational differences are observed 

in the regions far away from amino acid 40. For instance, the Ca positional 

differences of residues 101, 102 and 103 in the two structures are as large as 2.6 A, 

3.3 A and 2.2 A, respectively (Figure 5.7). The structural analysis shows that the 

conformational divergence is mainly caused by a lattice contact. Amino acids 101, 

102 and 103 are three continuous negatively charged residues localized in the loop 

between the 13 strands 8 and 9, which is extensively involved in the interactions with 

the neighboring molecules. In the [Asp40] bFGF crystal form, the main chain 

carbonyl group and the side chain of Asn 102 form hydrogen bonds with Arg 45 and 

Glu 46 of a neighboring bFGF. In addition, the same Arg 45 also interacts with Asn 

103. In the [Arg40] bFGF crystal form, however, Asn 102 is not involved in lattice 

contacts, while Asn 103 is hydrogen bonded to Arg 40 from an adjacent bFGF. 

Therefore, the dramatic structural difference demonstrated here is probably not an 

intrinsic characteristic of this loop. Instead, it is mainly caused by a lattice contact in 

the crystal. This idea is further supported by the structural similarity of the Asn 102 

region in this [Arg40] bFGF structure to another [Arg40] bFGF structure, which was 

independently determined in a new crystal form (17). Furthermore, interactions 

between neighboring molecules are also responsible for the second largest structural 

variance revealed in these two structures (Figure 5.5). Located in a 13 turn, Arg 61 

forms a hydrogen bond to Glu 79 of an adjacent bFGF in the 040 crystal form, 

whereas the same residue in the [Arg40] crystal (6) is not involved in any lattice 

contact. 

Because of the lattice contact effect, it is often asked how reliable protein crystal 
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structures are. A further related question is to ask whether water molecules located in 

crystal structures are physiologically relevant. The two high resolution bFGF 

structures determined by us as well as other independently determined bFGF 

structures provide an excellent example for this kind of analysis. 

At least three different bFGF crystal forms that diffract beyond 2.0 A have been 

reported (6, 12,17) using both high and low ionic strength precipitant solutions. This 

includes two different triclinic P1 forms, crystallized in PEG or ammonium sulfate (6, 

17), and an orthorhombic crystal form obtained with ammonium sulfate (12). 

Interestingly, the two bFGF structures determined in P1 space group 

(1BAS_BFGF.PDB and 3FGF.PDB) have more similar conformations despite very 

different ionic strength precipitant solutions were used. The root-mean-square 

difference of the 124 corresponding a-carbons is only 0.25 A. This is almost within 

experimental error because the two independently determined bFGF structures by us 

and others using the same crystal form and similar crystallization conditions also 

reveal an r.m.s. difference of 0.25 A for the Ca atoms. On the other hand, the bFGF 

structures determined in the orthorhombic form show more structural divergence 

compared to the ones determined in the triclinic forms, with an r .m.s. difference of 

approximately 0.6- 0.7 A. This suggests that different lattice contacts associated with 

changes in space group could cause more conformational differences than different 

crystallization conditions. 

In the three different bFGF crystal forms, forty (6), seventy (17) and eighty (D40 

structure) water molecules were located. While nineteen water molecules are found at 

similar positions in the two Pl bFGF crystal forms, fifteen of these are common in all 

three crystal forms. In addition, eleven common water molecules are located on the 

protein surface and most of them are bound to main chain amide and carbonyl groups. 

Therefore, it may be concluded that although some of the solvent molecules binding 

to proteins appear to have ordered structures due to the crystal packing effect, others 
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are physiologically relevant and could play important roles in mediating protein 

function. 

5.4. Inhibition of FGF activity by suramin 

Although it has been shown that polysulfated glucosaminoglycans are required for 

FGF binding to its high affinity receptor (18-20), other polysulfated compounds 

inhibit interaction between FGF and its receptor (21, 22). One of the polyanionic FGF 

inhibitors which has therapeutic potential against tumor cell growth is suramin (23). 

Suramin is a symmetrical polysulfonated naphthylurea which has been 

extensively used for the treatment of tryposnosomiasis and onchocerciasis (24) 

(Figure 5.8). In addition, suramin has been known to possess anti-proliferative 

activities possibly by inhibiting the binding of various growth factors with their 

receptors (25, 26). Experimental evidence for direct interaction of suramin with 

growth factors has recently been reported (27) by the observations that 1) the 

fluorescence of suramin is significantly enhanced in the presence of aFGF; 2) heparin 

effectively competes with suramin binding to aFGF; 3) the presence of suramin 

stabilizes aFGF from thermal denaturation and also prevents formation of aFGF 

intermolecular disulfide bonds. In addition, based on the observation that the 

molecular weight of aFGF is six times higher after suramin is added in a molar ratio 

of 2: 1, one of the possible inhibitory mechanisms of suramin on FGF activity may be 

that suramin can cause FGF microaggregation. 

To further understand the detailed interactions between suramin and FGF, as well 

as to obtain a structural basis for rational drug designs of better anti-tumor agents, 

crystallographic studies of the FGF and suramin complex were attempted. The 

importance of FGF in carcinogenesis has previously been suggested by the observed 

high concentration of FGF in various tumor cell lines. Recently, direct cellular 

malignant transformation by FGF oncogenes or by bFGF fused with a signal peptide 
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sequence has been demonstrated (21). Furthermore, it is shown that the autocrine 

transformation process induced by the chimeric bFGF can be blocked with the 

addition of suramin (21). Therefore, the use of suramin or suramin analogs has been 

suggested to be a potentially powerful therapy against autonomous cell growth and 

tumorgenesis. 

Attempts to cocrystallize either aFGF or bFGF with suramin have not been 

successful, mainly due to the problem of FGF precipitation in the presence of 

suramin. However, when 1,3,6-naphthalene trisulfonate, which is a close analog of 

half of a suramin molecule in structure, was diffused into an aFGF crystal (6), it was 

found to bind an aFGF dimer with high occupancy. The bound 1 ,3,6-naphthalene 

trisulfonate was located in the difference Fourier map (F0 - Fe), calculated with the 

phases from the aFGF structure (6). After manually fitting of 1,3,6-naphthalene 

trisulfonate into the difference density, the complex structure was refined to 3 A using 

the XPLOR package (28) The refinement has progressed to a current R-factor of 

16.2% with 0.013 A for the r.m.s. bond length deviation and 2.3° for the r.m.s. bond 

angle deviation. 

The refined structure of aFGF and 1,3,6-naphthalene trisulfonate complex 

demonstrates that one 1,3,6-naphthalene trisulfonate binds two aFGF molecules 

simultaneously around the regions of Arg 24 on one aFGF and Lys 128 on the other 

(Figure 5.10). Two lysines around the sucrose octasulfate binding region, Lys 113 and 

Lys 128, form hydrogen bonds to two sulfate groups of 1,3,6-naphthalene 

trisulfonate. 1,3,6-naphthalene trisulfonate also binds another neighboring molecule 

through hydrogen bonds with the side chain of Arg 24 and the main chain amide of 

Asp 28. In addition, the binding is strengthened by hydrophobic interactions. The 

aromatic ring of the naphthalene is sandwiched between Leu 26 from one aFGF and 

carbon atoms of the Lys 113 side chain from the other (Figure 5.11). 

Since the growth factors inhibited by suramin are primarily heparin binding 
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proteins (29), direct interaction of the proteins with suramine in a similar manner as 

heparin has been speculated. This similarity is further supported by the recent report 

that heparin competes with suramin to bind FGF and vice versa (27). The structure of 

the aFGF-1,3,6-naphthalene trisulfonate complex shows that the proposed heparin 

binding site on aFGF is likely to be involved in interacting with suramin. Although 

1,3,6-naphthalene trisulfonate binds two aFGF monomers, the major binding site is 

within the region near Lys 118, which has been suggested to be the heparin binding 

site according to the crystal structure analysis as well as other biochemical results (6, 

30). Among the residues of Asn 18, Lys 112, Lys 113, Asn 114, Arg 116, Lys 118, 

Arg 122, Gln 127 and Lys 128 that are involved in binding to sucrose octasulfate, Asn 

18, Lys 112 and Lys 113 of one aFGF form four hydrogen bonds with the bound 

1,3,6-naphthalene trisulfonate (Figure 5.11), implying that the inhibitory influence of 

suramin upon the activity of aFGF may be at least partially due to the occupation of 

the heparin binding site on aFGF by suramin. Further, in addition to this binding site, 

the structure of the complex reveals that the region between Arg 24 and Asp 28 are 

also involved in 1,3,6-naphthalene trisulfonate binding. The importance of the aFGF­

(21-41) region in receptor binding has been reported before (30). Furthermore, the 

same region has been further suggested to possibly be located at the interface of the 

aFGF dimer that binds the FGF receptors (Chapter 4). Therefore, it is also likely that 

suramin disrupts the interactions of FGF with its receptor by occupying the sites 

which are important for FGF binding to the receptor. Finally, since suramin is 

reported to induce FGF microaggregation (27), the structure of one 1,3,6-naphthalene 

trisulfonate binding to two aFGF molecules provides a possible model of how one 

suramin may bind several FGF molecules simultaneously. 

5.5. The FGF Cu binding site 

Copper has been known to modulate the neovascular response from angiogenic 
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stimuli as FGF. While some studies indicate that FGF binding to heparin requires 

copper (31-36), others report that FGF could interact with heparin even in the absence 

of copper (37). FGFs were shown to potentially possess different heparin and copper 

binding sites (37). Shing further showed that although a copper-Sepharose column 

alone is not sufficient to bind either aFGF or bFGF, the biaffinity chromatography of 

copper-heparin is more efficient than heparin affinity columns to resolve aFGF from 

bFGF as well as the multiple forms of aFGF or bFGF (37). 

To confirm the direct interactions between FGF and copper, the difference Fourier 

method has been employed to locate the possible copper binding site on FGF. 

Unfortunately, soaking of bFGF crystals (6) in the synthetic mother liquor of 30% 

PEG8K and 0.1 M Hepes buffer (pH 7.5) in the presence of high concentration of 

CuCh did not successfully incorporate copper into the crystals. Based on speculation 

that the CuCl2 may form Cu(OH)2 precipitant at the crystallization pH, the bFGF 

crystals (6) were soaked for about 10 hours in a solution of 30% PEG8K and 5 mM 

CuCh without the buffer solution. The collected 3 A area detector data of the soaked 

bFGF crystal revealed a clear difference Fourier peak between histidines 36 and 51 

(Figure 5.12). It was further shown in the structure that few local conformational 

changes occur in this region. Both histidines 31 and 51 bind Cu2+ through the N 0 

atoms and the angle between N036, Cu and N051 is about 1200. Furthermore, the 

copper binding site on bFGF is remotely located from the heparin binding site, with a 

distance of 15 A between His 36 and Lys 118, the residue shown to intimately 

interact with sucrose octasulfate (Figure 5.13). 

Soaking of aFGF crystals (6) with CuCh failed to produce crystals with 

incorporated copper. This may be due to the chelation of copper by Na Citrate which 

is the buffer used in crystallization (6). Although the structure of aFGF and copper 

complex is not yet available, sequence alignment analysis shows that the copper 

binding site revealed in bFGF is not conserved in aFGF. Corresponding to bFGF His 
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36 is Leu 26 in aFGF. Nevertheless, despite the sequence divergence, aFGF has been 

reported to have a stronger binding affinity for copper than bFGF (37). Therefore, a 

different binding site on aFGF may be involved in binding to copper. Further 

structural analysis of aFGF shows that two histidines in aFGF, His 106 and His 124, 

are quite close to each other in the three dimensional structure. In addition, one water 

molecule is found to be bound between the two histidines in the refined aFGF 

structure. Furthermore, K2PtCl4, which has been used as the heavy atom derivative 

for the aFGF structure determination, was found to bind aFGF histidines 106 and 124 

simultaneously in two different aFGF crystal forms (6) (Chapter 4). Hence it is very 

likely that copper binds aFGF through these two histidines. Also, as in bFGF, this 

putative copper binding site is separate from the heparin binding site (Figure 5.14). 

The distance between His 106 and Lys 112, which is involved in sucrose octasulfate 

binding, is more than 20 A. This is in agreement with the biochemical studies that 

copper and heparin binding sites appear to be separate (37). 

The distinct binding sites of copper and heparin on FGF explain why a copper and 

heparin biaffinity column is more efficient for FGF purification than a heparin 

column alone. These sites could be used to design engineered metal-binding FGF to 

further increase the protein purification efficiency. For example, a copper binding site 

similar to bFGF may be generated by changing aFGF Leu 26 to histidine so that 

aFGF may have two different copper binding sites around Leu 26 and His 106. 

Furthermore, either the present copper binding sites or engineered sites on FGF could 

be used to bind other metals. One of the possible therapeutic applications for FGF­

metal complexes involves using radiolabled metals such as 57Co for the detection or 

the treatment of tumor cells. 
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Table 5.1. EMTS SIR Phases Statistics 

Resolution 

FOM 

P. P. (centric) 

P. P. (acentric) 

6.75 4.42 3.50 2.99 

0.55 0.47 0.44 0.38 

2.25 1.78 1.74 1.52 

3.85 2.86 2.55 2.27 

FOM: Figure of Merit 

P . P.: Phasing Power 
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2.65 2.40 2.21 

0.36 0.33 0.31 

1.48 1.22 1.05 

2.24 1.87 1.65 

2.06 TOTAL 

0.29 0.37 

1.07 1.72 

1.46 2.33 



Figure 5.1. The superimposed 3:5 P-hairpin structures of [Ala47, Gly93] aFGF (thick 

line) and bFGF (thin line) near aFGF residue Gly 93. The hydrogen bonds between 

the strands 8 and 9 are shown with the dashed lines. 

Figure 5.2. Structural superposition of [Gly93] aFGF (thick line) and [His93] aFGF 

(thin line). 
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Figure 5.3. The EMTS difference Patterson map in the Harker section w = 1(2. 
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Figure 5.6. The region near residue 40 in the superimposed [Asp40] (thick line) and 

[Arg40] (thin line) bFGF crystal structures. 

Figure 5.7. Conformational difference near Asn 102 in the two crystal forms of 

bFGF are caused by different lattice contacts. 
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Figure 5.8. Molecular structure of suramin. 
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Figure 5.10. The binding of one 1 ,3,6-naphthalene trisulfonate molecule to an aFGF 

dimer. Residues of the second molecule in the asymmetric unit are numbered from 

201. 

... ·~·~ 

-2..7 

""' ~~ •• : a• -!5:. 28 r ~KI128 
Figure 5.11. Interactions between two aFGF molecules and the bound 1,3,6-

naphthalene trisulfonate. K #113 and N #128 are from a second molecule in the 

asymmetric unit. 
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Figure 5.13. Copper (shown with van der Waals surface) and heparin binding sites 

on bFGF. The side chains of bFGF-(120-130), which are likely to interact with 

hepairn, are shown with thin lines. 

Figure 5.14. Possible copper (shown with van der Waals surface) and heparin 

binding sites on aFGF. The aFGF backbone has a similar orientation to bFGF shown 

In Figure 5.13. The side chains of aFGF-(112-122), which are likely to interact with 

heparin, are shown with thin lines. 
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