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Abstract 

The biological activities of fibroblast growth factors (FGFs) are profoundly 

influenced by interactions with heparin-like molecules. Crystal structures of basic FGF 

(bFGF) complexed with heparin-derived tetra- and hexa-saccharides have been 

determined at resolutions of 1.9A and 2.2A, respectively. Both heparin fragments bind in 

similar fashions to a region of the bFGF surface containing residues Asn-28, Arg-121 , 

Lys-126, and Gln-135 ; the heparin hexamer additionally interacts with an adjacent site 

formed by Lys-27, Asn-102, and Lys-136. No significant conformational change in bFGF 

occurs upon heparin binding, suggesting that heparin serves to facilitate the juxtaposition 

of components of the FGF signal transduction pathway. Comparison of the binding sites 

for various anions to bFGF indicates that while many anions bind to this general region 

of bFGF, a wide variation in specific binding interactions can be achieved. Combined 

with sequence variability in this region between different members of the FGF family, it 

is likely that a diverse set of binding interactions between FGFs and heparin-like 

molecules occur, which may be reflected in the differing responses and requirements for 

these sulfated polysaccharides exhibited by the FGF family . 

Keratinocyte growth factor (KGF) is a member of the fibroblast growth factors 

(FGF) protein family, which stimulate the proliferation and differentiation of a variety of 

cell types. The crystal structure of KGF has been solved at 2.4 A resolution by molecular 

• replacement, using basic fibroblast growth factor (bFGF) as a starting model. The model 

refined to a final R factor of 21.0 and Rfree of 32.%. The protein has the same fold as that 

of the other FGF family members. New features are found in this structure, including a 

disulfide bond and different conformations for some of the loops. The differences in the 
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structure are likely to be responsible for the differences in heparin and receptor binding 

requirements between the different FGF proteins, thereby identifying regions of possible 

functional importance. 

Replacement of the cysteine at position 112 of Pseudomonas aeruginosa azurin 

with an aspartic acid residue results in a mutant (Cysl 12Asp) protein that retains a strong 

copper binding site. Cu"(Cysl 12Asp) azurin can be reduced by excess [Ru11(NH3)6]2+, 

resulting in a Cur protein with an electronic absorption spectrum very similar to that of 

wild-type Cur azurin. Cysl 12Asp azurin exhibits reversible interprotein electron-transfer 

reactivity with P. aeruginosa cytochrome c551 (µ = 0.1 M sodium phosphate (pH 7.0)); 

E0 (Cuwr) = 180 m V vs. NHE); this redox activity indicates that electrons can still enter 

and exit the protein through the partially solvent-exposed imidazole ring of Hisl 17. The 

structure of Cu\Cys 112Asp) azurin at 2.4 A resolution shows that the active-site copper 

is five coordinate: the pseudo-square base of the distorted square-pyramidal structure is 

defined by the imidazole N8 atoms of His46 and His 117 and the oxygen atoms of an 

asymmetrically-bound bidentate carboxylate group of Asp 112; the apical position is 

occupied by the oxygen atom of the backbone carbonyl group of Gly45 . The Curr­

Asp 112 interaction is distinguished by an approximately 1-A displacement of the metal 

center from the plane defined by the Asp 112 carboxylate group. 
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Chapter 1 

Introduction to the Fibroblast Growth Factors (FGF) 
Protein Family 



Introduction 

Members of the fibroblast growth factor (FGF) family stimulate the growth and 

differentiation of a wide variety of cell types through receptor mediated signal 

transduction pathways (reviewed in (1,2,3,4,5)). An unusual aspect of this process is the 

participation of sulfated polysaccharides in the initial binding events between FGFs and 

receptors. The high affinity of FGFs for sulfated polysaccharides such as heparin or 

heparan sulfate is a distinguishing feature of the FGF family, and has been extensively 

characterized for the first two members of the FGF family, acidic FGF (aFGF or FGF-1) 

and basic FGF (bFGF or FGF-2). There is a general consensus that, at a minimum, 

heparin-like molecules enhance the activity of FGFs either through stabilization of the 

protein structure or through binding-induced conformational changes (6). There is also 

evidence that heparin-like molecules can directly participate in FGF - receptor 

interactions, either by binding to both components, or by binding multiple FGF molecules 

to facilitate receptor dimerization (7,8,9, 10). Aside from their role in mediating the FGF -

receptor interaction, heparan sulfate proteoglycans in the extracellular matrix may also 

function to stabilize FGFs, or to help sequester and localize FGFs in the vicinity of the 

cell surface. 

These functional properties reflect sequence specific structural features of heparin 

a~d other sulfated proteoglycans that permit productive binding interactions with FGFs. 

The heparin polymer is generated from a basic disaccharide repeat unit consisting of L­

iduronic acid and D-glucosamine joined by al-4 linkages (Fig. 1. 1). A typical heparin 

disaccharide contains a total of three sulfate groups; one attached to the 2-hydroxyl group 

of iduronic acid and two linked to the 2-amino and 6-hydroxyl groups of glucosamine. 

Heparan sulfate found in cell surface proteoglycans has a similar structure, although it is 
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typically less extensively sulfated than heparin. X-ray fiber diffraction studies indicate 

that heparin adopts a helical structure with the disaccharide as the fundamental structural 

repeat unit. Successive disaccharides within heparin are related by a twofold screw 

operation, with a rotation angle of ~ 180° and a translation of ~8 . 5 A along the helix axis 

(11). Although the average structure of heparin is well defined, local structural 

alterations can exist within the heparin polymer that may be important for interactions 

with other biomolecules. These structural alterations arise from two sources: (i) 

variability in the sulfation pattern that can modulate the structure and affinity of heparin 

for other molecules and (ii) variability in the ring conformation of the L-iduronic acid. 

Three different low energy ring conformations are potentially available for iduronic acid 

residues (12), and the distribution between these conformations is sensitive to the size of 

the heparin molecule, the identity and degree of sulfation of neighboring sugar units, and 

the presence of counterions (13). Consequently, binding of heparin to other molecules, 

including FGFs, may be accompanied by conformational changes within the 

polysaccharide chain. 

n 

Fig 1.1. Chemical structure of the repeating disaccharide of heparin. 
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A variety of experimental studies have implicated specific regions of both FGFs 

and heparin as participating in the binding interface between these two molecules. These 

observations may be summarized: 

Binding site for heparin on FGFs: 

The participation of residues in the 120-140 region of bFGF (the numbering 

system of bFGF described in (14) is used throughout the thesis) in heparin binding has 

been established by chemical modification (15), proteolysis (16), and peptide competition 

experiments (17); the latter studies are also consistent with a role for residues 25-29. Site 

directed mutagenesis studies have demonstrated that substitutions in residues K27, N28, 

R82, Kl20, Rl21 , Tl22, Ql24, Kl26, K130, Q135, and Kl36 interfere with heparin 

binding (18). Crystallographic studies of FGFs have identified several of these residues 

(Kl20, Rl21 , Kl26 and K130) as involved in the binding of anionic groups 

(19,20,21,22,23). The crystal structure of aFGF-sucrose octasulfate (SOS) complex has 

provided a detailed structure of the interaction between a sulfated disaccharide and 

residues corresponding to Kl20, Tl22, Ql24, Kl26, K130, and Q135 in bFGF (24). 

More recently, a structure of bFGF complexed with a non-sulfated heparin trisaccharide • 

analog was reported (25). Two molecules were found to bind FGF, one at the known 

heparin binding site interacting with N28, Kl20, Rl21 , Kl 26, and Kl 36, while the other 

made contacts with residues R98, E97, and R61. Spectroscopic analysis of the 

interaction between heparin and bFGF suggests that heparin binding induces a 

conformational change in the protein structure that might be relevant to the activation of 

FGFs by heparin (26,27), although only small localized changes in the FGF structure 

have been observed crystallographically upon binding ofFGF to other sulfated ligands. 
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Heparin-protein interactions are often characterized as driven primarily by ionic 

forces (28). When the energetics of the complex formation between bFGF and heparin 

were analyzed, however, only 30% of the binding energy was attributable to ionic 

interactions ( 18). This study further indicated that three sodium ions are displaced upon 

binding and that eight H-bonds may form between heparin and bFGF. The dissociation 

constant for the binding of heparin to bFGF in 0. lM NaCl was measured as ~0.5 µM. 

Binding interactions with heparin: 

From the influence of partial desulfation of heparin on binding affinity, the N­

sulfate group of glucosamine and the 2 O-sulfate group of iduronic acid appear to be 

essential for bFGF binding, while the 6 O-sulfate group of glucosamine apparently is not 

required (29). A size dependence on the binding of heparin fragments to FGF has been 

observed; while tetra- or penta-saccharide heparin fragments can bind to FGF (29,30,31), 

the biological activation of the FGF requires a longer fragment. Full activation is 

achieved with heparin fragments composed of 14 saccharide units, although some activity 

is observed with fragments of 12 saccharide units (31,32,33). Binding studies indicate 

that one bFGF molecule can bind per octasaccharide sequence (34), while aFGF binds at 

a density of one molecule per 4-5 saccharide units (3 5). 

The FGF family consists of twelve members (FGF 1 through 12) (36), with 

homologies ranging from 30% to 55% (Fig. 1.2). Despite the overall similarities between 
• .. , 

members of the FGF protein family, the details of their mode of action is different. 

Currently, four different FGF receptors (FGFR) are identified (FGFR 1 to 4). 

Different splice forms are also generated by the FGFR genes. The FGFR is composed of 

an intracellular domain with tyrosine kinase activity, putative transmembrane helix, and 
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an extracellular domain consisting of two to three immunoglobulin domains (Fig. 1.3 .). It 

is believed that activation of the FGFR occurs by ligand induced receptor dimerization. 

The FGF receptors bind members of the FGF family with a varying degree of specificity. 

KGF interacts solely with one receptor, the KGF receptor (KGFR), which is identical to 

FGFR-2 except for a stretch in the carboxy end of the Ig3 domain. Both KGFR and 

FGFR-2 are generated from the same gene, and differences are a result of the splicing 

process. A pairwise study on the interactions between nine FGF members (FGF 1-9) and 

all the FGFR's has revealed that aFGF is the only FGF member capable of activating all 

FGFR splice variants (3 7). It has also confirmed that KGFR binds both aFGF and KGF 

well, but not bFGF, and that FGFR-2 binds both bFGF and aFGF well, and not KGF. It 

has been deduced that KGF is recognized by the Ig3 domain of its receptor (KGFR). 

Keratinocyte growth factor is an unusual member of the FGF protein family, in that it 

only acts upon cells of epithelial origin. This indicates that its receptor is expressed only 

in epithelial cells. However, KGF is solely produced by a cells of mesenchymal origin 

(38), suggesting that KGF is a mediator of epithelial-mesenchymal communications, a 

feature shared only with FGF3. Due to this special feature, it has been suggested that 

KGF might lead to potential wound healing agents (39). The crystal structures of aFGF 

and bFGF revealed a 0 barrel structure made of 12 0 strands (Fig. 1 .4.). KGF with about 

34% sequence identity to both aFGF and bFGF is expected to have the same fold . 

To establish a structural framework for probing the interactions between heparin 

and FGF, we have initiated a crystallographic analysis of this system. Since heparin itself 

is too heterogeneous to be compatible with crystallization, a series of oligosaccharide 
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fragments of heparin have been prepared by heparinase digestion and cocrystallized with 

bFGF. In this thesis, the structures of the binding of tetra- and hexa-saccharide fragments 

of heparin to FGF are reported ( chapter 2) ( 40). While generally consistent with many of 

the previous studies on the binding of heparin to FGF, these structures provide a precise 

definition of the heparin geometry and binding mode to FGF, and emphasize the 

structural variability that can be accommodated in the heparin structure and through 

members of the FGF family. Crystallographic analysis of the KGF structure was 

undertaken as well (chapter 3), to better understand the structural factors responsible for 

the functional variability of the various FGF members. 

7 



FGFl> 
FGF2 > 

-
FGF3 > 
FGF4 > 
FGFS > 
FGF6 > 
FGF7 > 
FGFB > 
FGF9 > 
FGFlO > -
FGFll > -
FGF12 > 

FGFl> 
FGF2 > 
FGF3 > 
FGF4 > 
FGFS > 
FGF6 > 
FGF7 > 
FGF8 > 
FGF9 > 
FGFlO > 
FGFll > 
FGF12 > 

--------------------------------------MGLIWLLLLSLL 
------MSGPGTAAVALLPAVLLALiAPWAGRGGAAAPTAPNGTLEAELE 
-- -- ------MSLSi:'LLLLFFSHLrlsAWAHGEKRLAPKGQPGPAATDRN 
MALGQKLFITMSRGAGRLQGTLWALiFLGILVGMVVPSPAGTRANNTLLD 
-----------------MHKWILTwl;LPTLLYRSCFHIICLVGTISLACN 
------------------MGSPRSAffiSCLLLHLLVLCLQAQEGPGRGPAL 
-------------------------iAPLGEVGNYFGVQDAVPFGNVPVL 

------~EGEITTFT------ALTEKFN---LPi-------~P~ 
------~GSITTLP------ALPEDGGSGAFPP H-------~Pil~ 
EPGWPAAGPGARLRR-------DAGGRGGVYEHI ~ -------P~- ❖ 
RR-WES!ivALSLARLPVAAQPKEAAVQSGAGD Lii;--------D "'.<~ 

PIGSSSRQSSSSAMSSSSASSSPAASLGSQGS EQSSFQWSPS GS 
SRGWGT,LSRSRAGL---AG--EIAGVNWESG . ~- -------I 
DMTPEQ ATNVNCSSP--------ERHTRSYDYIE :G-------DI 
GRELAS FRAGREPQG--VSQQHVREQSLVTDQi!SRR-------LI YQ 
PVDSP'JfiLSDHLGQSE--AGGLPRGPAVTDLDHffi~I-------~-~ 
----------MASKEP------QLKGIVT-------------------~ 

==== ====== ====== ================================I 
FGFl> 
FGF2 > 
FGF3 > ~ 

FGF4 > 
FGFS > 
FGF6 > 
FGF7 > 
FGFB > i 

FGF9 > 
FGFlO > 
FGFll > 
FGF12 > 

RSDQ 
KS 
NS-

WT-
. H -
: H y -

. Q K • 

• G • 

• R ll!H 

S Q11~ IP .R- . T~ SAKL 
D· ,.,.IPgj .R- . ~KA 

FGFl> i 
J;:GF2 > N 

' FGF3 > I 
FGF4 > R 
FGFS > 
FGF6 > 
FGF7 > 
FGFB > 
FGF9 > 
FGFlO > 
FGFll > 
FGF12 > 

I 
i P 
KKE 

NG 
EKL 
D 

~ PH 
Y s-;o ·p 

8 

---------
RTVSSTPG 
--------

H--------
--------­
T------­
--------

~ -------­
T --------

y s Tl ======== 



FGFl > ----- -AEl 
FGF2 > --- - ---

FGF3 > A~QPSA 
FGF4 > -- - ----

-
--!§JTEKT FGF5 > -

--i~HYG~IL •LP-iSS D---
--ffiTGPG~I • S-AKS----

== 'T~ =m~~~~~~ 
SP, m -KQSEQPE 

FGF6 > --- - --- -- --------

FGF7 > -----H - -IT-----
FGFB > - PRGHHTTE 
FGF9 > --; HVDT 
FGFlO > -- ~,.QQES 
FGFll > -- .QRRS 
FGF12 > -- •QQES 

- -iDPDKVP 
-IEVCMYR 

FGFl > -- - ----------------------------------------------­
FGF2 > --------------------------------------------------
FGF3 > MVRQLQSGLPRPPGKGVQPRRRRQKQSPDNLEPSHVQASRLGSQLEASAH 
FGF4 > --------------------------------------------------
FGFS > LSFTVTVPEKKNPPSPIKSKIPLSAPRKNTNSVKYRLKFRFG--------
FGF6 > --- - ------ - --------------------------------------­
FGF7 > --------------------------------------------------
FGFS > QSLRFEFLNYPPFTRSLRGSQRTWAPEPR--------------------­
FGF9 > ELYKDILSQS-------- - ------------------------------­
FGFlO > EPSLHEIGENKGVQGKFWTP------------------------------
FGFll > --------------------------------------------------
FGF12 > 

FGFl> 
FGF2 > 
FGF3 > 
FGF4 > 
FGFS > 
FGF6 > 
FGF7 > 
FGFS > 
FGF9 > 
FGFlO > P 
FGFll > -
FGF12 > -

Fig. 1.2. Sequence alignment of the 12 human FGF proteins. Conservatively 

substituted residues are shaded in gray. 
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IG 1 

IG 2 

IG3 

TM 

TKl 

TK2 

Fig. 1.4. Ribbons diagram of aFGF 
showing the p barrel fold adopted by 
members of the FGF protein family 

-(23). 

Fig. 1.3. Schematic representation of the FGF 
receptor. IG 1, IG 2, and IG 3 represent the 
extracellular immunoglobulin-like domains; 
TM, transmembrane region; TK 1 and TK2, 
tyrosine kinase domains. 
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Chapter 2 

Crystal Structures of bFGF complexed with 

Heparin tetra- and hexa- saccharides 

(modified from Faham et al., Science 271, 1116 (1996)) 
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Experimental Procedures 

Tetrasaccharide and hexasaccharide fragments of heparin were prepared in the 

laboratory of R. Linhardt, Univ. of Iowa, by partial digestion of bovine lung heparin with 

heparin lyase I and by preparative SAX-HPLC as described previously (1). As a product 

of this preparative procedure, the heparin fragments contain an unsaturated uronic acid 

group at the non-reducing end and a mixture of a/~ anomers at the reducing end of the 

oligosaccharide. Consequently, the tetra- and hexa-saccharide fragments contain one and 

two intact units of the heparin di saccharides, respectively, in their interior (Fig 2.1 ). 

1 2 3 4 

1 2 3 4 5 6 

Fig. 2.1. Structures of the heparin tetra- and hexa- saccharides used for the 

crystallographic studies. The numbering system used here to identify the different sugar 

units is indicated, with the nonreducing ring assigned the number 1. 
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Cocrystals of bFGF-heparin tetrasaccharide were grown using the vapor diffusion 

method, using 1.0µl of 20mg/ml heparin tetrasaccharide solution added to 2.5µ1 of a 

1 0mg/ml bFGF solution and 2.5µ1 of reservoir solution. This corresponds to about 10: 1 

molar ratio of tetrasaccharide to bFGF. The bFGF used in the sample is recombinant 

human bFGF with cysteines at residues 70 and 88 replaced by serines (2). The mixture 

was then allowed to equilibrate against the reservoir, which contained 25% PEG8K, and 

0. lM N-[2-acetamido]-2-iminodiacetic acid (ADA) 7.0. Crystals grew over a few days at 

room temperature reaching a final size of approximately 0.2mmx0.2mmx0.2mm. The 

space group was determined to be P212121 with cell dimensions of a=32.0A, b=41.8A, 

c=85.9A. Diffraction data were collected at room temperature using a Rigaku RAXIS-Ilc 

imaging plate, and integrated using MSC programs and scaled and merged with CCP4 

(3). The data set used for the structure determination contained 9,084 unique reflections 

to 1.9A resolution (95 .6% complete), merged from a total of 23 ,651 observations with a 

merging R of 0.071. 

Likewise, cocrystals of bFGF-heparin hexasaccharide were grown using the vapor 

diffusion method, using 2. 0µl of I 0mg/ml heparin hexasaccharide solution added to 2. 5 µl 

of a l0mg/ml bFGF solution and 2.5µ1 of reservoir solution. This corresponds to about 

6: 1 molar ratio of hexasaccharide to bFGF. The mixture was then allowed to equilibrate 

agaJnst the reservoir, which contained 34% PEG8K, 30mM MgCl2, and 0. lM ADA 7.0. 

Crystals grew over a few days at room temperature reaching a final size of approximately 

Q:} mmx0. 2mmx0. 2mm. The space group was determined to be P2I2121 with cell 

dimensions of a=33.IA, b=41.9A, c=86.1A. Diffraction data was collected at room 

temperature using a Siemens area detector at room temperature. Data was processed and 

scaled using the program XDS (4). The data set used for the structure determination 

contained 6,123 unique reflections to 2.2A resolution (94. 7% complete), merged from a 

total of 19,016 observations with a merging R of0.073. 
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This crystal form had been previously observed for unliganded bFGF crystals 

crystallized from ammonium sulfate (5), so that molecular replacement methods were not 

required to solve these structures. Difference Fourier maps calculated using the 

corresponding unliganded bFGF structure immediately revealed the position of the 

heparin fragments. Rigid body refinement and subsequent positional and temperature 

factors refinement were performed using the X-PLOR package (6) . New parameter, and 

topology files were prepared for the refinement of the heparin fragments (supplemental 

material) . The heparin fragments were built into the difference Fourier map using the 

TOM/FRODO graphics program (7). An F0 -Fc difference electron density map 

calculated omitting the hexasaccharide from the structural model is illustrated in Fig. 2.2. 

Fig. 2.2. Electron density map for the heparin hexamer, contoured at twice the 

overall rms value of the map. 
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In the tetrasaccharide case, the terminal sugar unit at the nonreducing end had a 

somewhat weaker electron density, indicating its somewhat disordered nature in the 

crystal. Iterative cycles of refinement and model building were performed for both 

structures. The bFGF-heparin tetrasaccharide structure refined to R =0. 21 for data 

between 5.0 and 1.9A resolution, with F > cr(F), and rms deviations for bond distances 

and angles from ideal values of 0.015A and 2.45° respectively. The bFGF-heparin 

hexasaccharide structure refined to R=0.21 for data between 6.0 to 2.2A resolution, with 

F > cr(F), and rms deviations for bond distances and angles from ideal values of 0.016A 

and 2.55° respectively. A total of 1068 atoms are found in the current bFGF-tetramer 

model assembled from 989 protein atoms, 70 heparin atoms, and 9 water atoms, and a 

total of 1108 atoms are found in the current bFGF-hexamer structure assembled from 989 

protein atoms, 105 heparin atoms, and 14 water atoms. 

Superimpositions of the different structures were based on the backbone Ca 

positions and were done using a program based on the algorithm of Kabsch (8) . Helical 

parameters were determined as described by Cox (9) from the rotation and translation 

parameters obtained (8) for the superposition of the ring atoms of Idu 1-GlcN 2-Idu 3 

onto Idu 3 - GlcN 4 - Idu 5. Similar parameters were also derived for superposition of 

GlcN 2 onto GlcN 4; Idu 1-GlcN 2 onto Idu 3-GlcN 4; and GlcN 2-Idu 3 onto GlcN 4-

Idu;5. Structural figures were prepared with the program MOLSCRIPT (10). 
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Results 

Binding of Heparin Fragments to bFGF 

Although both complexes were prepared for crystallization using solutions with 

an excess of the heparin fragment (with ratios of heparin fragment to bFGF molar ratios 

of 6: 1 and 10: 1 for the hexa- and tetra-saccharide, respectively), the crystalline complex 

contained a 1: 1 molar ratio of fragment to bFGF in both cases. Using the numbering 

scheme for the sugar rings defined in Fig. 2.1, rings 1 to 4 of the heparin fragments bind 

in a very similar fashion to bFGF. Both fragments interact with residues N28, R121, 

K126, and Q135, while the longer hexasaccharide also contacts residues K27, N102, and 

K136 (Fig. 2.3). Since the shorter tetrasaccharide and the longer hexasaccharide overlap 

in the former region, this must represent a high affinity site for the binding of FGF to 

heparin fragments based on the disaccharide sequence repeat of heparin. As described in 

chapter 1, this region of bFGF has been implicated in the binding of heparin by a variety 

of studies. 

Many of the specific interactions between bFGF and the heparin hexamer are 

mediated by negatively charged groups on the heparin fragment (Table 2.1 ). In 

pary:icular, the 2-N-sulfate groups of glucosamine residues 2 and 6, the 2 O-sulfate group 

ofiduronic acid 3, and the carboxylate group of iduronic acid residue 5 are involved in 

s~lt bridge and hydrogen bonding interactions with polar groups on bFGF. The N-sulfate 

group on ring 2 forms a salt bridge with Lys126, and hydrogen bonds to the side chain of 

Asn28, and to the amide NH of residue 121. The N-sulfate group on ring 6 forms a salt 

bridge with the side chain of Lys27, and hydrogen bonds to the side chain of Asn 102. 

The 2 O-sulfate on ring 3 also forms a salt bridge with the side chain of Lys126, as well 

as hydrogen bonds to the side chains of Gln135, Asn28, and backbone NH groups of 

19 



residues 136 and 137. The carboxylate group on ring 5 forms a salt bridge with Lysl36. 

Additional hydrogen bonding interactions are observed between the 3-0H group of L­

iduronic acid ring #3 and the side chains of Arg 121 and Asn28, 

Fig. 2.3. Superposition of the tetrasaccharide and hexasaccharide heparin 

fragments binding to bFGF. 

while the 3-0H group on ring 6 hydrogen bonds to the side chain of Lys27. In total, 9 
.-.. 

• hydrogen bonds and 6 salt bridges are observed between the heparin hexamer and bFGF 

(Table 2.2; Fig. 2.4). 

The surface area lost by bFGF residues buried upon binding of the tetrasaccharide 

and the hexasaccharide to bFGF may be calculated to be ~ 180A2 and ~290A2, 
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respectively. For comparison, - 250A2 of aFGF surface was buried upon the binding of 

sucrose octasulfate (11 ). Only a few residues contribute the bulk of the surface area 

buried in these complexes; in the tetrasaccharide complex, over half of the buried surface 

.. 

·N··o·"!I · ·, 1= . 1.,· '•, 
. .... "{ 

~-

Fig. 2.4. The heparin binding site, illustrating the specific interactions between 

bFGF and the hexasaccharide fragment of heparin. 
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area is contributed by three residues, Arg-121 ; Lys-126 and Lys-136, while Lys-27 and 

Asn-102 each provide an additional > 30A2 buried surface area in the hexasaccharide 

complex. The surface area buried in the complex with the hexasaccharide is likely 

representative of the surface area that would be covered in the binding of bFGF to an 

extended heparin polymer, since computational extension of the hexamer appears to 

provide most of the interactions that a linear heparin helix would have with a bFGF 

monomer. The binding of these heparin fragments to bFGF is not associated with any 

significant conformational change in the polypeptide backbone; the root mean square 

(rms) deviation based on the Ca positions between the heparin hexamer-bFGF complex 

and the unbound bFGF is 0.34A. Similar observations have been reported for the binding 

of sucrose octasulfate (11) and nonsulfated trisaccharides to FGFs, as well (12). Some 

changes in sidechain conformations upon heparin binding are observed including the 

ordering of the Arg-121 sidechain which only has poor electron density in the unliganded 

structure. 

In addition to the primary contacts described above, the heparin hexamer is also 

involved in some crystal packing interactions. Those include salt bridges between the 

carboxylate group of ring 1. and the .Bide chain of .Argl 08.,.the 6,..0. sulfate.group on ring.2 

with Lys 47 and Arg 23 , and the 6-0 sulfate on ring 6 with Arg34 and His36. Hydrogen 

bonds are also generated between the 2-0 sulfate group on ring 1 with Asn 72, and the 2-

0 sulfate on ring 6 with backbone NH of residues 45 and 46. Ring 4 does not make any 

c9ntacts with bFGF, and in the tetrasaccharide case it has weak electron density and high 

temperature factors indicating its somewhat disordered nature in that crystal form. Ring 1 

is only making contacts with symmetry related molecules. There is no evidence for 

heparin-fragment induced dimerization of bFGF in these cases, since the areas involved 

in lattice contacts is relatively small, and since a similar crystal form may be prepared in 

the absence of heparin fragments . 
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Structure of the heparin fragments 

The two heparin fragments have essentially the same structure, and make th~ 

same contacts with bFGF when possible (Fig. 2.3). The helical parameters of the heparin 

helix have been estimated from the hexamer structure; the average observed helical 

parameters of a 174° rotation and an 8.6A translation per disaccharide are in good 

agreement with the x-ray fiber diffraction values of 180° and 8.5A, respectively, for the 

heparin polymer. The observed torsion angles (Table 2.3) of the heparin hexamer fall 

within the calculated allowed region for the heparin polymer, and are close to those 

previously derived from NMR data (13). The only apparent difference in the 

polysaccharide conformation between the two fragments is a slight shift in the position of 

GlcN-4. Since GlcN-4 is the reducing end of the tetrasaccharide case and the electron 

density for this residue somewhat diffuse, the apparent flexibility of this region of the 

tetrasaccharide might contribute to the observed variability in the glycosidic bond 

geometry. 

A stereochemically significant aspect of the heparin structure concerns the 

conformation of the six membered hexopyranose ring of the iduronic acid residues. In 

general, six membered organic rings, exemplified by cyclohexane, will tend to adopt a 

conformation that minimizes both angle strain within the ring and steric clash between 

substituents. If possible, for example, cyclohexane will tend to adopt a "chair" type 

.conformation with ring substituents in equatorial positions. Due to the spatial 

arrangement of substituents about the iduronic acid ring, however, a single lowest energy 

structure for this residue cannot be uniquely achieved. Instead, iduronic acid residues 

primarily exist in an equilibrium between two types of ring conformations; a chair form 

designated 1C4 that has little bond angle strain in the ring but unfavorable contacts 

between substituents, and a skew boat conformation termed 2S0 that reduces the 

23 



unfavorable contact between substituents at the expense of increased ring strain (Fig. 

2.5). The hexasaccharide fragment of heparin used in this study contains two iduronic 

acid rings, at positions 3 and 5 (the sugar ring at position I is actually an unsaturated Idu 

residue that contains a ~ 4,5 double bond within the six membered ring) . ldu-3 of the 

hexamer is observed to be in a Ic4 chair conformation, while Idu-5 adopts the 2so skew 

boat conformation. It is likely that interactions with the protein are responsible for 

influencing the observed L-iduronic acid ring conformations. This possibility is 

supported by the observation that Idu-3 adopts the same conformation in both the tetra­

and hexa-saccharide cases despite different fragment lengths, while ldu-5 of the 

hexasaccharide has a different conformation from ring 3 of the tetrasaccharide, even 

though these residues both neighbor a terminal glucosamine. Although the global effects 

of the different conformations of iduronic acid on the structure of the heparin polymer are 

relatively small, the local effects on binding interactions to FGFs can be significant, since 

the positions of the ring substituents will differ between the two structures. Consequently, 

multiple conformations of iduronic acid can be adopted in the binding of heparin to FGF, 

and that the conformational flexibility of this residue may play a role in the recognition 

and binding processes of heparin to its various biological ligands. 
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Fig. 2.5. The 1C4 chair and 2SO skew boat ring conformations of L-iduronic acid. 

The nomenclature describes the conformation of the six membered hexopyranose ring (C 

or S for chair and skew boat, respectively), while the super- and sub-scripted numbers 

refer to the two ring atoms most displaced from the plane defined by the other four ring 

atoms (14). 

Discussion 

The structures of the heparin tetrasaccharide and hexasaccharide cocrystallized 

with human bFGF directly demonstrate that the primary binding site for heparin on this 

protein is generated by residues 27-28, 101-103, and 120-137. With the exception of the 

• region around Asn-102, these assignments are in excellent agreement with previously 

identified bFGF residues associated with heparin binding. Comparisons of the binding 

interactions exhibited between bFGF and the tetrasaccharide and hexasaccharide 

fragments indicates, at least for the sequences used in this study, that the heparin binding 

region may be further separated into higher and lower affinity regions. The higher 

25 



affinity binding site interacts with heparin through the sidechains of residues Asn-28, 

Arg-121, Lys-126 and Gln-135, while the lower affinity site utilizes the sidechains of 

residues Lys-27, Asn-102, and Lys-136. The four residues that form the higher affinity 

region correspond exactly to the four residues identified by Thompson, et al. (15), as 

having the greatest impact on the binding of bFGF to heparin when mutated to alanine. 

Conversely, residue substitutions that had relatively little effect on heparin binding in that 

study correspond to residues found either in the lower affinity binding region, or which 

do not appear to be directly involved in heparin binding. 

Many of the specific interactions involve multiple interactions between sites on 

bFGF and negatively charged groups from the heparin fragments. The most extensive 

interactions in both the higher and lower affinity sites are provided by the 2-N-sulfate 

groups of glucosamine and the 2-O-sulfate group of iduronic acid; the 6-carboxyl group 

of iduronic acid also participates in a salt bridge contact found in the lower affinity site 

(Table 2.1 ). These observations are consistent with previous studies on the interactions 

between bFGF and specifically desulfated heparin analogs (16). No contacts between 

bFGF and the 6-O-sulfate groups of glucosamine are observed, as these groups are 

directed away from the bFGF surface, and are potentially available to interact with other 

ligands, perhaps including FGF receptors. 

Comparison with other anion-bound FGF structures 

Previous crystallographic studies have characterized the binding modes of other 

anionic compounds, including sulfate ions and sucrose octasulfate, to members of the 

FGF family. The superposition of these structures onto the heparin fragment-bFGF 

complexes demonstrates that while these compounds all bind to the same general region 

26 



of the FGF surface, due to their distinct chemical structures, the specific interactions are 

different (Fig. 2.6). The greatest similarity in these structures comes from the position of 

one particular sulfate that participates in crucial recognition contacts on the FGF surface. 

This sulfate, which corresponds to the Glcn2 2-N-sulfate of the heparin fragment, 

corresponds to a sulfate group of sucrose octasulfate (11) and a bound sulfate from 

crystallization of the unliganded protein (17). This sulfate position binds to the higher 

affinity binding region of bFGF, and interacts with the sidechains of Asn-28 and Lys-

126. The other seven sulfates of sucrose octasulfate, while binding to the same general 

region of the FGF surface, do not directly correspond to other specific anionic groups of 

the heparin fragments. Likewise, two bound sulfate groups from the solution used to 

crystallize the unliganded protein also do not coincide with specific groups of the heparin 

fragments; one of these sulfates binds to a position corresponding to the heparin 

hexasaccharide, but does not coincide with any of the heparin sulfates, while the third 

sulfate interacts with Lys-120 and Lys-130, away from the heparin fragment in the 

hexamer-bFGF structure. Comparison of the hexamer-bFGF structure to that of a bFGF 
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Fig. 2.6. Superposition of the aFGF-sucrose octasulfate and bFGF-heparin 

hexasaccharide structures. 
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complexed with a desulfated heparin trisaccharide analog revealed that while one of the 

two observed trisaccharide is bound at a remote site, the other is bound at the heparin 

binding region. Analysis of these two structures shows little similarity in their specific 

interactions, due to the desulfation of the trisaccharide analog. Consequently, while many 

anions bind to this general region of bFGF, the detailed binding interactions can vary 

appreciably. 

Sequence alignment 

The FGF family is currently composed of 12 members (18), with sequence 

identities varying from 30-55%. Sequence alignment for nine of its members was 

performed (FGF1-FGF9), and the conservation of the residues interacting with heparin 

was evaluated. No residue in the heparin binding region is completely conserved 

throughout the FGF family; furthermore, even the charge of the residue sidechain fails to 

be strictly maintained. As a result of these sequence variations, it is likely that different 

members of the FGF family will utilize different contacts for the binding to heparin. 

Although bFGF makes a specific ~ontact to the 2-O-sulfate group ofldu thrnugh the __ __ _____ __ _ 

sidechain of Gln-135, the substitution of this residue by Met in HST should interfere with 

this, interaction, consistent with the observation that HST can bind heparin in the absence 

of2-O-sulfate groups (16). The replacement ofLys-27 and Asn-102 in bFGF by Ala and 

~.~u in INT2 should prevent interaction of these residues with the GlcN 2-N-sulfate group 

in the lower affinity site. Perhaps the most dramatic substitutions involve Asn-28 and 

Lys-126, which are changed to Thr and Val, respectively, in KGF. These substitutions 

would be expected to block contact of these sidechains with the GlcN 2-N-sulfate group 

in the high affinity site. This alteration in the interaction between heparin and KGF 
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relative to bFGF may contribute to the differential effects of heparan sulfates on KGF 

relative to aFGF (19). 

These findings complement previous reports that FGF binding and signaling 

requirements were different for the different growth factors ( 16). bFGF requires 2 O­

sulfate for binding, but not the 6 O-sulfate; on the other hand aFGF requires both the 2 O­

sulfate and the 6 O-sulfate for heparin binding, and HST(FGF4) can bind heparin in the 

absence of either 6 O-sulfate or the 2 O-sulfate. 

Models on FGF activation 

Comparison of the unliganded bFGF structure to the structures of bFGF 

complexed with heparin fragments or other anionic molecules demonstrates that complex 

formation is not accompanied by significant change in the polypeptide conformation of 

bFGF. Consequently, it appears unlikely that a heparin induced conformational change 

in bFGF mediates initiation of the signal transduction pathway. The present structural 

studies instead support the proposal that the role of heparin is to either bind multiple FGF 

molecules to promote receptor dimerization __ or _to J~~iJit<!J~_ Jor.m.atiP_n_ QLan _fG:E _:-_____ _ 

receptor complex by binding both components (16,20,21,22). The proposal that protein­

protein associations involved in signal transduction pathways may be regulated by 

binding interactions to specific molecules such as heparin is not unique to the FGF 

system, but reflects a mechanism of general biological relevance (23). 

Since heparin fragments containing 12-14 sugar residues are required for 

stimulation of FGF activity, the tetra- and hexasaccharide structures cannot directly 

address details of the interactions between these longer heparin fragments with one or 

more FGF molecules. However, some general aspects of this interaction can be 
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suggested from the structures of these shorter heparin fragments. The heparin tetra- and 

hexasaccharides are consistent to a good first approximation with a helical structure 

having a 17 A repeat and containing 4 sugar residues. These 4 residues may be further 

considered to be generated from a disaccharide repeat where consecutive disaccharides 

face out from opposite sides of the heparin helix. The diameter of an FGF molecule in 

the direction of an extended heparin molecule may be estimated as ~33A. Consequently, 

a single FGF molecule binding to heparin would occupy the equivalent of ~8 sugars. 

Two limiting modes of interaction between a heparin polymer and multiple FGF 

molecules may be envisioned: for molecules such as bFGF which bind to heparin with a 

limiting density of ~ 1 bFGF per 8 sugar residues (24), it is possible that the FGF 

molecules are translationally ordered along one side of the heparin helix. Alternatively, 

in the case of aFGF which binds to heparin with a limiting density of~ 1 aFGF per 4-5 

sugar residues (25), it is possible that the aFGF molecules are distributed along both sides 

of the heparin helix. In either model, it is possible that binding sites along the heparin 

molecule would be available for interaction with additional ligands such as FGF 

receptors; these molecules could interact with heparin groups that are otherwise not 

utilized in FGF binding, such as the 6-0-sulfate groups, or they could bind to sites on the 

heparin not occupied _by FGEandjnteracLwithJhe_same.gmups __ Jt .is _possible that the 

precise sequence of sugar residues in heparin might be used to specify the presence or 

absence of FGF binding sites to facilitate the appropriate assembly of molecules required 

for initiation of signal transduction. With the sequence variability exhibited by both 

heparin and different members of the FGF family, it is likely that a diverse set of binding 

interactions between FGFs and heparin-like molecules occur, and these may be reflected 

in the differing responses and requirements for these sulfated polysaccharides exhibited 

by the FGF family. 

31 



Drug design 

It has been reported that a minimum sequence of five sugar units is required for 

binding to bFGF, but it is clearly shown in this structure that a tetrasaccharide is 

sufficient. Actually, it could be inferred from this structure due to the lack of contacts 

made by rings 1 and 4 that a two sugar units molecule would be capable of bFGF binding 

as long they are locked in the proper conformation, which seems to be the main function 

of the terminal sugar units in the tetrasaccharide case. However, that may not be true for 

the other FGF family members, as it has been demonstrated that binding requirements are 

different for the different members. 

The results presented here can be valuable for future drug design experiments. 

The structures of the various complex ligands could be used to set guidelines for the 

design of molecules that can bind FGF. For example, the conserved sulfate position can 

be used as a handle onto which the various ligands can be modeled. Clearly, FGFs can 

accommodate different types of ligands as has often been demonstrated. Solving more 

structures of complexes between FGFs and the various ligands might allow us to 

understand 1he codes behind ligand binding and specificity. 
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heparin bFGF closest distance (A) 

residue# atom ( or group) residue atom tetramer hexamer 

GlcN-2 2-SO3 2- N28 N82 3.3 3.2 

GlcN-2 2-SO32- Rl21 NH 3.1 3.1 

GlcN-2 2-SO32- Kl26 Ni;; 3.0 2.9 

Idu-3 3-OH N28 081 2.8 2.6 

Idu-3 3-OH Rl21 Nril 3.2 3.1 

Idu-3 2-O-SO3 2- Kl26 Ni;; 2.8 3.0 

Idu-3 2-O-SO32- Ql35 Ns2 3.5 3.4 

Idu-3 2-O-SO32- Kl36 NH 3.0 3.1 

ldu-3 2-O-SO32- Al37 NH 2.9 3.0 

Idu-5 6-Co2- Kl36 Ni;; 3.3 

GlcN-6 2-SO32- K27 Ni;; 3.6 

GlcN-6 2-SO32- Nl02 N82 2.5 

GlcN-6 3-OH K27 Ni;; 2.8 

Table 2.1. Polar (ion pair and hydrogen bond) contacts between bFGF residues and 

tetrasaccharide and hexasaccharide fragments of heparin. Interactions between atoms 

separated by less than 3.6A are indicated. 
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glycosidic bond x-ray NMR x-ray NMR 

(ring 1-2) 57° go 

(ring 2-3) -27° -39° _3 0 -33° 

(ring 3-4) 50° 41° 24° 14° 

(ring 4-5) 40° _90 -41 ° -41 ° 

(ring 5-6) 4go 61° 20 16° 

Table 2.2. Values of the cp, \JI torsion angles about the glycosidic bonds in the 

hexasaccharide fragment of heparin complexed to bFGF. cp and \JI are defined as the 

torsion angles about the Hl-Cl-04'-C4' and the Cl-04'-C4'-H4', respectively, that 

connect successive sugar rings by 1,4 linkages. NMR-derived values are from (13). 
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bFGF residue number 

member 27 28 102 121 126 135 136 

bFGF K N N R K Q K 

aFGF s N N K K Q K 

INT2 A T L G R Q K 

HST N V N K K M K 

FGF5 R V N K K H I 

FGF6 N V N K K M T 

KGF R T N Q V Q K 

AIGF R T N R R Q R 

FGF9 R T N K R Q K 

contact GlcN3-0H ldu3-0H 

affinity low high low high high high low 

Table 2.3. Sequence alignment of members of the FGF family in the heparin binding 

re~ion. The GCG package was used to generate the alignment. Heparin residues 

contacting side chain atoms of the indicated residues are listed, with the abbreviations G 

~ glucosamine and I= iduronic acid. High affinity refers to contacts involving GlcN-2 or 

Idu-3, while low affinity refers to contacts involving Idu-5 or GlcN-6. The accession 

numbers for the bFGF, aFGF, INT2, HST, FGFS, FGF6, KGF, AIGF and FGF9 

sequences are A26642, A24820, S04742, Tvhuhs, Tvhuf5, S04204, A36301, A46245, 

and A48137, respectively, of the PIR database. 
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Supplemental material 

Following are the generate, parameter, and topology files 
used for refinement in X-PLOR. Every sugar unit in the heparin 
fragment is defined as separate residut:. 

remarks file GENERA TE.INP 
remarks generate structure file and hydrogens for test case 

topology @ . ./toph l 9x. pro 
@toph l 9x.hep6 
@. ./toph 11. wat 
end { * read topology file *} 

parameter 

@../prolsq.pro 
@prolsq.hep6 
@../prolsq. wat 

{ * read empirical potential *} 

{ * with modifications *} 

nbonds { * this statement specifies *} 
atom cdie shift eps=l.0 el4fac=0.4 {* the nonbonded interaction*} 
cutnb=7.5 ctonnb=6.0 ctofnb=6.5 {* energy options. Note the*} 
nbxmod=5 vswitch { * reduced nonbonding cutoff*} 

end { * to save some CPU time *} 
end 

segment { * generate protein *} 

name=" " {* this name has to match the four characters in columns*} 
{* 73 through 76 in the coordinate file, in XPLOR this *} 
{* name is referred to as SEGld. *} 

chain 
@ . ./tophl9.pep • { * read peptide bond file .*} 
coordinates @modelhep6 _p. pdb 

end 
{* interpret coordinate file to obtain sequence*} 

end 
vector do (name="O") ( name OTl) {* sometimes different *} 
vector do (name="OT") ( name OT2) {* atom names are used,*} 
vector do (name="CD l ") ( name CD and resname ile ){ * to rename them, un- *} 

{ * comment these lines *} 

• coordinates@modelhep6_p.pdb { * here we actually read the coordinates *} 

segment { * generate protein *} 

name=" " {* this name has to match the four characters in columns*} 
{* 73 through 76 in the coordinate file, in XPLOR this *} 
{* name is referred to as SEGid. *} 

chain 
{ * read peptide bond file *} 
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coordinates @modelhep6_h.pdb {* interpret coordinate file to obtain sequence*} 
end 

end 
vector do (name="O") ( name on ) { * sometimes different *} 
vector do (name="OT") ( name OT2) {* atom names are used, *} 
vector do (name="CDl") ( name CD and resname ile ){* to rename them, un- *} 

{ * comment these !inP.s *} 

coordinates @modelhep6 _ h. pdb { * here we actually read the coordinates *} 

segment { * generate protein * } 

name=" " {* this name has to match the four characters in columns*} 
{* 73 through 76 in the coordinate file, in XPLOR this *} 
{ * name is referred to as SE Gld. *} 

chain 
{ * read peptide bond file *} 

coordinates @modelhep6_w.pdb {* interpret coordinate file to obtain sequence*} 
end 

end 
vector do (name="O") ( name on ) {* sometimes different *} 
vector do (name="OT") ( name OT2) {* atom names are used,*} 
vector do (name="CD l ") ( name CD and resname ile ){ * to rename them, un- *} 

{* comment these lines *} 

coordinates @modelhep6 _ w. pdb { * here we actually read the coordinates *} 

{ * the generation of co-factors, waters, ... would *} 
{ * follow here. Note, that one has to split the *} 
{ * coordinate file into separate files containing *} 
{ * the protein, co-factors, substrate, water,. .. *} 

{* the following shows how to create a S-S bridge*} 

patch Ll4 
reference= 1 =( resid 301 ) 
reference=2=( resid 302 ) 

end 

patch L41 
reference= 1 =( resid 302 ) 
reference=2=( resid 303 ) 

end 

• patch Ll4 
reference= 1 =( resid 303 ) 
reference=2=( resid 304 ) 

end 

patch L41 
reference= 1 =( resid 304 ) 
reference=2=( resid 305 ) 

end 
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patch Ll4 
reference= 1 =( resid 305 ) 
reference=2=( resid 306 ) 

end 

flags exclude vdw elec end {* do hydrogen building w/o vdw aP..d elec *} 

hbuild { * this statement builds missing hydrogens *} 
selection=( hydrogen ) { * which are needed for the force field *} 
phistep=4 

end 

write coordinates output=genhep.pdb end { * write out coordinates *} 

write structure output=genhep. psf end { * this writes the structure file *} 
stop 

************************************************************************* 

REMARKS prolsq.hep6 
REMARKS================================== 
REMARKS This dictionary is modified from paraml.cho. Dramastic change is 
REMARKS made for the energy term by using prolsq.pro. 

REmarks attension: Some ofthis is duplicate ofprolsq.pro. This can 
REmarks be trouble running with proteins. 

remark - parameter file PROLSQ.PRO -
remark Trying to match PROLSQ energy functions - ak 

set echo=false end 

evaluate ( $kbond 2500.0) !dimension: (kcal/ mole-A''2 ) 
evaluate ( $kangle 584.0) !dimension: (kcal/ mole-rad/\2) 
evaluate ( $omega 1700.0) !dimension: (kcal/ mole ) 
evaluate ( $pro_omega = 100.0) !dimension: (kcal/ mole ) 
evaluate ( $plane 360.0 ) !dimension: (kcal/ mole-rad/\2 ) 
evaluate ( $chiral = 796.0) !dimension: (kcal/ mole-rad/\2) 

bond CC CC $kbond 1.523 
bond CC OE $kbond 1.427 
bond CC NHl $kbond 1.45 
bond CC OHl $kbond 1.411 
bond CC C $kbond 1.52 
bond S OE $kbond 1. 77 
bond CC CD $kbond 1.44 
bond CD CD $kbond 1.33 
bond CD C $kbond 1.33 
bond CD OE $kbond 1.34 
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bond NH 1 S $kbond 1. 77 

angle CC CC CC $kangle 11 O. 7 
angle OE S OC $kangle 109.5 
angle CC CD CD $kangle 120.0 
angle CD CD C $kangle 120.0 
angle CD CD OE $kangle 120.0 
angle CC CC CD $kangle 109.5 
angle C CD OE $kangle 120.0 
angle CC OE CD $kangle 115.0 
angle CD CC OHl $kangle 109.5 
angle CD C OC $kangle 120.0 
angle CC OE S $kangle 119. 9 
angle OHl CC OE $kangle 111.55 
angle CC NH 1 S $kangle 119. 9 
angle NHl S OC $kangle 109.5 
angle CC CC OE $kangle 109.4 
angle CC OE CC $kangle 113.8 
angle OE CC OE $kangle 110. 7 
angle OE CC C $kangle 107.24 
angle CC CC OHl $kangle 110.1 
angle CC CC NHl $kangle 110.0 
angle CC CC C $kangle 108.7 
angle CC C OC $kangle 118. 7 

dihedral X CC CC X 
dihedral X CC OHl X 
dihedral X CC OE X 

50.00 3 0.0 
50.00 3 0.0 

50.00 3 0.0 

{ These high force constants maintain chiral centers on the rings } 
impr CD CD C OE 500.0 0 0.0 
impr C CD OC OC 500.0 0 0.0 
impr OE CD C OC 500.0 0 0.0 
impr CC CD CD OE 500.0 0 0.0 
impr CD CD C OC 500.0 0 0.0 
impr C OC OC CC · iOO.0 0 0:0- •• •• • • -- • • •• • 

{ This is as other acids } 

! !for use with: 
!!NBXMOD=5 ATOMCDIEL SHIFTvswitch 
!! CUTNB=8.0 CTOFNB=7.5 CTONNB=6.5 EPS=l.0 El4FAC=0.4 WMIN=l.5 

NONBonded OE 0.1591 2.8509 0.1591 2.8509 
NONBonded CD 0.1000 3.2963 0.1000 3.0291 
NONBonded CC 0.0903 3.2072 0.0903 3.2072 
NONBonded HH 0.1000 2.1381 0.1000 1.8709 

set echo=true end 

********************************************************************* 
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REMARKS toph l 9x. hep6 
REMARKS=============================================-===== 
REMARKS modified by SF (APR/1995) 
REMARKS This pro file is used with tophl9x.pro (for proteins). 
REMARKs So the overlapping part with tophl9x.pro is taken out. 

set echo=false end 

AUTOGENERA TE ANGLES=TRUE END 
{* === *} 

{ default masses -- only those not in protein topology TO PHI 9X.PRO} 
MASS CC 12.0 l 100! carbohydrate carbon 
MASS OE 15.99940! ether oxygen 
MASS HA 1.00800! aliphatic hydrogen 
MASS CD 12.01100! 

!RESidue HEP ! Heparin 
RESidue GCN ! Glucosamine 
GROUP 

!mono 
ATOM Cl TYPE=CC CHARge= 0.000 END 
ATOM C2 TYPE=CC CHARge= 0.000 END 
ATOM C3 TYPE=CC CHARge= 0.000 END 
ATOM C4 TYPE=CC CHARge= 0.000 END 
ATOM CS TYPE=CC CHARge= 0.000 END 
ATOM C6 TYPE=CC CHARge= 0.000 END 
ATOM 01 TYPE=OE CHARge= 0.000 END 
ATOM 03 TYPE=OHI CHARge=-0.400 END 
ATOM 04 TYPE=OE CHARge= 0.000 END 
ATOMO5 TYPE=OE CHARge=0.000 END 
ATOM 06 TYPE=OE CHARge=-0.020 END 
ATOM 022 TYPE=OC CHARge=-0.660 END 
ATOM 023 TYPE=OC CHARge=-0.660 END 
A TOM 024 TYPE=-OC- • CHARge=-Oi>60 END -
ATOM 062 TYPE=OC CHARge=-0.660 END 
ATOM 063 TYPE=OC CHARge=-0.660 END 
ATOM 064 TYPE=OC CHARge=-0.660 END 
ATOM N2 TYPE=NHl CHARge=-0.020 END 
ATOM S2 TYPE=S CHARge= 0.000 END 
ATOM S6 TYPE=S CHARge= 0.000 END 

!mono 
BOND Cl 01 
BOND Cl 05 
BOND Cl C2 
BONDC2N2 
BOND C2 C3 
BOND C3 03 
BOND C3 C4 
BONDC4O4 
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BOND C4 CS 
BOND C5 05 
BOND C5 C6 
BOND C606 
BOND N2 S2 
BOND S2 022 
BOND S2 023 
BOND S2 024 
BONDO6 S6 
BOND S6062 
BOND S6063 
BOND S6064 

DIHEDRAL Cl C2 C3 C4 
DIHEDRAL C2 C3 C4 C5 
DIHEDRAL C3 C4 C5 05 
DIHEDRAL C4 C5 05 Cl 
DIHEDRAL C5 05 Cl C2 
DIHEDRAL 05 Cl C2 C3 

END 

!di 
RESidue UAP 
GROUP 
ATOM Cl TYPE=CC CHARge= 0.000 END 
ATOM C2 TYPE=CC CHARge= 0.000 END 
ATOM C3 TYPE=CC CHARge= 0.000 END 
ATOM C4 TYPE=CD CHARge= 0.000 END 
ATOM C5 TYPE=CD CHARge= 0.000 END 
ATOM C6 TYPE=C CHARge= 0.000 END 
ATOM 02 TYPE=OE CHARge= 0.000 END 
ATOM 022 TYPE=OC CHARge= 0.000 END 
ATOM 023 TYPE=OC CHARge= 0.000 END 
ATOM 024 TYPE=OC CHARge= 0.000 END 
ATOM 03 TYPE=OHl CHARge= 0.000 END 
ATOM 05 TYPE=OE CHARge= 0.000 END 
ATOM 06 TYPE=OC CHARge= 0.000 END 
ATOM 07 TYPE=OC CHARge= 0.000 END 
ATOM S2 TYPE=S CHARge= 0.000 END 

!di 

BOND Cl C2 
;i?OND Cl 05 
BOND C2C3 
BOND C2O2 
BOND C3 C4 
BOND C3 03 
BOND C4C5 
BOND C5 C6 
BOND C5O5 
BOND C606 
BOND C6O7 
BOND 02 S2 
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BOND S2 022 
BOND S2 023 
BOND S2 024 

! improper terms for c=c and carboxylate groups 

IMPRoper C5 C4 C6 05 
IMPRoper C6 C5 06 07 
IMPRoper C4 C5 C6 06 
IMPRoper C3 C4 C5 05 
IMPRoper 05 CS C6 07 

END 

RESidue IDU !lduronic acid 
GROUP 

!ring 3 

ATOM Cl TYPE=CC CHARge= 0.000 END 
ATOM C2 TYPE=CC CHARge= 0.000 END 
ATOM C3 TYPE=CC CHARge= 0.000 END 
ATOM C4 TYPE=CC CHARge= 0.000 END 
ATOM C5 TYPE=CC CHARge= 0.000 END 
ATOM C6 TYPE=C CHARge= 0.000 END 
ATOM 02 TYPE=OE CHARge= 0.000 END 
ATOM 022 TYPE=OC CHARge= 0.000 END 
ATOM 023 TYPE=OC CHARge= 0.000 END 
ATOM 024 TYPE=OC CHARge= 0.000 END 
ATOM 03 TYPE=OHl CHARge= 0.000 END 
ATOM 05 TYPE=OE CHARge= 0.000 END 
ATOM 06 TYPE=OC CHARge= 0.000 END 
ATOM 07 TYPE=OC CHARge= 0.000 END 
ATOM S2 TYPE=S CHARge= 0.000 END 

!RING 3 

BOND Cl C2 
BOND Cl 05 
BOND C2 C3 
BOND C2 02 
BOND C3 C4 
BOND C3 03 
BOND C4 C5 
BOND C5 C6 
BOND C5 05 
BOND C6O6 
BOND C6O7 
BONDO2 S2 
BOND S2 022 
BOND S2 023 
BOND S2 024 

DIHEDRAL Cl C2 C3 C4 
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DIHEDRAL C2 C3 C4 C5 
DIHEDRAL C3 C4 C5 05 
DIHEDRAL C4 C5 05 Cl 
DIHEDRAL C5 05 C 1 C2 
DIHEDRAL 05 C 1 C2 C3 

I:tvtPRoper C6 06 07 CS 

END 

!Link sugar units! 
PRESidue L 14 

add bond lCl 204 
add angle lCl 204 2C4 
add angle 1C2 lCl 204 
Add angle 105 lCl 204 

END 

PRESidue L41 
add bond 101 2C4 
add angle lCl 101 2C4 
add angle 101 2C4 2C3 
add angle 1012C42C5 

END 
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Chapter 3 

Crystal Structure of Keratinocyte Growth Factor 
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Experimental Procedures 

Human KGF with a deletion of the first 24 residues (~24) was constructed and 

overexpressed in E.coli (kindly provided by Amgen). Crystals of KGF were grown using 

the vapor diffusion method, using l.0µl of 4% inositol hexaphosphate (IHP), 3.0 µl of a 

10.0 mg/ml KGF solution, and 3.0 of reservoir solution. The reservoir solution contained 

10% PEG lK, and 0. lM Tris pH 7.5. Crystals grew over a few days at room temperature. 

These crystal were characterized as belonging to space group C2 and diffracted to ~ 3.5 A 

resolution. Upon addition of 2.0 µl of 50% ethylene glycol solution, a new crystal form 

grows out of the solution in a few days . This crystal form was characterized as belonging 

to the space group P212121 with cell dimensions of a=33.4A, b=68 .0A, c=l24.0A. 

Diffraction data was collected on a Siemens multiwire area detector at room temperature. 

Data was processed using the program XDS (1 ). The data set contained 10821 reflections 

to 2.4 A (91.8% complete), merged from 75031 observations with a merging R of 0.048 . 

Two molecules were present in the asymmetric unit, and native Patterson maps indicated 

that they were related by (0.36, 0.22, 0.50) translation, due to the presence of a packing 

peak at that site (Fig. 3 .1 ). The packing peak indicated the presence of a local non­

crystallographic twofold axis parallel to the Z axis . 

Molecular replacement (MR) was performed using human bFGF as a starting 

model (2) for both crystal forms using AMORE (3) . For the orthorhombic crystal form, 

the first molecule was located by a typical (MR) run in Amore, and the second was 

generated by taking advantage of the packing peak present in the native Patterson map. 
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Fig. 3.1. Harker section W=l/2 of the native Patterson map of the KGF crystals 

showing the packing peak at (0.36,0.22,0.5). The Patterson map was calculated using data 

between 20.0 to 6.0 A resolution. 

After rigid body refinement in X-PLOR ( 4), the model was truncated to a polyalanine 

model. Solvent flattening and twofold averaging were then performed in SOLOMON 

(CCP4) (5). The map at that point was of a good quality allowing model building with 

high confidence. Model building was performed using the TOM/FRODO graphics 

program (6). Traditional positional refinement and slowcool were performed in XPLOR. 

Non-crystallographic symmetry restraints were used at intermediate stages of the 
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refinement. The structure refined to R=0.21 and Rrree =0.32 for data between 8.0 and 2.4 

A resolution, with F>cr(F), and RMS deviations for bond distances and angles from ideal 

values of 0.013 A and 2.37 ° respectively. Many of the side chains are disordered (up to 

18), as well as the IHP. Superpositions of the different structures were based on the 

backbone Ca, positions and were done using a program based on the algorithm of Kabsch 

(7) . Structural figures were prepared with the program MOLSCRIPT (8). 
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Results and Discussion 

Overall Structure 

The overall fold of KGF is similar to that of other FGF protein family members 

(2), and consists of a f3 barrel fold with 12 ~ strands (Fig. 3.2). 

Fig. 3.2. Ribbons diagram of the three-dimensional structure ofKGF. 
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When compared to the structure of bFGF, the KGF structure reveals three extra 

residues ordered at the amino terminus, and two more ordered residues at the carboxy 

terminus. The extra three residues at the N-terminus adopt a ~ strand conformation 

extending the ~ sheet formed by strands 4, 5, 6, and 7, and making the first ~ strand 

unusually bent. This is unlike the loop conformation of the ordered aFGF N-terminus. 

The N-terminii of aFGF and bFGF do not contain a typical secretion sequence, and thus 

do not have the same function as those of the other FGF members. The extra two residues 

at the C-terminus adopt a loop conformation pointing away from the protein. The overall 

RMS deviation between KGF and bFGF based on 122 of the Ca backbone atoms is 1.07 

A, and that between KGF and aFGF is 1.33 A based on 123 Ca backbone atoms (Fig. 3.3). 

The RMS deviation between the two KGF molecules is 0.4 A. 

Fig. 3.3. Superposition of KGF with aFGF. KGF is in light gray. 
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Disulfide bond 

Another new feature of the KGF structure is a disulfide bond that is formed 

between cysteines 102 and 106. These cysteines are separated by only 4 residues, and are 

both present in loop 7. This disulfide bond might help stabilize the native loop 

conformation, increasing the stability of the native protein structure. It has actually been 

shown that substitution of all cysteines to alanine or serine in KGF leads to 

destabilization of its structure, and its inability to bind heparin any longer. This is likely 

to be a result of loosing the entropic stability provided by the disulfide bond. Cys 106 is 

conserved in all nine members of the FGF family. However, Cys102 is unique to KGF, 

and is replaced by a variety of amino acids in other FGF members, indicating that this 

disulfide bond in unique to KGF. 

Structural comparison and functional implications 

Heparin 

A c~mparison _of the KG~ struc_tur~ with !he ~ryst_al _s~1:11~ture ~f bf.(tF_CSJ!!)-ple~ed __ _ 

with the heparin hexamer fragment (chapter 2) (9) has been performed. The bFGF­

heparin hexamer structure revealed two heparin binding sites, a high affinity site and low 

affinity one. Upon superpositioning the bFGF-Heparin complex with KGF, a conceivable 

<KGF heparin binding site is revealed. Five positively charged residues are found in close 

proximity to the heparin molecule, thus suggesting that the heparin binding site is 

maintained; however, the specific interactions are different. Arg27, His102, and Lys139 

ofKGF are found in the low affinity site, while Arg130 and Lys133 are found in the high 
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affinity site. This implies that the low affinity site in bFGF might be a high affinity site 

in KGF, and vice versa. The neutral residues Asnl02 and Gln135 make contacts with 

heparin in the bFGF-heparin complex, and are conserved in KGF; thus they can form 

similar contacts with heparin. It has been suggested that the heparin binding mechanism 

with the various FGFs is variable (10). 

Loop regions 

When the KGF structure is compared to both aFGF, and bFGF, most of the 

differences appear in the loop regions. Out of the 11 loops separating the 12 ~ strands, 4 

appear to have significant differences from both aFGF and bFGF, as defined by more 

than 2.0 A RMS deviation in the Ca positions upon superimposing the structures. These 

are loops (1, 6, 8, and 9). In loop 1, KGF is missing a residue. The shorter loop is 

accommodated by a tighter tum in KGF. Loop 6 has a significantly different 

conformation in KGF, despite having the same size as that of bFGF. Differences are also 

found in the ~ strand following loop 6, leading to the only strand with a different 

orientation. Loop 8, despite having the· same size· as in bFGF and an identical seq-uence 

to aFGF, has a different conformation, and in this crystal form is involved in interprotein 

contacts. Loop 9 is the site of a four-residue insertion in KGF, when compared to bFGF. 

These extra residues make the loop longer, maintaining some backbone hydrogen 

bonding through tum, indicating that a longer insertion, as in INT2, might lead to a ~ tum 

~ fold . 
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The structural differences between KGF and bFGF are likely to be responsible for 

their functional differences. Since the major backbone conformational differences are 

localized in four loops, it is possible to attribute receptor binding specificity to these 

regions, in analogy to what has been shown in the IL8 case ( 11 ). These four loops are in 

two regions (I and II) on one side of the protein (Fig. 3.4). These two regions cover a 

similar surface as the two regions identified by a mutagenesis study to be important for 

receptor binding. 

Fig. 3.4. Ribbons diagram of KGF showing in black the loops that have the 

largest structural differences from aFGF and bFGF. 
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Interestingly, the heparin binding site falls on the same side of the protein, and is 

in the middle, separating these two regions, thus indicating that heparin and the receptor 

bind on the same face of the protein. This type of binding mechanism allows for direct 

interactions between the receptor and heparin, which has been proposed (Fig. 3.5). 

Based on sequence alignment of nine members of the FGF family (FGF1-FGF9), 

size dependent conformational changes are expected for loops 3, 4, 7, and 11 . These . 

loops are positioned on the two sides of the protein mentioned earlier; however, they are 

farther away from the heparin binding site (Fig. 3.6). These loops are sufficiently far 

apart that one lg domain could not cover the entire area, so that a second lg domain might 

come into play. As mentioned earlier, there is evidence that KGF is recognized by only 

one lg domain, the lg3 domain. However, other FGF members are believed to interact 

with two lg domains, the lg3 and lg2 domains, and a larger surface of the growth factor 

might be required to finely tune the receptor binding affinity. While the work presented 

here addresses many of the questions concerning structural features of the FGF protein 

family, future work is still needed to better understand interactions between FGF and the 

FGF receptor. 
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Fig. 3.5. Stereodiagram ofKGF with regions I, and II in black, and showing the 

position of heparin hexamer after superpositioning with the bFGF-heparin 

structure. 
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Fig. 3.6. Stereodiagram of KGF showing in black loops that are likely to have 

structural variations due to size differences among members of the FGF family . 

The position of heparin after the superposition with the bFGF-heparin structure is 

shown. 
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Appendix 

Role of the Active-Site Cysteine of Pseudomonas aeruginosa Azurin. 

Crystal Structure Analysis of the Cu11(Cysl 12Asp) Protein 

(Adapted from Faham et al. , JBIC in press.) 
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Introduction 

Azurin is a relatively small (~15 kD) blue copper protein that shuttles electrons in 

the respiratory chains of certain denitrifying bacteria [ 1,2]. The copper in the wild-type 

(wt) protein is coordinated by two histidines (His46, Hisl 17) and a cysteine (Cysl 12) in 

a trigonal planar CuN2S coordination geometry; in addition, there are axially disposed 

sulfur (Metl21) and oxygen (Gly45 carbonyl) donor atoms that appear to interact weakly 

with the metal center [3-6]. Because of a relatively rigid active-site structure [7], the 

inner-sphere reorganization associated with azurin electron-transfer reactions is winimal 

[8-13]. 

Owing to the availability of Pseudomonas aeruginosa azurin from recombinant 

sources [ 14-16], site-directed mutagenesis has proven to be a popular and powerful 

technique for assessing directly the role of a residue or set of residues in tuning the 

properties of the protein [17]. The spectroscopic properties of a mutant in which the 

active-site cysteine had been replaced by an aspartic acid residue has been previously 

reported [ 18]. Although the Cys 1 l 2Asp protein retained its ability to bind Cun strongly, 

its spectroscopic properties indicated the presence of a normal (type 2) copper at the 
. ·-- . 

active center. Consistent with electronic spectroscopic data, computer modeling based on 

results obtained from an NMR investigation of CoII(Cysl 12Asp) azurin predicted a 

distorted square-pyramidal coordination geometry built from His46, Hisl 17, a bidentate 

Aspl 12, and a Gly45 backbone carbonyl group [19] . 

We report here that Cu"(Cysl 12Asp) azurm reacts readily with certain mild 

reducing agents and that the resulting Cu\Cys 112Asp) azurin is stable to metal loss; that 

titration of reduced P. aeruginosa cytochrome c551 with oxidized Cysl 12Asp azurin 

indicates that the Cull/1 reduction potential is 180 m V vs. NHE; and that an analysis of the 
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crystal structure of the Cun mutant at 2.4 A resolution confirms the predicted square­

pyramidal coordination geometry. 

Materials and methods 

General 

House distilled water was purified usmg a Barnstead NANOpure system. Protein 

samples were concentrated using Centricon concentrator units (Amicon) at 4 °C. Small­

molecule contaminants in concentrated protein samples were removed by gel filtration 

through a PD-10 column (Pharmacia). Electronic absorption spectra were recorded on a 

modified Cary 14 spectrophotometer. 

Protein Preparation 

P. aeruginosa Cysl 12Asp azurin was prepared as described previously by J. Mizoguchi 

[18-20]. Cu\Cysl 12Asp) azurin- was reconstituted from pure apo Cysl 12Asp azurin 

with the addition of a slight excess of aqueous CuSO4. The Cu11-reconstituted protein 

was treated with EDTA subsequent to FPLC purification in 10 mM DEA·HCl or EA·HCl 

(pH 8.8 or 9.0, respectively) on a Mono Q column (Pharmacia) using a linear NaCl 

gradient. Failure to sequester the excess Cu11 in the protein solution can result in FPLC 

chromatograms with multiple, poorly resolved azurin-containing fractions that still 

include varying amounts of excess Cun_ Cu\Cysl 12Asp) azurin concentrations were 

determined using E310 = 2.0 x 103 or E754 = 1.0 x 102 M-lcm-1 [20]. P. aeruginosa 

cytochrome c551 was obtained from Sigma. The FeIII cytochrome was purified by FPLC 

in 10 mM DEA-HCI (pH 8.8) as described above for azurin [21]. 
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Protein Crystallization and Data Collection 

Cu1\Cysl 12Asp) azunn crystals were grown by the hanging drop vapor diffusion 

method. 3.0 µL protein (20 mg/mL in 0.1 M sodium acetate (pH 5.6)) were mixed with 

3.0 µL reservoir solution (0.1 M Tris-HCl (pH 8.0), 25% PEG-4000, 20 mM CuCl2, 0.1 

M LiNO3). Colorless crystals grew over a few days at room temperature, reaching a 

final size of approximately 0.3 x 0.1 x 0.1 mm. The space group was determined to be 

C2 with unit cell constants a= 56.5, b = 48.9, c = 95.5 A, f3 = 94.0°, with two molecules 

in the asymmetric unit. Diffraction data were collected on a Siemens multiwire area 

detector at room temperature using X-rays generated by a rotating copper anode with Cu 

Ka radiation (A= 1.54 A). The data were processed using the program XENGEN [22]. 

The data set used for the structure determination contained 8392 unique reflections to 2.4 

A (83% complete) merged from a total of 19753 observations with a merging R of0.078. 

The highest shell (2.42 - 2.54 A) was 51 % complete, with a merging R of 0.17. 

Structure Solution and Refinement 

The structure was solved by molecular replacement techniques using the crystal structure 

of apoazurin [23] as a starting model. Using the X-PLOR package [24] for the molecular 

replacement calculations, two molecules were located in the asymmetric unit. These 

~9lecules are related by a non-crystallographic twofold axis along the crystallographic z 

axis, consistent with the results of self-rotation function calculations. The model was 

rebuilt with the TOM/FRODO [25] graphics program, and refined with X-PLOR. Clear 

electron density for the Aspl 12 was found in difference Fourier maps (Fig. A. 1). Non­

crystallographic symmetry restraints were used at intermediate stages of the refinement. 

Ultimately, these restraints were removed to allow the different monomers to refine 
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independently. The structure refined to R = 0.20 for data between 8.0 and 2.4 A with F > 

CY(F) with rms deviation from ideal values for bond distances and angles of 0.016 A and 

2.66°, respectively. The current Cys 112Asp azurin model includes 1968 atoms 

assembled from 1960 protein atoms, 4 copper atoms, and 4 water molecules [26]. 

Results and Discussion 

Cu1(Cysl 12Asp) Azurin 

Upon incubation of Cu\Cysl 12Asp) azurin with excess [Ru11(NH3)6]2+, followed by 

gel filtration, a colorless azurin-containing solution was isolated [27]. The absorption 

spectrum of this solution is markedly different from that of the starting Cu\Cysl 12Asp) 

azurin [20]. Notably, both the imidazole-to-Cu11 charge-transfer (Amax= - 310 nm) and 

the Cu11 ligand-field (Amax= 754 nm) bands are absent in the [Ru\NH3)6]2+_treated 

sample, thereby indicating reduction of Cu11 to Cu1
. These Cu11-dependent absorption 

bands reappear slowly over several hours upon standing in air. Importantly, the 

absorption spectrum of Cu1(Cysl 12Asp) azurin is remarkably similar to that of the 

corresponding Cu1 protein [20]; both reduc_ed proteins _ show _ _increas_ed ___ near:-UY.. 

absorptions that can be ascribed to Cu1-centered electronic transitions [28]. In light of our 

finding that the copper ion is not removed by gel filtration of the [Ru11(NH3)6]2+ -treated 

Cys l l 2Asp azurin and that the absorption spectrum of the resulting sample is very 

similar to that of the reduced WT protein, it is likely that Cu1 remains coordinated in the 

Cysl 12Asp active site. 
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Electron Transfer with Cytochrome C551 

Addition of oxidized Cysl 12Asp azunn to a solution of reduced P. aeruginosa 

cytochrome C551 is accompanied by changes in the Q-band region of the heme absorption 

spectrum that are attributable to the following equilibrium reaction: 

Keq 

Fell cytochrome+ Cull azurin ~ Felll cytochrome+ cul azurin (1) 

Analysis of a titration experiment in terms of eq 1 gave E0( Cull/1) = 180 ± 10 m V 

vs. NHE (pH 7. 0) [20]. Although the reduction potential of Cu11(Cys l l 2Asp) mutant is 

significantly lower than that of WT azurin (310 mV vs. NHE at pH 7.0) [29], it still falls 

within the range reported for blue proteins; in fact, the potential is the same as that of 

stellacyanin [30]. A decrease in reduction potential observed upon substitution of Cysl 12 

with Asp would be expected based on the hardness of the carboxylate oxygen atoms and 

the change to a Cu11-stabilizing tetragonal coordination environment. However, our 

finding that the potential remains relatively high suggests that the hydrophobic nature of 

the azurin active site. [31] plays a key role_ jn tuning .the .. potentials_.of.WI . .and .mutant .. 

azunns. 

Numerous studies have shown that the Hisl 17 ligand of azunn 1s the 

pbysiological port of entry and exit of electrons [32-34], in effect bypassing the highly 

coupled bridge to the copper center provided by the Cysl 12 thiolate [5,10]. Our work on 

the Cysl 12Asp mutant confirms the key role that Hisl 17 plays in the ET pathway 

between azurin and cytochrome c55( even in the absence of the cysteine thiolate, 

relatively facile electron transfer takes place between these two proteins. 
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Overall Structure 

The crystal structure of Cu\ Cys l l 2Asp) azunn reveals the presence of two 

crystallographically independent molecules in the asymmetric unit (Fig. A.2). These two 

azurin molecules are nearly identical, with a 0.3 A rms deviation between their main­

chain atom positions. The interface between the two azurin molecules in the asymmetric 

unit is lined with residues (Met13, Leu39, Pro40, Val43, Met44, Phel 14, Prol 15, 

Alal 19, and Leu 120) that define the hydrophobic patch of P. aeruginosa azurin (Fig. 

A.2) [31]. The distance between the two active site coppers in the dimer is 16.8 A. As in 

the WT protein [35,36], the Hisl 17 side chain, located in the middle of the hydrophobic 

patch, remains partially solvent exposed. 

During the course of the structure determination, a strong peak was found near the 

N-terminus in (Fo-Fc) difference Fourier maps. Since CuCl2 was used for crystal growth, 

this additional density was modeled as copper. The average B factor for the exogenous 

copper refined to 29.04 A2
; The average B factor for all atoms refined to 22.7 A2

. The 

exogenous copper center is coordinated by the amino nitrogen and carbonyl oxygen 

atoms of Alal, the imidazole N: oLHis83 from.an.adjacent .azurin-rnolecule; -and-a-water -- .. -­

molecule in a distorted square planar geometry (Fig. A.3). The presence of this site 

explains the role of copper in the crystallization of Cu\Cysl 12Asp) azurin, since it acts 

as a crosslinking agent between neighboring protein molecules (Fig. A.3) [37]. The 

Cysl 12Asp azurin dimer structure is distinct from all other azurin structures [35,36,38]; 

this difference may result partly from the orientational requirements imposed by the 

surface-bound copper ion. 

The crystal structures of the low (5.5) and high (9.0) pH forms of WT azurin 

show that the Pro36-Gly37 peptide bond undergoes significant structural rearrangement 
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between the two pH values (35]. A hydrogen bond is present in the low pH structure 

between the Pro36-Gly37 peptide carbonyl group and a protonated NE of His35. At high 

pH, this hydrogen bond is broken as the carbonyl group flips out, and the His3 5 side 

chain becomes deprotonated. Although the orientation of the Pro36-Gly37 peptide 

carbonyl group in the Cysl 12Asp azurin structure is intermediate to those of the low and 

high pH forms of the WT protein, a hydrogen bond between the carbonyl group and 

His35 in the mutant structure does not exist. Therefore, we have used the Cun WT azurin 

structure at pH 9.0 (PDB code 5azu) to make quantitative comparisons with that of 

Cu\Cysl 12Asp) azurin. 

The main-chain atoms of the WT and Cys l l 2Asp azurin monomers are nearly 

superimposable, except at the N-terminus. Omitting residues Alal and Glu2, the rms 

deviation in the main-chain atom positions between the mutant and WT structures is O. 5 

A. A localized disparity in this region is not surprising, as the flexibility is generally 

greater at the termini of proteins. Furthermore, as described above, an exogenous Cull ion 

is coordinated both to the carbonyl oxygen and the terminal amino group of Alal. There 

is a rotation of~ 180 degrees about the C0 -N bond of Cys3 in Cysl 12Asp azurin. As a 

result, the terminal amino group,. in addition to coordinating the copp.er ion, is hydrogen 

bonded to O\Ser25) (Fig. A.3) . These findings suggest that the amino terminus of azurin 

is conformationally flexible. It is noteworthy that the third residue in the azurin sequence 

is a cysteine that is involved in a disulfide bond with Cys26. Therefore, the Cys3-Cys26 

disulfide bond may play a critical role in stabilizing the native P-barrel structure of the 

protein, which is somewhat larger than those of other cuperdoxins. In fact, mutagenesis 

of these cysteine residues in P. aeruginosa azurin has demonstrated the importance of the 

disulfide in preserving the native polypeptide fold (39]. 
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Active Site 

The active-site copper of Cu\Cysl 12Asp) azurin is coordinated to the N5 atoms ofHis46 

and His 117, the backbone carbonyl oxygen of Gly45, and both carboxylate oxygens of 

Asp 112 in a distorted square-pyramidal geometry (Table A. l ). The bidentate Asp 112 

carboxylate-copper interaction is distinguished by its asymmetric coordination such that 

one of the metal-oxygen bonds is ~0.6 A longer than the other, and the displacement of 

the metal by ~l A out of the plane defined by the carboxylate group of Aspl 12. The ~3.5 

A interatomic distance precludes the existence of a bond between the thioether sulfur of 

Met 121 and the copper center. Differences in coordination geometry from the active-site 

copper in the WT protein are achieved by movements of Met 121 away from the copper, 

and of the copper and Gly45 toward each other (Fig. A.4). 

The distorted square-pyramidal coordination geometry of Cu11(Cys l l 2Asp) azurin 

that was proposed from spectroscopic and computer modeling studies [19] is confirmed 

in the crystal structure. The structure features a metal center with a bidentate, 

asymmetric, out-of-plane interaction with the Asp 112 side-chain carboxylate group and 

an axial ligand provided by the backbone carbonyl group of Gly45. It appears that the 

polypeptide fold of azurin is sufficiently rigid to force the metal-bidentate carboxylate 

unit to adopt a nonplanar structure [ 40]. Therefore, this unusual carboxylate coordination 

is an example of a rack-induced distortion [41]. The two WT Cysl 12 side chain-to-main 

c;µain hydrogen bonds are preserved in the mutant active site. However, instead of two 

hydrogen bonds to a single sulfur atom (S1(Cysl 12)-NH(Asn47) and sr(Cysl 12)­

NH(Phel 14)), the bonds are split, one to each of the two Aspl 12 carboxylate oxygens 

(061 (Aspl 12)-NH(Asn47) and 0 62(Aspl 12)-NH(Phel 14)). 
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The introduction of two extra atoms (the carboxylate oxygens) from the Aspl 12 

side chain produces many small perturbations in the active-site structure. Notably, the 

entire His 117 side chain has translated toward the active-site cavity to a position closer to 

the Gly45 carbonyl group, thereby withdrawing the solvent-exposed portion of the 

Hisl 17 imidazole ring slightly away from the bulk solvent. The relatively long Met121 

side chain has moved so that the thioether sulfur atom is located farther from the active­

site core. Finally, the entire Asp 112 side chain is pulled away from the active-site cavity, 

perhaps to lessen the severity of the out-of-plane binding of the copper ion, or merely to 

accommodate the longer side chain. 
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Table A.1. Active-Site Interatomic Distances for P. aeruginosa Cull(Cysl 12Asp) and 
WT Azurins. 

atomic pair 

Cu-SY(Cysl 12) 

Cu-QOl(Aspl 12) 

Cu-Q02(Aspl 12) 

Cu-NO(His46) 

Cu-NO(His 117) 

Cu-O(Gly45) 

Cu-S0(Met 121) 

distance (A) 

(Cull(Cysl 12Asp) azurin)a 

2.5 

1.9 

2.1 

2.0 

2.6 

3.5 

distance (A) 

(Cull WT azurin)b 

2.3 

2.1 

2.0 

3.0 

3.1 

a Average for the two crystallographically independent Cys l l 2Asp azurin molecules. b 

Average for the four crystallographically independent WT azurin molecules at pH 9.0 

(PDB code 5azu) [35]. 
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L. 

Figure A.1. Stereodiagram of the active site, showing a Fourier difference map (Fo-Fc) at 

3. 0 overall rms value, where residue 112 was deleted from the model. 
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Figure A.2. Ribbons diagram of the Cun(Cysl 12Asp) azurm dimer that constitutes an 

asymmetric unit. 
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His83 His83 

Figure A.3. Stereodiagram of the amino termini of native (black) and Cysl 12Asp azurin 

(gray), showing the different conformations adopted by the first two residues, the 

hydrogen bonding between the amino nitrogen and the hydroxyl group of Ser25, and the 

coordination geometry of the exogenous copper. 
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Metl21 

His46 
His46 

Gly45 

Figure A.4. Stereodiagram of the coordination structure of the active-site copper of 

Cu\Cysl 12Asp) azurin (gray) superimposed on the active site of the native azurin 

structure (black). See Table A. 1 for a list of interatomic distances. 
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