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Abstract 

The three-dimensional structwe of human basic fibroblast  growth  factor has been refined to a crystallographic 
residual of 16.1% at 1.6 A resolution. The  structure has  a Kunitz-type fold and is composed of 12 antiparallel 
@-strands,  6 of which form a  @-barrel.  One  bound  sulfate  ion has been identified in the model, hydrogen bonded 
to  the side chains of Asn 27, Arg 120, and Lys 125. The side chain of Arg 120 has two conformations,  both of 
which permit hydrogen bonds to  the sulfate.  This  sulfate binding site has been suggested as  the binding site for 
heparin  (Eriksson, A.E., Cousens, L.S., Weaver, L.H., & Matthews, B.W., 1991, Proc. Natl. Acad. Sci. USA 
88, 3441-3445). Two  0-mercaptoethanol (BME) molecules are also included in the model, each forming  a disul- 
fide bond  to  the ST atoms of Cys 69 and Cys 92, respectively. The side chain of Cys 92 has two conformations 
of which only one can bind BME. Therefore  the BME molecule is half occupied at this site. 

The  locations of possible sulfate binding sites on the  protein were examined by replacing the ammonium sul- 
fate in the crystallization medium with ammonium selenate. Diffraction data were measured to 2.2 A resolution 
and  the  structure refined to  an R-factor of 13.8%. The binding of the  more electron-dense selenate ion was iden- 
tified at  two positions.  One position was identical to  the sulfate binding site identified previously. The second 
selenate binding site, which is of lower occupancy, is situated 5.6 A from  the first.  This  ion is hydrogen bonded 
by the side  chain of Lys 135 and Arg 120. Thus the  side  chain of Arg 120 binds two selenate ions simultaneously. 
It is suggested that  the observed second selenate binding site should  also be considered as a possible binding site 
for  heparin,  or  that  both selenate binding sites might simultaneously contribute to the binding of heparin. 
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Basic fibroblast growth factor  (bFGF;  Abraham et al., 
1986)  is one of the seven currently known members of 
the  FGF family that includes acidic FGF (aFGF; Jaye 
et al., 1986), int-2 gene product (int-2; Dickson & Pe- 
ters, 1987), hst/kFGF (Delli-Bovi et al., 1987; Yo- 
shida et al., 1987), FGF-5 (Zhan et al., 1988),  FGF-6 
(Marics et al., 1989), keratinocyte growth factor (KGF; 
Finch et al., 1989), and  the actin-binding protein hisac- 
tophilin (Habazettl et al., 1992). It has  been  suggested that 
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the nomenclature of  all  members of the family should in- 
clude the designation “FGF” (for details see  Baird & 
Klagsbrun [1991]). Thus,  aFGF and bFGF can also be 
identified as FGF  1 and FGF 2. Here we retain the com- 
monly used nomenclature and designate human basic 
fibroblast growth factor as hbFGF. The amino acid  se- 
quence identity of the members within the FGF family is 

Functions associated  with  members of the FGF family 
include the stimulation of  cell migration and cell differ- 
entiation for  a variety of different cell  types.  Some  mem- 
bers are oncogenes (int-2, hst/kFGF, FGF-5, and FGF-6) 
and both aFGF  and  bFGF show  angiogenic properties 
(Folkman & Klagsbrun, 1987),  which  suggests  possible 
roles in tumor growth. In addition, bFGF and an FGF re- 
ceptor have  been identified in Xenopus, where FGF is a 
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potent inducer of mesoderm formation in developing em- 
bryos  (Kimelman et al., 1988; Musci et al., 1990). Both 
aFGF  and  bFGF  are  thought  to interact with heparin,  a 
naturally  occurring, highly sulfated  glycosaminoglycan 
(Maciag et al., 1984; Shing et al., 1984; Kan et al., 1993; 
Nurcombe et al., 1993). Although  the biological activity 
of aFGF is mediated by heparin,  the activity of bFGF 
does not appear  to be mediated or potentiated by the  pro- 
teoglycan (Thornton et al., 1983; Shreiber et al., 1985; 
Terranova et al., 1985; Gospodarowicz & Cheng, 1986). 

The mechanisms by which FGFs  promote  their biolog- 
ical responses are poorly understood. To  date,  four mem- 
bers of the FGF receptor gene family have been identified. 
Also, further diversity  can  be  generated by alternative 
splicing of  receptor genes (Miki et al., 1992; Vainikka 
et al., 1992). Both aFGF  and  bFGF react with a  common 
receptor on  the cell surface  (Neufeld & Gospodarowicz, 
1986). The response  probably involves both  activation  of 
a  tyrosine  kinase  domain possessed by the  receptors 
(Huang et al., 1986; Coughlin et al., 1988; Friesel et al., 
1989) and  phosphorylation of phospholipase C-y (Burgess 
et al., 1990a). 

We have  previously  reported the  three-dimensional 
structure of hbFGF  at 2.2 A resolution  (Eriksson et al., 
1991). The present report includes a description of the re- 
fined structure  at 1.6 A resolution.  To verify the presence 
of a presumed sulfate  and heparin binding site on  the  pro- 
tein, we have also determined the  structure of bFGF using 
crystals  soaked in a  selenate  rather than  sulfate-contain- 
ing solution. 

Independent structure  determinations of aFGF and 
hbFGF have been reported by Ago et al. (1991), Zhang 
et al. (1991), and  Zhu et al. (1991). 

Results and discussion 

Overall structure 
The overall folding of the refined hbFGF  structure (Fig. 1; 
Kinemage 1) is essentially unchanged relative to that  de- 
scribed previously (Eriksson et al., 1991). The  structure 
is built of 12 antiparallel  @-strands with a  fold very simi- 
lar to that  of  both  interleukin  (1L)-la  (Einspahr et al., 
1990; Graves et al., 1990) and  IL-I@ (Priestle et al., 1988, 
1989; Finzel et al., 1989), as well as  members  of  the 
Kunitz-type soybean trypsin inhibitor family (Sweet  et al., 
1974; McLachlan, 1979; Onesti et al., 1991) and  the bi- 
functional  proteinase  K/a-amylase  inhibitor  from wheat 
(Zemke et al., 1991). The characteristic  features of the 
folding of members of the Kunitz family have been thor- 
oughly described (McLachlan, 1979; Murzin et al., 1992). 

The  structure can  be divided into  three  submotifs each 
consisting of four  antiparallel  @-strands. The overall fold 
can  then be described as a  trigonal  pyramid in which the 
three sides are built of the  top  two  @-strands  from each 
motif  and  the  strands together  form  a @-sheet barrel  of 
six antiparallel  @-strands.  The base of the pyramid is built 
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14 

Fig. I .  Ribbon  drawing of human  basic  fibroblast  growth  factor 
(hbFGF)  made with the  graphics  program MOLSCRIPT (Kraulis, 1991). 
The  locations of the  amino  acids  that  participate in sulfate  and/or sel- 
enate  binding  (Asn 27, Arg 120. Lys 125, and Lys 135) are indicated. 
Also  shown is the loop consisting of residues 109-1 14 that is included 
within  the  putative  receptor-binding  peptide  (residues 106-1 15) identi- 
fied by Baird et al. (1988). 

of six additional  @-strands,  consisting of the  bottom  two 
@-strands  from each motif and closing one end of the  bar- 
rel. Thus, a  threefold  repeat is observed in the  folding of 
the  polypeptide  chain and a  pseudo-threefold axis passes 
through  the center of the base of the molecule and extends 
through  the apex of the pyramid (see Fig. 1). There  are 
also local threefold axes within each of the  three sides of 
the  pyramid.  A buried water molecule is situated on each 
of these three local axes and  forms  hydrogen  bonds to 
the threefold-related  strands  that  come  together around 
each threefold axis (Fig. 2; Kinemage 2). The inside of the 
@-barrel is completely filled with hydrophobic side chains 
plus  the  one  somewhat  polar  residue,  Tyr 106. The side 
chain of Tyr 106 is completely  buried,  but  the phenolic 
hydroxyl forms a  hydrogen  bond to  the side chain of 
Glu 96, which in turn  contacts bulk solvent. 

We have previously compared  the  a-carbon backbone 
of bFGF with that of human IL-I@ (Priestle et al., 1989). 
Based on 50 residues whose a-carbons superimposed with 
a  root mean square  (rms) discrepancy of 0.5 A (Rossmann 
& Argos, 1975), we proposed  an  alignment of the  amino 
acid sequences of bFGF and IL-I@ (Eriksson et al., 1991). 
At that  point we were not concerned  that every residue 
in the  FGF  structure  should be individually aligned with 
every other residue in IL-I@. Rather, we wanted to show 
the overall  alignment of the respective sequences as sug- 
gested by the  structural  superposition of the  @-sheet 
strands  and to contrast these alignments with the very dif- 
ferent  alignment  that  had been proposed previously on 
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Fig. 2. Main-chain  hydrogen-bonding  scheme  of  hbFGF  defined  by DSSP (Kabsch & Sanders, 1983). The  cutoff  value  for  the 
binding  energy is -1.0 k c a l h o l   f o r  hydrogen  bonds. 0, Buried  water  molecule, which stabilizes  secondary  structure; *, hy- 
drogen-bonding  partner.  The  surface accessibility of different  residues is illustrated  as: 0, 0 A*; C), 1-50 A’; and 0, >50 A’. 

the basis of  sequence  comparison  alone. We did  not  at- 
tempt a residue-by-residue  comparison of the respective 
backbones of the two molecules to ensure that  the rest of 
the  sequences were aligned to achieve optimal  structural 
overlap.  Therefore it is not  surprising  that  some discrep- 
ancies in detail exist between our alignment and the  struc- 
tural alignments suggested by others  (Zhang et al., 1991; 
Zhu et al., 1991). In  order  to resolve these  discrepancies, 

insofar as possible, we have made a more  careful  compar- 
ison of the  two  structures,  resulting  in  the revised se- 
quence  alignment  presented in Figure 3. This  sequence 
alignment is now in closer agreement with those of Zhang 
et al. (1991) and  Zhu et al. (1991), although  some dis- 
crepancies still exist,  mostly  due to  the subjective  inter- 
pretations  that have to be  made  regarding the  optimal 
alignment  within the  loop regions. 
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IL-le  161 SER PHE VAL GLN GLY  GLU GLU SER ASN ASP LYS 

Fig. 3. Alignment  of  the  amino  acid  sequences  of  hbFGF  (Abraham  et  al., 1986) (sequence  numbered  to  correspond  to  bovine 
bFGF; Esch  et al., 1985) and  interleukin  (IL)-Ip  (Gimenez-Gallego  et  al., 1985; Thomas & Gimenez-Gallego, 1986) suggested 
by  the  correspondence  between  their  three-dimensional  crystal  structures  (Priestle  et  al., 1989; Eriksson  et  al., 1991; this  work). 
The  sequence  of  bovine  aFGF is also  included  (Gimenez-Gallego  et  al., 1985). The  50  residues  whose  or-carbons  structurally  su- 
perimpose  with an  rms  discrepancy  of  0.52 A are  indicated  with  asterisks.  Residues  in  bFGF  that  are  indicated  by  the  algorithm 
of  Kabsch  and  Sanders (1983) as  having  a  &sheet  conformation  are  indicated (0). There  are I O  such ''&sheet strands"  shown 
in  the  figure.  There  are  two  additional  segments,  indicated (0 . . . 0) that  do  not fulfill  the  Kabsch  and  Sanders  criteria  for 
0-sheet  strands  but  form  the  10th  and  1  lth of the 12 @-strands  that  comprise  the  overall  framework of the  bFGF  and  IL-10  struc- 
tures.  These  segments  have  been  realigned  relative to Eriksson  et  al. (1991) to now  comprise  residues 115-117 and 122-127. 

According to the sequence alignment shown in Figure 3, 
there is only a 13%  sequence  identity  between bFGF  and 
IL-10 (18 out  of 134). Among  the 50 residues that  super- 
impose within 0.5 A, 9  are  identical  (18%). The close cor- 
respondence of the  backbone  core,  notwithstanding low 
sequence  homology,  can  presumably  be  attributed to  the 
interlocking  &sheet  network  that  characterizes  these 
structures.  This  network  forms  a  scaffold  that is defined 
by backbone-backbone  rather than side-chain-side-chain 
or side-chain-backbone interactions  and  therefore may be 
relatively  insensitive to  amino acid  substitution. 

P-Mercaptoethanol binding 

There  are  four cysteine residues in hbFGF, located at po- 
sitions 25,69, 87, and 92 (Abraham  et  al., 1986). Cys 25 
and Cys 92 are highly conserved  in  different  members  of 
the  FGF family (Burgess & Maciag, 1989; Finch  et al., 
1989; Marics et al., 1989). Two  0-mercaptoethanol (BME) 

molecules,  present  in the crystallization  medium, were 
identified in the  bFGF  structure  forming  disulfide bridges 
to Cys 69 and Cys 92, respectively. The BME  molecule 
bound  to Cys 69 appears to be  fully  occupied and has ge- 
ometry typical of a  normal disulfide linkage. The distance 
between the  two  sulfurs is 2.1 A and  the  torsion angle 
Cys 69-CP-SY-SY-CP-BME  is  -71.8". In  addition,  the hy- 
droxyl group of this BME molecule forms a hydrogen 
bond (3.0 A) to  the  one of the  four oxygens of  a  sulfate 
ion  bound  to a  symmetry-related  protein molecule in the 
crystal.  This  interaction is probably of significance for 
crystal  packing and may explain the need for BME in the 
crystallization medium.  In principle this interaction might 
stabilize  the  binding of sulfate  but is probably  not of sig- 
nificance  because  a  sulfate  ion  has been observed at  the 
same site in the  structure of hbFGF solved  in  a  different 
crystal form in the absence of BME (Zhang et al., 1991). 

The  sulfur  of Cys 92 appears  to occupy  two  alterna- 
tives, defined  as SY' and SY2, with x1 values of -42.3" 
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(g+)  and 27.0"  (g-), respectively, Extra electron  density 
was  observed  in the vicinity of the SY2 atom, extending 
toward bulk solvent.  This  density was interpreted and re- 
fined as a BME molecule with an  occupancy  of 0.5, i.e., 
the  same  occupancy  as  the S T 2  atom.  The  distance be- 
tween the two  sulfur  atoms is 2.0 A. However, except for 
the electron-dense sulfur atom,  the remaining BME atoms 
are  not well defined and have high temperature  factors. 
This  part  of  the  bFGF molecule, which includes  residues 
87-89 and is situated in a mobile loop, is  very flexible. The 
torsion value for Cys 92 (g-)-C'-S?-SY-CP-BME  is 58.1 ". 

Both  BME molecules described  above were also  ob- 
served in the electron density maps of the selenate-treated 
crystals of hbFCF.  This is somewhat  surprising  because 
crystals  have  a relatively high pH of  8.1  and were thor- 
oughly washed in the absence of reducing  agent  before 
they were soaked with the  ammonium selenate  solution 
(otherwise  a  precipitate formed). 

I t  has recently been shown that  the  two nonconserved 
cysteines of  bFGF  from bovine  pituitaries, Cys 69 and 
Cys  87, are  S-thiolated with glutathione  (Thompson, 
1992). In  addition these  two  nonconserved cysteines are 
also  blocked by carboxymethyl  groups if the  protein is 
treated with iodoacetic  acid  (Caccia et al., 1992). The 
formation  of  an  adduct between BME and Cys 69, indi- 
cated by the electron  density  maps, is consistent with the 
accessibility of this  residue to  other ligands. Cys 87 is 
situated in a loop  and is within  a very flexible part of the 
molecule (Fig.  2). Because of  this flexibility it is possible 
that Cys 87 reacts or partially  reacts with BME,  but  this 
cannot be  visualized in the  electron  density  map. In 
the  case  of  Cys  92,  however, the  crystallographic  data 
suggest that  this cysteine is at least partially accessible to 
BME,  whereas the  modification  studies suggest no such 
availability. 

Heparin binding 

Both aFGF  and  bFGF have  a high affinity  for  heparin, 
a  naturally  occurring highly sulfated  glycosaminoglycan. 
Heparin  has been shown to modify  the activity of FGFs 
(Uhlrich et al., 1986; NeufeId et al., 1987) and  to protect 
them  from heat and acid  inactivation  (Gospodarowicz & 
Cheng, 1986) and  from  proteolytic digestion (Baird et al., 
1988; Rosengart et al., 1988; Saksela et al., 1988; Damon 
et al., 1989). 

We have previously reported  that a  sulfate  ion,  present 
in the crystallization  medium,  binds to  the surface  of 
hbFGF  forming  hydrogen  bonds  to  the side  chains of 
Lys 27, Arg 120, and Lys 125 as well as  to  the main-chain 
nitrogen  atom  of  Arg 120. This  immediately suggested 
that these residues might also be involved in heparin  bind- 
ing (Eriksson et al., 1991). The refined structure  at 1.6 A 
resolution  confirms  the  interactions between the  sulfate 
ion  and  the  protein. These are illustrated in  Figure 4 and 
Kinemage 3.  In  addition to interactions with the  protein, 

two of  the  sulfate oxygens (0, and 0,) form hydrogen 
bonds to two water molecules (2.9 A and 2.8 A). The third 
sulfate  oxygen, 03, forms a  hydrogen bond (3.0 A) to 
the hydroxyl group of a symmetry-related BME molecule. 
The side chain  of  Arg 120 is not perfectly defined and  the 
electron  density suggests two  alternative  conformations. 
In  one  conformation (Fig. 4) a single hydrogen bond is 
made  to  the  bound  sulfate  ion. When modeled in its sec- 
ond  position,  both N' and Nql of  the  guanido  group  are 
within hydrogen  bonding  distance (Fig. 5). 

Reductive  methylation of lysine residues  in aFGF has 
previously suggested the conserved Lys 125 as  having  a 
role  in  heparin  binding (Harper & Lobb, 1988). Site- 
directed  replacement  of Lys 125 with glutamic  acid  also 
causes  significant  reduction  in  heparin  binding (Burgess 
et al., 1990b). Thus  there now exists ample evidence that 
Lys 125 is involved in  heparin  binding. 

Nevertheless, to verify the binding of sulfate to  the pro- 
tein,  the  structure of hbFGF was solved using crystals in 
which the  sulfate ions were replaced by the  more electron- 
dense  selenate  ions.  Interestingly, in this  structure of 
hbFGF,  two binding sites for selenate ions were identi- 
fied.  The  first selenate  binding  site is identical with the 
previously identified sulfate binding site and  confirms  the 
earlier  result. The  second, unexpected site is about 6 A 
from  the  first.  The hydrogen bonding interactions formed 
by the second selenate ion are illustrated in Figure 5. Two 
of  its oxygens are liganded by the side  chains  of  Arg 120 
and Lys 135. Another oxygen is 2.4 A from  the N r  atom 
of Lys 52 of a symmetry-related molecule. It should  be 
noted, however, that no electron  density is observed for 
the C' and N< atoms of Lys 52 so these positions are not 
well defined. Glu 59, from  the  same symmetry-related 
molecule  as Lys 52, is situated  such  that  both  its side- 
chain oxygens are only  2.9 A from  two of the selenate ox- 
ygens (Fig. 5) .  The presence of the  two negative  charges 
in such close proximity is presumably  unfavorable  and 
might  explain, at least in part, why the occupancy of  the 
selenate  ion at this  site is incomplete  (about 60%). In 
solution,  the "symmetry-related" Glu 59 would be absent 
from  the second  selenate  binding site so that binding in 
solution might be  enhanced  relative to that  observed in 
the crystal.  As  mentioned  previously,  the  side  chain of 
Arg 120 has  two conformations in the  1.6-A  (sulfate) 
structure. In the  ammonium selenate structure, how- 
ever,  the side  chain of Arg 120 adopts  the second of its 
two possible conformers, which permits simultaneous hy- 
drogen  bonds to both selenate ions (Fig. 5).  In the  sulfate- 
containing  structure  this  conformation permits hydrogen 
bonds  only to  the original  sulfate ion. 

Why a sulfate  ion is not observed at  the second selenate 
binding site is not  clear.  There is no indication in the re- 
fined 1.6-A structure  that this is a  potential  sulfate  bind- 
ing site. Indeed,  there is not even a solvent molecule seen 
at this site. As noted, however, the incomplete occupancy 
suggests that  the  affinity  for selenate is weak.  Also  a s d -  
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Fig. 4. Schematic  drawing  illustrating  the  binding of the  single  sulfate 
ion  to  hbFGF.  Hydrogen  bonds  are  indicated  by  dotted  lines.  Residues 
belonging to a  symmetry-related  molecule  in  the  crystal  lattice  are  iden- 
tified with the  symbol #. BME is a molecule of P-mercaptoethanol  bound 
to  Cys 69 in a  symmetry-related  molecule.  The  guanidinium  groups of 
Arg 109 of one FGF molecule and  Arg 120 of a  symmetry-related mol- 
ecule  are  within  hydrogen-bonding  distance,  although we are  not  sure 
of the  nature  of  this  interaction.  The  geometry is shown in Figure 6 .  

fate  ion is about 0.2 A smaller  in  diameter than selenate 
and so may  not  bridge  as well from  one  FGF molecule to 
another in the  crystal  lattice (Fig. 5). 

The presence of two closely spaced anionic binding sites 
on bFGF does  suggest that  both might  participate  in  the 
binding of heparin.  Heparin is a  mixture of highly sulfated 
glycosaminoglycans, and  there is no stereochemical  rea- 
son why a  molecule  of  heparin  could not simultaneously 
occupy  the twin  anionic  binding  sites on  the surface  of 
bFGF. 

Methods 

Native  structure in ammonium sulfafe 

Protein  purification  and  crystallization were as described 
(Shing et al., 1984; Barr et al., 1988; Eriksson  et al., 1991; 
Zhang et al., 1991). The crystals grow in  the triclinic space 
group P1 with the unit cell a = 30.9 A, b = 33.4 A, c = 
35.9 A, a = 59.5", 6 = 72.0", and y = 75.6'. Initial crys- 
tals were grown  at  pH 8.1 by vapor  diffusion  from 2.0 M 
(NH4)2S04, 0.1 M Tris-HC1, pH 8.1, 0.1 M  NaCI, and 
0.1 Yo (v/v) BME. However,  the success of  this  project 
was made possible by the  improvement of crystal qual- 
i ty by macroseeding  (Eriksson et al., 1991). 

The  structure was initially  solved  using  multiple iso- 
morphous replacement and refined  using the  TNT least- 
squares refinement program  package  (Tronrud et al., 
1987) to  an  R-factor of 17.4% including data  from 20.0- 

Fig. 5. Schematic  drawing  illustrating  the  binding  of  two  selenate  ions 
to  hbFGF.  Conventions  as  in  Figure 4. 

2.2  A resolution  (Eriksson et al., 1991). A native data set 
to  1.6  A resolution  has  now  been  collected on a  Xuong- 
Hamlin  area  detector  (Xuong et al., 1985) using  graph- 
ite-monochromated  CuKa  radiation  from a Rigaku 
RU200 rotating  anode.  Initially,  both  detectors were 
placed  such that  only reflections  between 3.0 and 1.6 A 
were collected. Each  frame was 0.13', and  counts were ac- 
cumulated  for 40 s per  frame.  Data collection  then  con- 
tinued  at 13 s/frame, including  lower  resolution data. 
Rmerge'  for this data set was 2.7%. To  obtain a  complete 
low-resolution data, 46,606 observations  from  the 1.6-A 
and  the initial 2.2-A data sets were combined to give 
13,971 unique  reflections (90% complete  at 1.6 A reso- 
lution) with Rmerge of 4.0%. 

Starting with the previous model (Eriksson et al., 1991), 
a total of 1 1 rounds of "conjugate  direction" TNT refine- 
ment (Tronrud et al., 1987; Tronrud, 1992) were then per- 
formed,  interrupted by manual inspection of the model 
against 21 Fo I - 1 F, I and IFo I - 1 F, I electron  density 
maps,  calculated with phases from  the present  model. 
Maps  and  coordinates were visualized on  an Evans and 
Sutherland  graphics  display using the  program  FRODO 
(Jones, 1982). Each  round of TNT refinement  typically 
included four cycles of "loose weights" refinement where 
the model was allowed to relax  its  geometry to  about 
0.06-0.1 A rms  deviation in bond  lengths.  Then followed 
an additional four  to six  cycles of refinement with weights 
that constrained  the  bond length deviation to 0.02-0.017 A 
rms. The model was then  inspected  manually on the dis- 
play.  During the  first  four  rounds of refinement  the higher 

I R~~~~~ = zhk, X, 11, - ( I )  I / C ( I )  for multiple  measurements 
(i) from  the  same  crystal. 
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resolution data were added stepwise: 20-1.9 A ,  20-1.8 A ,  
and 20-1.6 A. After these four  rounds  the  R-factor was 
17.8%. During the remaining seven rounds of refinement, 
only  minor  corrections  had to be made  to  the  model. 

The  crystallographic  R-factor  for  the fully  refined 
model of hbFGF is 16.1% for all reflections observed be- 
tween 20.0 and l .6 A resolution.  Stereochemical  devia- 
tions  from ideal values are 0.016 A and  2.7"  for  bond 
lengths and  bond angles, respectively. Not included in the 
final  model are residues 1-19 at  the N-terminus and resi- 
dues 144-  146 at  the  C-terminus.  Although  residues 1 - 19 
cannot  be seen in the electron  density  maps,  their pres- 
ence  in  the  crystals was verified by Edman  degradation 
using protein  from dissolved crystals (data  not  shown). 
It was, however, possible to include in the model the  three 
amino acids, residues 87-89, that were unclear in the elec- 
tron density  maps  calculated at 2.2 A resolution  (Eriks- 
son et al., 1991). The final  model of hbFGF  at  1.6 A 
resolution includes one  bound  sulfate  ion,  two BME mol- 
ecules attached to Cys 69  and Cys 92, respectively, and 
70 water molecules. A  sample region of  electron  density 
from  the final 21F0 1 - 1 &.I map is shown in Figure  6. 

The  mean  temperature  factor is 25.7 A' for all protein 
atoms (18.4 A' and 32.8 A 2  for main-chain and side- 
chain  atoms  only, respectively), 39.2 A 2  for  the  sulfate 
ion,  and 30.5 A2 and 67.6 A 2  for  the BME molecules sit- 
uated  at Cys 69 and Cys 92, respectively. However, the 
carbinol  group of the  latter BME molecule has  tempera- 
ture  factors exceeding the  cutoff value of 100 A', indi- 
cating that it is very mobile. 

The electron  density suggests that  both Cys 92 and 
Arg 120 display alternative  conformations.  The  latter res- 
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idue is of special interest because it  participates in sulfate 
binding.  The side  chain of Cys 92 was refined  assuming 
an equal  distribution between the  g+  and  g- rotamers 
(Janin et al., 1978). The  temperature  factors of Sy in the 
alternative  conformations  are 17.2 and 28.7 A 2 ,  respec- 
tively. BME can  only  bind to  Cys 92 when its side chain 
adopts  the  g-  rotamer.  Therefore this BME molecule 
was refined at half  occupancy  as well. 

All 70 water molecules included  in the model have 
B-factors less than 62 A'. The average  temperature  fac- 
tors  for  the main-chain  atoms as well as  for  the side-chain 
atoms of each  residue are  shown in Figure 7. Side chains 
with no or only weak electron density are listed in Table 1. 
The  coordinates have been deposited  in the Brookhaven 
Protein  Data  Bank. 

Structure in ammonium selenate 

Crystals of hbFGF were thoroughly washed in the above- 
described  crystallization  solution  but  without the reduc- 
ing  agent  BME.  They were then  transferred to 3.0 M 
(NH4)'Se04,  0.1  M Tris-HC1, pH 8.1, and 0.1 M NaCI. 
The crystals were stored  for 3-4 days,  during which time 
the  ammonium selenate solution was changed frequently. 
A  total of 10,706 observations within 20.0-2.2 A resolu- 
tion were collected from a single selenium-soaked crystal 
using the  Xuong-Hamlin  area  detector. The final data set 
includes 5,018 unique  reflections  (83% of all reflections 
possible to 2.2 A) with an Rmerge of 5.3%.  The cell di- 
mensions for  the Se-soaked  crystal were a = 30.8 A,  b = 
33.5 A, c = 35.8 A, CY = 58.8", /3 = 72.4", and y = 76.1 '. 

9 

Fig. 6. Electron  density map (coefficients 21F01 - 16.1; phases  from  the  final  refined  model) in the vicinity of the  sulfate  bind- 
ing site,  superimposed  on  the  refined  structural  model.  Residues  belonging to a  symmetry-related  molecule in the  crystal  lattice 
are identified  with  the  symbol # and  have  solid  bonds.  Oxygen  atoms  are  drawn  as  solid  circles,  nitrogens  as  half-solid  circles, 
and  carbons  as  open  circles,  Resolution is 1.6 A .  Contours  are  drawn  at  a level of lo, where u is the  rms  density  throughout 
the  unit cell. BME is P-mercaptoethanol  bound  to  Cys  69 in the  symmetry-related  molecule. 
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n, 

Residue number 

Fig. 7. Crystallographic  thermal  factors  (B) for the  hbFGF  polypep- 
tide chain  plotted  as  a  function of residue number.  The mean main-chain 
and  side-chain  B-values  are  represented  by  the  solid  and  open  bars, 
respectively. 

The  isomorphous  differences, RiFom,* between the sele- 
nium  data set and  the 1.6-A native data is 16.0%. 

An initial (Fse - Fnative) electron  density map was cal- 
culated  with  phases  from  the  refined  native  model.  This 
map  contained  three  major  peaks of  height 7-8a where 
u is the  rms  density.  The  first peak  (Fig. 8A) was at  the 
site of the previously  inferred  sulfate ion,  confirming its 
identity  and its location.  The second  peak  (also  Fig. 8A) 
was 5.8 A from  the first and was in  the vicinity of Lys 135 
and  Arg 120. The  third highest  peak was situated  at  an- 
other face of the molecule, 2.3 A from  water molecule 165 
and in the vicinity of Lys 77, Glu 78, and Glu 91 (Fig. 8B). 

' Rirom = &I 1 Fs, - Fn,,ivc I /X F,,,,,,, where F,, and F,,,,iv.e are 
structure  factors  from  the  selenium-soaked  and  the  native  data  sets, 
respectively. 

Table 1. Atoms in side chains of hbFGF 
with no or only weak electron density" 

Residue  number No density Weak density 
~~~~ 

~~ ~ - ~~~~ 

Arg 22 
Lys 46 
Lys 52 
Gln 54 
Gln 56 
Ala 57 
Lys 86 
Cys 87 
Val 88 
Asp 90 
Arg 120 
Gln 123 
Lys 129 
Lys 135 
Leu  140 

N"' 
CY, C 6 ,  C', N' 
CA, C' NC 

Whole  side  chain 
CY, C*, N" 

C 0 
C6, C' 

CY2 
Oa2 
N"', N"' CC 

C', N r  
C', N' 
c 

CN, SY 

C', N" 

a In addition to the  side-chain  atoms listed in this table, no interpret- 
able electron density is seen for residues 1-19 at  the  N-terminus  and 144- 
146 at  the  C-terminus. 

It was clear that  the first  peak  corresponded to  the re- 
placement  of a bound  sulfate with a bound selenate ion. 
However,  the  interpretation of the second and  the  third 
peak was not  as  straightforward.  It seemed plausible that 
both  these  peaks might correspond  either  to  bound wa- 
ter molecules or  to selenate ions. The  structure was there- 
fore  independently refined  with  either  selenate or water 
molecules at  the  two positions.  With  a fully occupied wa- 
ter  molecule  refined at  the second  site,  calculated IF, I - 
IF, I maps  showed  residual positive  electron  density. In 
addition  the  thermal  factor  tended  to  become negative, 
also  indicating  the  presence of a  more  electron dense ob- 
ject  at  this  site.  From  such  experiments it is inferred  that 
a  selenate ion is bound  at  the second  site, although with 
less than 100% occupancy.  The  third peak was interpreted 
and refined  as  corresponding to a  fully-occupied  water 
molecule (number 224) although it cannot be excluded 
that  this  "water molecule"  might be a  third selenate ion 
bound with  low  occupancy.  There exist two positively 
charged  residues  in the vicinity, Lys 77 and  the symme- 
try-related Lys 46 from  a  different  FGF molecule. How- 
ever,  there  are  also  two  negatively  charged  residues 
nearby,  Glu 78 and  Glu 91. 

The  final  model of the hbFGF-selenate complex has an 
R-factor of 13.8% for all data  to 2.2 A resolution  with 
rms  deviations  from ideal  values  in bond lengths and 
bond angles of 0.018 A and 3.2", respectively. 
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