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Abstract 

The PotD protein from Escherichia coli is one of the components of the polyamine transport system present in the 
periplasm. This component specifically binds either spermidine or putrescine. The crystal structure of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE. coli PotD 
protein complexed with spermidine was solved at 1.8 8, resolution and revealed the detailed substrate-binding mech- 
anism. The structure provided the detailed conformation of the bound spermidine. Furthermore, a water molecule was 
clearly identified in the binding site lying between the amino-terminal domain and carboxyl-terminal domain. Through 
this water molecule, the bound spermidine molecule forms two hydrogen bonds with Thr 35 and Ser 21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. Another 
periplasmic component of polyamine transport, the PotF protein, exhibits 35% sequence identity with the PotD protein, 
and i t  binds only putrescine, not spermidine. To understand these different substrate specificities, model building of the 
PotF protein was performed on the basis of the PotD crystal structure. The hypothetical structure suggests that the side 
chain of  Lys 349 in PotF inhibits spermidine binding because of the repulsive forces between its positive charge and 
spermidine. On the other hand, putrescine could be accommodated into the binding site without any steric hindrance 
because its molecular size is much smaller than that of spermidine, and the positively charged amino group is relatively 
distant from Lys 349. 
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Polyamines, such as putrescine, spermidine, and spermine, are 
linear aliphatic biogenic molecules with two or more positively 
charged amino groups. They are involved in a wide variety of 
biological reactions, including nucleic acid and protein synthesis 
(Tabor & Tabor, 1984; Pegg, 1988). 

The  polyamine  transport  genes in Escherichia coli have been 
cloned and characterized (Kashiwagi et al., 1990, 1991, 1992; Fu- 
ruchi et al., 1991; Pistocchi et al., 1993). The proteins encoded by 
pPT104 and pPT79 operons constitute the spermidine-preferential 
and the putrescine-specific uptake system, respectively (Ames, 1986; 
Furlong et al., 1987). Each polyamine transport system consists of 
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four proteins: pPT104 encodes the PotA, PotB, PotC, and PotD pro- 
teins, and pPT79 encodes the PotF, PotG, PotH, and PotI proteins. 
PotA and PotG are bound to the inner surface of the cytoplasmic 
membrane. PotB, PotC, PotH, and PotI are transmembrane com- 
ponents that probably form polyamine transport channels. PotD and 
PotF are periplasmic components. PotD binds both spermidine and 
putrescine, although spermidine is preferred (Furuchi  et al., 1991). 
In contrast, PotF binds only putrescine (Pistocchi et al., 1993). 

The crystal structure of the PotD protein complexed with sper- 
midine was determined previously at 2.5 A resolution (Sugiyama 
et al., 1996b). The structure was found to be very similar to those 
of other periplasmic substrate-binding proteins, such as arabinose 
(ABP) (Quiocho & Vyas, 1984), galactose/glucose (GGBP) (Vyas 
et al., 1988), leucine (LBP) (Sack et al., 1989b), leucine/isoleucine/ 
valine (LIVBP) (Sack et al., 1989a), maltodextrin (MBP) (Spurli- 
no et al., 1991; Sharff et al., 1992), sulfate (SBP)  (Pflugrath & 
Quiocho, 1988), and lysine/arginine/ornithine (LAO)  (Kang  et al., 
1991; Oh et al., 1993) binding proteins, with repeating zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP-a-P units 
(Quiocho, 1991; Spurlino et al., 1991), although PotD shows no 
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significant overall sequence similarity with any of them. In par- 
ticular, its overall folding topology is the same as those of MBP, 
SBP, and LAO. The detailed structural comparison has been pub- 
lished elsewhere (Sugiyama et al., 1996b). The 2.5-8, X-ray struc- 
ture of the PotD-spermidine complex revealed that four acidic 
residues (Glu 36, Asp 168, Glu 17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1, and Asp 257) and five aro- 
matic residues (Trp 34, Tyr 37, Trp 255, Tyr 293, and  Trp  229) 
interact with the spermidine molecule. Although the structure of 
the PotD-putrescine complex remains unknown, mutational anal- 
yses suggest that the location of the putrescine molecule bound to 
PotD is equivalent to that of the diaminobutane moiety of the 
bound spermidine (Kashiwagi et al., 1996). 

In the present study, we have determined the 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3-8, X-ray struc- 
ture of the PotD-spermidine complex (Kinemage 1). This detailed 
structure, refined at higher resolution, reveals the precise mecha- 
nism of spermidine binding to PotD, which was not clear in the 
2.5-8, structure. To further investigate the differences in the sub- 
strate specificity between PotD and PotF, we built a model of the 
PotF structure, using the PotD structure as a template. 

Results and discussion 

Crystal structure of the PotD-spermidine complex 

In this present work, the PotD-spermidine complex has been crys- 
tallized in a tetragonal form.  The crystal contained one subunit in 
an asymmetric unit, whereas the monoclinic form, the structure of 
which was previously determined at 2.5 8, resolution, contained 
two  dimers in an asymmetric unit (Sugiyama et al., 1996b). The 
crystal data of the monoclinic and tetragonal forms are summa- 
rized  in  Table I .  The average values  of  the RMS deviations (RMSDs) 
between the crystal structures of the monoclinic and tetragonal 
forms  are 0.46 8, for all C a  atoms, 0.43 8, for the amino-terminal 
domain ( N  domain) C a  atoms, and 0.47 8, for  the carboxyl- 
terminal domain (C domain) C a  atoms. Although the two crystals 
have different subunit interactions and molecular arrangements, 
these RMSDs are very small. This result suggests that the confor- 
mations between the N and C domains of PotD-spermidine com- 
plex are considerably rigid. 

A crystal structure of the PotD-spermidine complex was deter- 
mined at 1.8 8, resolution (Fig. 1 and Kinemage I ) .  The PotD 
molecule is divided into two domains, which are connected through 
two zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP strands and one  short peptide segment. The  two connecting 

Table 1. Crystal  data and X-ray data  processing  statistics 

Monoclinic form Tetragonal form 

Space  group p2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 14 I 
Cell constants zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A) 

a 145.3  130.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h 69.1  130.3 
c 72.5  38.7 

Resolution (A) 2-2.5 -1.8 
No. of measured reflections 141,071  246,53 1 
No. of independent reflections 40,242  24,579 
Completeness (%) 84.4  87.8 
Rmerx'a (%) 9.4  9.1 

P (") 107.6" 

ORmrrge = CII - (I)lC(I)l x 100. 

N 

Fig. 1. Overall structure activity and active site of the PotD protein. This 
ribbon model of the PotD protein was drawn using MOLSCRIPT (Kraulis, 
1991). The N domain lies at the bottom and the C domain is  at the top. The 
spermidine molecule is bound in the central cleft between the two domains. 
Four acidic residues in the active center are indicated by ball and stick 
models. 

strands form a hinge between the two domains, and this hinge lies 
at the bottom of the cleft. A similar folding pattern is exhibited by 
the two domains, consisting of a central P sheet and flanking zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
helices. 

The PotD protein exhibits no significant sequence similarity with 
other periplasmic substrate-binding proteins, such as ABP,  GGBP, 
LBP, LIVBP, MBP,  SBP, and LAO (less than 20% sequence iden- 
tity). However, the PotD protein and these periplasmic proteins share 
a similar dP type fold, which consists of repeated P-a-P units. Ac- 
cording to the differences in the detailed folding topology, these peri- 
plasmic binding proteins can be further classified into two groups, 
termed I and I1 (Spurlino et al., 1991). Group I contains ABP, GGBP, 
LBP, and LIVBP,  and Group I1 includes MBP, SBP, and LAO. Group 
I has the P-sheet topology of the N domain represented as Pn-PD- 
PC-PA-PB, whereas the topology of group I1 is  PD-Pn-PC-PA- 
PB. In this article, the notation follows that of Spurlino et al. (1991), 
and pn denotes the P strand that first occurs after the chain returns 
from the C domain. Therefore, the PotD structure belongs to group 
11. There is a single substrate-binding site in these periplasmic bind- 
ing proteins and it lies between the N and C domains. Several struc- 
tures of these proteins are known with respect to both liganded and 
unliganded forms, which show that they undergo large hinge-bending 
motions upon binding ligand. A similar process may occur in the 
PotD protein (Sugiyama et al., 1996b). 

Spermidine binding 

The 1.8-8, X-ray structure clearly revealed a water molecule in the 
substrate-binding cleft of PotD (Kinemage I) .  This solvent mol- 
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Table 2. Hydrogen bonds and salt bridge interactions 
between spermidine, protein, and solvent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Protein/solvent 
Spermidine Distance 

Residue Atom atom (A) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Thr 35 
Glu 36 
Tyr 85 
Asp 168 

Glu 171 
Asp 257 

Gln 327 
Wat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

OYl 
Oe2 
OH 
061 
062 
0 € 1  
0 6  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
062 
OE 1 
0 

N3 
N3 
N I  
NI 
N1 
NI 
N2 
N2 
N1 
N3 

3.3 
3.1 
2.7 
3.7 
3. I 
2.7 
3.5 
2.9 
2.6 
2.7 

Protein Solvent 
Distance 

Residue Atom Residue Atom (A) 

Thr 35 071 Wat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 3.0 
Ser 21 1 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 2.6 

ecule, which was not observed in the 2.5-A monoclinic crystal 
structure, formed a hydrogen bond with the terminal amino group 
of the aminobutyl moiety of the spermidine bound to PotD. Fur- 
thermore, it formed two hydrogen bonds to the hydroxyl group of 
Thr 35 and the main-chain carbonyl oxygen of Ser 2 1 1 .  The hy- 
drogen bonds and the salt bridge interactions between the spermi- 
dine, protein, and solvent molecules are summarized in Table 2. 

These findings are consistent with the results from mutational 
analyses (Kashiwagi et al., 1996), in which spermidine uptake 
activities were measured in intact cells expressing mutated PotD 
proteins. It was found that Glu 171, Trp 255, and Asp 257 partici- 
pated in the binding of spermidine more strongly than the others 
among the aforementioned amino acids. Furthermore, the mutant 
proteins in which Glu 171, Trp 255, and Asp 257 were replaced 
exhibited lower binding activities for spermidine among the vari- 
ous mutants. 

The crystal structure of the free spermidine molecule has al- 
ready been determined by two groups (Giglio et al., 1966; Huse & 

Iitaka, 1969). We compared these structures with the 1.8-A struc- 
ture of spermidine bound to PotD (Fig. 2). The torsion angles of 
spermidine trihydrochloride (Giglio et al., 1966), spermidine phos- 
phate trihydrate (Huse & Iitaka, 1969), and spermidine bound to 
PotD are listed in Table 3. Whereas the backbone conformation of 
the free spermidine molecule is almost flat, that of the form bound 
to PotD was bent. This suggests that the spermidine molecule is 
highly flexible and undergoes a large conformational change when 
binding to the active site. Distortion of the spermidine conforma- 
tion is likely to have been caused by the intermolecular contacts 
with the PotD protein. 

Substrate specificity of polyamine-binding proteins 

Another E. coli periplasmic polyamine binding protein, PotF, ex- 
hibits 35% sequence identity to PotD, implying that the overall 
architectures are well conserved between the two proteins. How- 
ever, they have different substrate specificities. The PotD protein 
binds both spermidine and putrescine, with dissociation constants 
(&) of 3.2 pM and 1 0 0  pM, respectively (Kashiwagi et al., 1993). 
On the other hand, PotF binds only putrescine, with a Kd of 2.0 pM 
(Pistocchi et al., 1993). The present structure, highly refined at 1.8 
A resolution, tempted us to examine how the two proteins could 
exhibit such different substrate specificities. 

The amino acid sequences of the PotD and PotF proteins were 
compared and aligned (Fig. 3). Among the 14 residues of PotD 
involved in spermidine binding, 8 of them (Trp  34 with Trp 37, 
Tyr  37 with Tyr 40,  Ser 83 with Ser  85, Glu 171  with Glu 185, 
Ser 21 1 with Ser 226, Trp 229 with Trp 244, Asp 257 with 
Asp 278, Tyr 293 with  Tyr 3 14) are invariant in  PotF,  and three are 
replaced by similar amino acids (Thr 35 by Ser 38, Glu 36 by 
Asp 39, and Trp 255 by Phe 276). Therefore, the different substrate 
specificity of PotF may  be caused mainly by the substitutions at 
the remaining three residues (Tyr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA85 by Ser 87, Asp 168 by 
Ala 182, and Gln 327 by Lys 349). 

The side-chain hydroxyl group of  Tyr 85 in PotD was hydrogen 
bonded to the terminal amino group of the spermidine. Due to the 
conservation of the hydroxyl side chain, Ser 87 of PotF may retain 
the hydrogen bond to the spermidine. The carboxyl group of 
Asp 168 in PotD forms  a hydrogen bond and a salt bridge with 
spermidine. Substitution of Ala 182 may cause PotF to lose this 
strong electrostatic interaction with spermidine, and hence it de- 
creases its ability to bind spermidine. In the PotD protein, the side 

Table 3. Torsion angles of spermidine molecule 

Spermidine 
phosphate trihydrateh 

Spermidine 
in protein 

N(I)-C(I)-C(2)-C(3) 202.4 
C(l)-C(2)-C(3)-N(2) 186.5 
C(2)-C(3)-N(2)-C(4) 78.6 
C(3)-N(2)-C(4)-C(5) 181.9 
N(2)-C(4)-C(5)-C(6)  193.7 
C(4)-C(S)-C(6)-C(7) 160.5 
C(S)-C(6)-C(7)-N(3) 81.5 

Spermidine 
trihydrochloridea 

180.0 
180.0 
180.0 
180.0 
180.0 
180.0 
180.0 

Molecule I 

181.8 
177.3 
187.5 
171.9 
178.5 
183.9 
176.9 

Molecule II 

183.5 
176.1 
179.9 
187.2 
185.2 
177.0 
175.7 

a Giglio  et al. (1966). 
Huse and Iitaka (1969). 



The 1.8-A structure of the PotD protein zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1987 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B w 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. Stereo  drawings of the  atomic  structures of spermidine molecules. A: Spermidine  trihydrochloride molecule (Giglio et  at., 
1966). B: The molecule in  the  tetragonal  form of the PotD crystal. C: The  final 21FJ - IF,[ electron density  around  the  bound 
spermidine molecule. Residues of the N domain  are  green,  the C domain is blue, and  the  substrate is red. A water molecule overlaps 
with  the  spermidine molecule on the left side. Through this water molecule, the  spermidine molecule forms two hydrogen  bonds  with 
Thr 35 and  Ser 21 1 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

chain of  Gln 327, which  is  hydrogen  bonded  to  the  spermidine 
amino  group,  is  replaced by  Lys 349 in the  PotF  protein.  The 
positive  charge of  Lys 349 could  cause  serious  electrostatic  repul- 
sion  against  the  positively  charged  amino  group of spermidine, and 
would  thereby  greatly  reduce  the  ability  of  the  PotF  protein  to  bind 
spermidine  (Fig. 4). 

Putrescine  is  equivalent to the  diaminobutane  portion of sper- 
midine,  because  it  lacks the aminopropyl  moiety.  Mutational  anal- 
yses  indicated  that,  when  bound  to PotD, the  putrescine  molecule 
occupies  the  identical  position  to  that of  the diaminobutane  portion 
of spermidine  bound to PotD  (Kashiwagi  et  al., 1996). It  would  be 
reasonable  to  assume  that  putrescine  could  be  positioned in PotF  in 
the same manner as found  in  PotD. The substitutions  at  the  above 
three  positions  could  therefore  disturb  spermidine  binding by  PotF, 
although  they  do  not  affect  putrescine  binding. 

To  investigate  these  implications for  binding,  a  three-dimensional 
structural  model  of PotF was constructed,  using  the 1.8-A PotD- 
spermidine  complex  structure  as  a  template.  First,  the PotF struc- 
ture was  modeled  according  to the sequence  alignment  in  the  PotD 
crystal  structure. A spermidine  molecule  was  then  simply  docked 
into  the  model, by assuming  that  it  occupies  the  same  position as 
in the PotD-spermidine  complex. 

The  interaction of spermidine with PotF  is  shown  schematically 
in  Figure 4B. In the model,  Asp 39 and  Phe 276 can  interact  with 
the  spermidine  molecule.  The  side-chain  hydroxyl  group of Ser 87 
is 6.49 8, away from  the  terminal  amino  group of the  aminopropyl 
portion of  the  spermidine. This  distance  is  too  large  for  Ser 87 to 
hydrogen  bond  to  the  amino  group. The distance  between  the two 
amino  groups of Lys 349 and  spermidine  is 1.46 A, which gener- 
ates  serious  steric  hindrance. 
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FiR. 3. Sequence alignment between  PotD  and PotF proteins; Structurally equivalent residues are aligned. The gaps  inserted  for 
optimal  alignment "-." Painvise sequence comparison  of PotF with  PotD  exhibited 3 4 6  sequence identity.  Active  residues  of  PotD  and 
the  predicted active residues of  PotF are indicated by shaded boxes. A consensus motif  region  is  indicated by a clear box.  Fourteen 
residues of  the  PotD  protein (Trp 34. Thr 35, Glu 36.  Tyr 37, Ser 83. Tyr 85, Asp  168, Glu 171, Ser 21 I .  Trp  229. Trp 255.  Asp  257, 
Tyr  293.  and Gln 327). which  are  involved in spermidine binding. are replaced by Trp 37, Ser 38, Asp  39. Tyr 40. Scr 85, Ser 87. 
Ala  182, Glu 185. Ser 226.  Trp  244.  Phe  276.  Asp  278.  Tyr  314.  and  Lys 349, respectively. in the PotF protein. 

In conclusion, the crystal structure of the E. coli PotD protein 
complexed with spermidine was determined at 1.8 A resolution. 
The refined structure revealed a water molecule in the binding site 
of the PotD protein, and through this water molecule, the bound 
spermidine molecule forms two hydrogen bonds with Thr 35 and 
Ser 21 I .  In addition to direct polar and van der Waals interactions, 
these indirect interactions should contribute to spermidine recog- 
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nition. Furthermore. the PotD structure was found to be very sim- 
ilar to those of MBP,  SBP, and LAO, which are members of the 
periplasmic binding protein superfamily. Structural comparison sug- 
gests that a large hinge-bending motion, similar to those observed 
in these binding proteins, may occur in the PotD protein. The 
examination, based on the model building, led to the following 
putative mechanism of polyamine binding by  PotF. Putrescine would 

B 

Fig.4. Interactions of spermidine  with  protein atoms. Schematic diagram of electrostatic and  van der Waals interactions with a 
polyamine. A: The active site of  PotD. The methylene  backbone of the spermidine makes  van der Waals contacts with  the  aromatic 
side chains of five residues:  Trp 34. Tyr  37. Trp 229.  Trp  255.  and  Tyr  293. All of  the  three  charged amino groups of spermidine make 
electrostatic interactions with  the  PotD  protein. The terminal amino group of the spermidine aminopropyl  moiety  forms  hydrogen  bonds 
and a salt  bridge  with  the side-chain carboxyl groups of Asp  168  and Glu 171,  and  is  hydrogen  bonded to the side chains of Gln 327 
and  Tyr 85. The amino group in the  middle of the spermidine molecule  is  recognized  by  the  side  chain of Asp  257. The other terminal 
amino group forms  hydrogen  bonds  with  the  carboxyl side chain of Glu 36 and  with  the  hydroxyl group of  the  side  chain of Thr 35. 
R: Predicted active site  of  PotF. It is  mainly  composed  of five aromatic side chains, Trp  37,  Tyr 40, Trp  244,  Phe  276,  and  Tyr  314. 
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interact with Trp 37,  Ser  38, Asp 39, Tyr 40,  Ser 226, Trp 244, 
Asp 278, and Tyr 314 of  PotF.  In contrast, PotF does not bind 
spermidine, particularly because the replacement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Gln 327 of 
PotD by Lys 349  causes an unfavorable repulsion between the 
positive charges of its side chain and the terminal amino group of 
spermidine. 

Materials and methods 

Crystal structure determination  and refinement 

The PotD protein was crystallized in two different forms (mono- 
clinic and tetragonal) in the presence of spermidine (Table 1). 
Procedures for crystallization and  data collection were reported 
previously (Sugiyama et al., 1996a). The cocrystallizations of the 
PotD protein with spermidine were performed using the sitting 
drop method. The monoclinic form of PotD complexed with sper- 
midine was obtained at 12 "C in a solution containing 15% (w/v) 
polyethylene glycol 10,000 and 10 mM Bis-Tris buffer, pH 7.0. 
The tetragonal form of the same complex was obtained from a 
crystallization drop containing the protein-spermidine mixture in 
15% polyethylene glycol 4,000 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 mM HEPES buffer, pH 7.0, 
at 20 "C. Intensity data were collected, using an automated oscil- 
lation camera system (DIP-320, MAC Science) with a cylindrical 
imaging plate detector, and they were merged by the use of the 
program PROTEIN, version 3.1 (Steigemann, 1974). 

The crystal structure of the tetragonal form was solved using the 
molecular replacement technique, in which the structure of the 
monoclinic form refined at 2.5 8, resolution (Sugiyama et al., 
1996b) was the search model. Rotation and translation functions 
were calculated using the X-PLOR program package (Briinger, 
1992). A Patterson map for the tetragonal form was calculated 
using the observed intensities from 15.0 to 4.0 8, resolution. An- 
other Patterson map for search was also calculated from data with 
the same resolution range, using the initial model in the space 
group PI lattice, with unit cell dimensions of a = b = c = 120 A. 
The rotation search based  on the PC-refinement procedure (Briinger, 
1992) provided one strong peak and the translation search also 
yielded a prominent peak. Rigid-body and simulated annealing 
refinements were then conducted with X-PLOR. After these re- 
finements, the R-factor and R-free were reduced from 44.3% to 
27.6% and from 43.8% to 36.4%, respectively, for data between 
10.0 and 1.8 8, resolution. The (21F,I - IFc[)  electron density map 
showed obvious improvement for all of the protein atoms. The 
PotD and spermidine molecule could be fitted to the electron den- 
sity without ambiguity. The refinement was subsequently per- 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. Final refinement parameters of  the 
PotD complex (tetragonal  form) 

Number of atoms 
Number of solvent atoms 
Number of spermidine atoms 
Number of parameters 
Resolution range (A) 
Number of used reflections 
R-facto? (%) 

2,927 
357 

I O  
I 1.709 
6.0-1.8 

23,364 
19.8 

Table 5. Weighting parameters in the final refinement 
of the PotD complex (tetragonal form) 

Restraints RMSDa Target ob 

Distance (A) 
Bond 
Angle 
Planar 1-4 
Planar groups zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A) 
Chiral volumes (A') 

Nonbonded contacts (A) 
Single torsion 

Multiple torsion 
Possible H-bond 

Torsion angles (") 
Peptide planar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( w )  
Staggered (?60 or 180") 
Orthogonal (590") 

Isotropic B-factors (A2) 
Main-chain bond 
Main-chain angle 
Side-chain bond 
Side-chain angle 

0.013 
0.037 
0.046 
0.01 1 
0.165 

0.186 
0.2 15 
0.243 

1.8 
22.3 
32.7 

1.170 
1.866 
1.589 
2.243 

0.020 
0.035 
0.050 
0.020 
0.150 

0.300 
0.300 
0.300 

3.0 
15.0 
20.0 

1.500 
2.000 
2.000 
2.500 

a RMSD from ideality. 
The weight for each restraint was l/a2. 

formed using the programs PROTIN/PROLSQ (Hendrickson, 1985) 
and  CONEXN (Pahler & Hendrickson, 1990). Final R-factor 
was 19.8% for data from 6.0 to 1.8 8, resolution. Refinement 
statistics are summarized in Tables 4 and 5. Ramachandran plots 
for the main-chain torsion angles were analyzed with PROCHECK 
(Laskowski et ai., 1992). All  of the 9 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI#J torsion angles for the 
non-glycine residues lie within the allowed regions. 

Modeling of the PotF structure 

The model  of the PotF structure was built according to standard 
homology modeling procedures. The 1.8-8, X-ray structure of PotD 
was used as a template for the model and alignment of the PotD 
and PotF sequences was achieved by the method of Needleman 
and Wunsch (1970), with slight manual modifications. The model 
was refined by energy minimization using the program PRESTO 
(Morikami  et al., 1992) to remove van der Waals clashes. 

Atomic  coordinates 

Atomic coordinates and the structure factors have been deposited 
in the Protein Data Bank, Brookhaven National Laboratory, Upton, 
New York. 
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