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Abstract 

The  structure of the long-chain flavodoxin from  the photosynthetic  cyanobacterium Anabaena 7120 has been de- 
termined at 2 A resolution by the molecular replacement method using the atomic  coordinates of the long-chain 
flavodoxin from Anacystis nidulans. The structure of a  third long-chain flavodoxin from Chondrus  crispus has 
recently been reported. Crystals of oxidized A .  7120 flavodoxin belong to  the monoclinic space group  P2, with 
a = 48.0, b = 32.0, c = 51.6A, and 0 = 92", and  one molecule in the asymmetric unit. The  2 A intensity data were 
collected with oscillation films at  the  CHESS synchrotron  source and processed to yield 9,795 independent inten- 
sities with Rmerg of 0.07. Of these, 8,493 reflections had I >  2a  and were used in the analysis. The model obtained 
by molecular replacement was initially refined by simulated  annealing using the  XPLOR program. Repeated refit- 
ting into omit  maps and several rounds of conjugate  gradient refinement led to  an R-value of 0.185 for a model 
containing atoms  for protein residues 2-169, flavin mononucleotide (FMN), and 104 solvent molecules. The FMN 
shows many interactions with the protein with the isoalloxazine ring, ribityl sugar,  and  the 5'-phosphate.  The fla- 
vin ring has its pyrimidine end buried into  the protein, and  the functional dimethyl benzene edge is accessible to 
solvent. The FMN  interactions in all three long-chain structures are similar except for the 04'  of the ribityl chain, 
which interacts with the hydroxyl group of Thr 88 side chain in A. 7120,  while  with a water molecule in the other 
two. The phosphate  group interacts with the  atoms of the 9-15 loop  as well as with NE1 of Trp 57. The N5 atom 
of flavin interacts with the amide NH of Ile 59 in A .  7120, whereas in A .  nidulans it interacts with the  amide NH 
of Val 59 in a similar manner.  In C. crispus flavodoxin, N5 forms a hydrogen bond with the side chain hydroxyl 
group of the equivalent Thr 58. The hydrogen bond distances to  the backbone  NH  groups in the first two flavo- 
doxins are 3.6 A and 3.5 A ,  respectively, whereas in the third flavodoxin the distance is 3.1 A ,  close to  the normal 
value. Even though the hydrogen bond distances are long in the first two cases, still they might have significant 
energy because their  microenvironment in the protein is not accessible to solvent. In all three long-chain flavodox- 
ins,  a water molecule bridges the ends of the inserted loop in the os strand  and minimally perturbs its hydrogen 
bonding with p4. Many of the water molecules in these proteins  interact with the flavin binding loops.  The  con- 
served &core of the three long-chain and two short-chain flavodoxins superpose with root mean square deviations 
ranging from 0.48 A to 0.97 A. 
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Flavodoxins mediate electron transfer  at low redox poten- The flavodoxin from Anabaena 7120, which is produced 
tial between prosthetic  groups of other  proteins (Mayhew as with other  cyanobacteria,  under  conditions  of limiting 
& Ludwig, 1975). They consist of a single polypeptide iron (Stockman et al., 1988), serves as a  mobile  electron 
chain (MW range 14-23 kDa) with a tightly  bound  FMN. carrier in transferring  electrons  from photosystem I to 
~ _ _ _ _ ~  - ~ .~ _______ the ferredoxin  reductase (Sykes & Rogers, 1984). This 
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with FMN  as  the  cofactor)  can play an interchangeable 
role  remains a structural puzzle. In its  physiological  role, 
the  flavodoxin one-electron  chemistry cycles between the 
semiquinone (sq) and fully  reduced  (rd)  states.  However, 
in  contact with air,  the  flavodoxin is in the fully oxidized 
state (ox). Binding of  the  cofactor  to  the  apoprotein  al- 
ters the  FMN reduction  potentials  for both  the  ox/sq step, 
which is 42 mV more  positive, and  the  sq/rd  step, which 
is 253 mV more negative  (Paulsen  et  al., 1990). One ob- 
jective of flavodoxin  structural studies is to understand 
how the protein  fine-tunes these potentials. The structures 
of  two  short-chain  flavodoxins  have been determined  in 
all three  oxidation  states:  that  from Clostridium beijerin- 
ckii (also  known as Clostridium MP; 138 residues  [Bur- 
nett et al., 1974; Ludwig & Luschinsky, 19921) and  that 
from Desulfovibrio vulgaris (148 residues  [Watt  et  al., 
19911). Anabaena 7120 flavodoxin, which has 169 residues 
(Leonhardt & Straus, 1989), is a  long-chain  flavodoxin. 
The  structure  of  the long-chain  flavodoxin from Anacys- 
tis nidulans (169 residues  [Smith  et  al., 1983; Lauden- 
bach et al., 19871) is known  in  the ox  state.  Its  sequence 
(Laudenbach  et  al., 1988) differs  from  that of A .  7120 
(Leonhardt & Straus, 1989) by 31 Yo. Recently, the  X-ray 
structure of a third  long-chain  flavodoxin  from  a  eukary- 
otic red alga Chondrus crispus, containing 173 residues, 
has  also been determined  in the ox  state  (Fukuyama et al., 
1990). Anabaena 7120 is also being studied by NMR spec- 
troscopy  (Stockman  et  al., 1990) so comparisons  can  be 

made between the crystal structure  and  that  in  solution. 
We report  here  the X-ray structure  of A .  7120 flavodoxin 
in  its  ox  state  at 2 A resolution. 

The  characteristic motif  of the  flavodoxin  structures is 
a five-stranded  parallel  &sheet  central  core with a pair of 
flanking a-helices. FMN binds at  one end of the sheet with 
its  dimethyl benzene edge exposed to solvent. In the long- 
chain  flavodoxins a lobe  of  about 20 residues is inserted 
in the middle  of the  @,-strand, which has no direct  inter- 
action with FMN. An alignment of the A .  7120 sequence 
with that of the A .  nidulans squence (Fig. 1) shows an in- 
sertion of a single residue at  the  N-terminus  and a single 
deletion at position 29. Of the 52 sequence changes (32%) 
between the  two  flavodoxins, 19 are conservative. The se- 
quence of the  third  long-chain  flavodoxin  from C. crispus 
(Wakabayashi et al., 1989, Fig. 1 )  shows a 65% change 
with that of A .  7120, with many  insertions and deletions. 

FMN  can exist in three  oxidation states: ox,  sq (one elec- 
tron reduced), and  hydroquinone  (two  electrons  reduced, 
hq).  The redox  potentials of FMN in the five flavodox- 
ins, whose X-ray structures  are  known, are compared with 
those of free FMN in  Table 1 (Simondson & Toilin, 1980; 
Paulsen et al., 1990). It is seen that in the long-chain  fla- 
vodoxins, E2, the  potential  for  the ox to sq state, is com- 
parable to  that of  free FMN, whereas El, the  potential 
for  further  reduction to  the hq state, is much  lower in the 
protein  bound  form  than in  free FMN. In all  structures, 
in the ox state, only the  hydrophobic edge of the flavin 
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Fig. 1. Comparison of the sequence of Anabaena 7120 
2 (top line), Anacystis nidulans (middle line), and Chon- 
0 drus crispus (bottom line) flavodoxins. The residue 

sssssss  ss H  HHHHHHHHHH sss numbering corresponds to Anabaena 7120. The align- 
A. n i d u l a n s  KKVAYFG-AGD QVGY~DNFQD AMGILEEKIS SL---GSQTVGYW ment of C. crispus sequence with A .  nidulans is after 
C. c r i s p u s  LPVAIFG-LGD AEGYPDNF" -CDAIEEIHD  CFAKQGAKPVGFS Wakabayashi et al. (1989). The sheet and helical regions 
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Structure of oxidized long-chain flavodoxin 

Table 1. Redox  potential  values (mv) 
of flavodoxins at p H  7.0 

Species E2  (ox/sq)a El (sqlhq) 

Anabaena 7 1 20 - 196 -425 
Anacystis nidulans - 220 -41 5 
Chondrus crispus -222  -370 
Desulfovibrio vulgaris - 103 -438 
Clostridium beijerinckii -92  -399 
Free FMN -238 - 172 

a ox, oxidized;  sq, semiquinone; hq,  hydroquinone. 

ring (C7/C8 methyl groups) is exposed to  the  solvent, 
whereas the rest of the flavin ring, including the active cen- 
ter N5, is inaccessible to solvent. The crystal  structures  of 
D. vulgaris (Watt et al., 1991) and C. beijerinckii (Smith 
et  al., 1977), determined in all  three  oxidation  states, 
shows  a conformational change in the 57-62 loop of the 
protein  upon  reduction  from  the  ox to sq state, flipping 
the peptide  residue (Gly 57 in C. beijerinckii and Gly 61 
in D. vulgaris) so that  the  carbonyl oxygen engages in a 
hydrogen  bond with the reduced  N5H  of  flavin.  Smaller 
conformational changes are seen on further  reduction 
from  the sq to hq  state.  In  spite  of  the  structural  data,  it 
has  not been possible to fully correlate  the  redox  poten- 
tials with the  protein environment of FMN or to obtain 
insights into  the  actual  pathway of  electrons to  the flavin 
ring. The existence of the hydrogen bond to N5 in the long- 
chain  flavodoxins  in the  ox  state, in contrast to  the  short- 
chain  flavodoxins, suggests a  rationale  for  the E2 values 
of these flavodoxins being comparable to  that of  free 
FMN. 

Results and discussion 

The  Ramachandran (4, $) plot for  the  structure is shown 
in  Figure 2, where the glycine  residues are  shown  as 
squares  and  other residues as crosses. The  conformations 
of  the residues fall  within  the regions occupying  the aR 
and P regions and  the  turns  that connect  these regions. 
Four residues are  found in the left-handed aL region: 
Asn 58 and Ile 59 of the reverse loop,  Gln 99, and  Asn 135. 
Of  the 19 glycines, 9 are in left-handed regions with 8 in 
aL and 1 in &. 

The average  temperature  factors (B-values) for  the  at- 
oms of the various residues are shown in Figure 3.  The 
mean  value for  the  entire  structure is only 10 A 2 .  The 
B-values are high in the  loop between the  al-helix  and 
P2-strand,  in  the  rather loosely structured 310- and a2- 
helices, and in a few residues at either  termini. The region 
with  the highest B-value is in  the a1 -p2 loop, where the 
electron density is ill-defined. In  the  other  two regions with 
high B-values, the electron density was sufficiently defined 
to permit  a  chain  trace. 

1415 

180 

I...._ + . .+ 

+ 

180 

Fig. 2. Ramachandran plot for Anabaena 7120. Glycine residues are 
shown as squares and non-glycyl residues as  crosses. 

Overall description of secondary 
and tertiary structure 

A  ribbon  plot  (Priestle, 1988) of  the molecule is shown 
in Figure 4 (see also Kinemage 1). The  structure is built 
around a  five-stranded parallel &sheet core with a  pair 
of helices flanking on either  side, typical of nucleotide 
binding  folds  (Rossmann  et  al., 1975). FMN  binds at  the 
southern  edge of the molecule and  interacts with residues 
in the  loops between the  strands  and with the  N-terminal 
residues of the  a,-helix. Residues 4-9, 30-36,48-54, 81- 
89, and 115-117/141-143 are involved  in the five 6- 
strands.  In  the  fifth  strand,  the  long  extra  loop is an 
insertion between residues 117 and 141 (Kinemage 2) and 
contains  a  short antiparallel sheet hydrogen  bonding be- 
tween residues 120 and 138. Residues involved in the he- 

35 I- 1 

0 50 Im 150 

Residue  Number 

Fig. 3. Average temperature factor (B-value) for various  residues  in An- 
abaena 7120  flavodoxin.  The average value for all residues is 10 A' 
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Fig. 4. Ribbon diagram of Anoboeno 7120 flavodoxin. The bound FMN 
is also shown. The N- and C-terminii are labeled as  are  theo-sheets.  The 
two  parts of os are labeled Sa and 5b. 

lical regions  are: 13-26 (a,), 40-46 (3,,,), 70-76 (a2 ) ,  
100-110 (a3), and 151-168 (a4). A summary  of  the hy- 
drogen  bond  lengths in these  regions is given in Table 2, 
along with the  hairpin  loops in the  structure. It is seen that 

the  a2-helix is essentially another 310-helix, and  intermo- 
lecular interactions in the  crystal  may be responsible  for 
this  distortion (see below). Intramolecular  hydrogen bonds 
in this  structure involving side  chain  atoms  are given in 
Table 3.  There  are 10 hydrogen  bonds between side  chain 
and  backbone  atoms  and 24 hydrogen  bonds  among  the 
side  chain  atoms. 

Comparison with other flavodoxin structures 

Because it was  possible to  solve the present structure by 
molecular  replacement with  a model of A.  nidulans, it is 
not  surprising  that  the  two  structures  are very similar. All 
the  backbone  atoms of the  two  flavodoxin  structures  are 
superposable with a root  mean  square  (rms) deviation 
of 0.84 A. The  a-carbon  atoms  have  an  rms deviation of 
0.69 A ;  a plot of these a-carbon  distances is shown in Fig- 
ure 5 ,  and a superposition of the  two  structures is shown 
in  Figure  6A.  Three regions contain  deviations of more 
than 1 A: (1) residues 27-30 in the  loop region between 
a, and p2 ,  where the  electron density is poorly  defined in 
both cases and which contains  the  one-residue deletion 
Ser 29 in the  sequence  alignment (Fig. 1); (2) residues 
70-76 of the  a2-helix, which has  an intermolecular  inter- 
action with Arg 112 in A. 7120 and is almost 310 in char- 
acter;  and (3) residues 132-136 in  the  long  loop,  where 
it turns  around  and  the  intermolecular  interactions  are 
different in the  two cases. Apart  from  these  differences, 

Table 2. Summary of secondary structure hydrogen bonds 

First 0. . . N Last 0 . .  . N  Range of 0.; . N  distance Mean distance 
H  bond  H  bond  (A) (A) 

Helix 
Q I  

310 
(12 (310) 
Q3 

Q4 

Sheet 
P2-PI 

03-04 
04-0s 

0I-b3 

13. .   . I7  
40..  .43 
70. .   .73 

100.. . l o 4  
1 5 1 . .  ,154 

3qO) .  . .4(N) 
5(N). . .49(0) 

48(0).  . .82(N) 
81(0). . .115(N) 
8 5 ( 0 ) .  . .141(N) 

Residues 

Hairpin  turns 
24-Asp-Glu-Phe-Gly-27 
36-Val-Ser-Gln-Ala-39 
70-Tyr-Ser-Glu-Leu-73 
78-Phe-Asn-Gly-Lys-81 
97-Asn-Phe-Gln-Asp-100 

122-Thr-Asp-Gly-Tyr-125 
130-Ser-Lys-Ala-Leu-133 
134-Arg-Asn-Gly-Lys-137 
149-Ser-Asp-Leu-Thr-152 

22..   .26 3.0-3.3 
43..  .46 2.9-3.3 
73..  .76 3.1-3.4 

1 0 6 . .  .I10 2.8-3.2 
1 6 4 . .  ,168 2.8-3.4 

36(N). . . 8(0) 2.7-3. I 
9(N). . .53(0) 2.8-3.2 

54(N). . .86(0) 2.8-3.2 
83(0). . . I  17(N) 2.9-3.2 
89(N). . .143(0) 2.9-3.2 

(6. $)2 ( $ 9  J . ) 3  O ( i )  . . . N(i .+ 3) distance 
(")  (") (A) 

-691-35 -71/-35 3.5 
-661-25 - 1M/O 3.5 
-68/-15 -961 1 3.1 
-51/137 89/-10 3.0 
-69/ 120 66/18 3.3 
-74/ 145 97/3 3.4 
-77/- 10 -89/-4 3.5 

60/41 80/-6 3.2 
-69/-24 -92/-12 3.2 

3.1 
3.1 
3.2 
3.0 
3 .O 

2.9 
3 .O 
3.0 
3.0 
3.0 

Type 
-~ 

111 
1 
I 
11 
I1 
11 
I 
I' 
I 
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Side chain 

OG1 10 Thr 
OG1 56 Thr 
OD2 90 Asp 
OEl 91 Gln 
OD2 100 Asp 
NH2 112 Arg 
OH 125 Tyr 
OG 130 Ser 
OD1 144 Asp 
NE1 159 Trp 

Side chain 

OH 8  Tyr 
NE2 11 Glu 
NZ 14  Lys 

OG1 15 Thr 
OE2 25 Glu 
NE2 34 His 
OEl 48 Glu 
OD2 74 Asp 
NE2 91 Gln 

OD2 96 Asp 
ND2 97 Asn 
OEl 106 Glu 
OE2 
NZ 108 Lys 
OG 110 Ser 
OH 119 Tyr 
NE1 120Trp 
OD1 144 Asp 
OD2 144 Asp 
OEl 145 Glu 
OEl 148 Gln 
NE2 162 Gln 

~~ 

Table 3. Intramolecular hydrogen bonds 
involving side chain atoms 

Backbone 

N 13 Gly 
N 101 Ala 
N 93 Gln 
N 126 Asp 
N 131 Lys 
0 74 Asp 
0 142 Ala 
0 98 Phe 

Distance (A) 

3.1 
2.9 
3 .O 
2.8 
2.9 
2.6 
2.9 
2.7 

N 147 Asn 
0 118 Gly 

Side chain 

OEl 16 Glu 
OG 64 Ser 
OEl 145 Glu 
OE2 145 Glu 
OG1 88 Thr 
NZ 157  Lys 
OH 47 Tyr 
NZ 81 Lys 
NZ 108  Lys 
OD2 144 Asp 
OEl 148 Gln 
ND2 128 Asn 
OD1 100Asp 
NHI 134 Arg 
OG1 116 Thr 
OEl 111 Gln 
NHI 134 Arg 
ND2 135 Asn 
OH 125 Tyr 
ND2 147 Asn 

OG1 152 Thr 
NHI 155 Arg 
OE2 166 Glu 

ND2 .I47 Asn 

2.8 
2.9 

Distance (A) 

3.0 
2.8 
2.8 
2.8 
2.6 
2.6 
2.7 
2.6 
2.6 
3.0 
3.1 
3.0 
2.9 
2.6 
2.9 
2.5 
2.6 
2.7 
3.0 
3 .O 
3.0 
2.9 
2.6 
2.9 

the  two  structures are very similar. A superposition of the 
sheet regions only  of  the A .  7120 and  the C. crispus fla- 
vodoxin structure gives an rms  deviation of 0.5 1 A for  the 
a-carbon  atoms.  The Chondrus crispus flavodoxin se- 
quence  contains  many  insertions  and deletions compared 
to A .  7120, which occur  mostly in the  loop regions; it 
also  contains  nine  additional  proline residues distributed 
throughout  the sequence.  One  hundred  twenty-three a- 
carbons were established as  structurally  equivalent by in- 
spection of the  two models initially superposed using the 
sheet regions (Fig. 6B), and  the  rms deviation for these 
123 atoms is 0.97 A. The most  significant  deviations oc- 
cur in the  short helical region connecting P2 and P3 and 
in  the  long  loop. In Figure 6C and D, the  two  short-chain 
flavodoxins  are  superposed on the A .  7120 long-chain fla- 
vodoxin using the  residues in the P-sheets for  the align- 
ment.  The  rms deviations for  the  a-carbons were 0.77 A 

o a0 u) 80 eo 1m 120 140 180 1m 

Residue  Number 

Fig. 5. Plot of the  deviation in the  a-carbon  atoms of corresponding 
residues in Anabaena 7120 and Anacystis nidulans. Large deviations are 
at residues  27-30 (loop region without clear electron density in both struc- 
tures), 70-75 (a2-helix),  and 132-136 (long loop). 

and 0.81 A for  the C. beijerinckii (Fig. 6C) and D. vul- 
garis (Fig. 6D)  structures, respectively. The figure shows 
how the insertion  of  the  long loop essentially leaves the 
two halves of the  &-strand in alignment, with the  short- 
chain  structures lacking this  loop.  It is interesting  that  the 
flanking helices of the D. vulgaris structure  are  more in 
alignment with the  long-chain  structures than  those of C. 
beijerinckii, which show  a  lateral  shift  of about 1 A. The 
orientation of the flavin ring is similar in these  structures 
except in C. beijerinckii, where it is tilted. 

FMN interactions 

The interactions  of FMN with the  protein  atoms  and wa- 
ter molecules of A .  7 120 are listed in Tables 4 and 5 .  The 
environment  of FMN  in A .  7120 is shown  in  Figure 7A 
and Kinemage 3. The  FMN is tightly  bound to the  pro- 
tein with a  number of interactions between the anionic 
phosphate oxygen atoms, ribityl  hydroxyls, and  the py- 
rimidine portion of the alloxazine ring. The alloxazine ring 
itself is planar  within  the limits of  experimental error. 

The  phosphate  group  binds near the N-terminal  end  of 
helix aI stabilizing the helix dipole. The  anionic phos- 
phate oxygen atoms interact with the  N-terminal residues 
of the helix and with atoms in residues in the  loop pre- 
ceding the helix. The hydrogen  bond OG1 (Thr 10). . . N 
(Gly 13) stabilizes the  phosphate binding  loop. The phos- 
phate oxygen OP2 also  hydrogen  bonds with NE1 of Trp 
57, which forms  one face of the flavin aromatic sandwich. 
The ribityl hydroxyl groups  interact with either  backbone 
or side  chain atoms of residues at or near the C-terminal 
ends of the three  P-strands 3, 4, and 5. Although  some 
of the  above  interactions involve atoms  from  protein side 
chains and  are sequence  specific,  the atoms  on  the allox- 
azine  ring  interact  only with backbone  atoms  of  the re- 
verse 58-62 loop between (P3 ,  a2) and  the 90-99 loop 
between (P4 ,  a3).  The  amide N  of  Asp 90 forms  a  bifur- 
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Table 4. Comparison  of FMN interactions in the three long-chain flavodoxins 

FMN atom Anabaena 7 120 Anacystis nidulansa Chondrus crispus 

" 
~" 

NI 3.0 A N (90 Asp) 3.1 b, 3.1 A N (94Asp) 
0 2  

N3 
0 4  
N5 
02 '  
03 '  

04 '  

OPI 

OP2 

OP3 

3.3 
2.9 
2.9 
2.9 
2.8 
3.6b 
2.8 
2.9 
3.1 
3.1 
3.4 
- 
2.6 
3.1' 
3.2 
2.8 

3.0 
3.1 
3.0 
2.7 
2.7 
2.7 

- 

N (90 Asp) 
N (99 Gln) 
W249 
0 (97 Am) 
N (60 Gly) 
N  (59 Ile) 
0 (56 Thr) 
OD1 (146 Asp) 
W 304 
OG1 (88 Thr) 
W272 

OG1 (12 Thr) 
N (12Thr) 
N (13 Gly) 
N (14 Lys) 

N (11 Gln) 
N (12 Thr) 
NE1 (57 Trp) 
OG1 (10 Thr) 
N (15 Thr) 
OG1 (15 Thr) 

3.2 
3.2 
- 

2.9 
2.7 
3.5b 
2.6 
2.7 
3 .O 
2.8 
2.7 
2.8 
2.6 
3 .Oc 
3 .O 
2.8 

2.8 
3.2 
2.9 
2.6 
2.9 
2.9 

- 

W  I74 
W181 
W173 
W181 

3.0 
2.9 

2.8 
3.1 
3.1 
2.8 

2.8 

- 

- 

3.1 
3.1 
2.5 

- 

N (Val) 2.7 
2.7 
2.8 
2.9 
2.8 
2.5 
2.9 
2.6 

N (94 Asp) 
N (103 Cys) 

0 (101 Asn) 
OG1 (58 Thr) 
OG1 (58 Thr) 
0 (55 Thr) 

W247 

W236 
W247 
OG1 (10 Thr) 

N (12 Asn) 
ND2 (12 Asn) 
N (9 Ser) 
N (10 Thr) 
NE1 (56 Trp) 
OGI (8 Thr) 
N (13 Thr) 
OGI (13 Thr) 

~. 

a The interacting  residues  are  rhe  same as in A .  7120 except for 14 Val(Lys)  and 88 Ala(Thr).  In  the  case of 14, the  interac- 
tion is with the  backbone  amide. 

These  distances  are  long for a  hydrogen  bond,  but  the  direction is nearly  ideal. 
The  hydrogen  bond  has  a  rather  poor  geometry.  The  angle CA-N..  . OP1 is 88" in both cases. 

Table 5. Non-hydrogen bonding (hydrophobic) interactions between 
flavin ring and protein atoms less than 4.5 A a 

Flavin Thr  Trp Asn lle Gly  Gly  Asp  Tyr  Asn  Phe Gln 
Atom 56 57 58 59 60  89 90 94 97  98 99 

" 
.. - 

~~ ~. " ~ _ _ _ _  ~ _ _ ~  ~ 

B S  B S  B S  B S  B S  B S  B S  B S  B S   B S  B S  

N I  0 1  2 0  2 1   0 3  
c 2  1 3  2 0   2 0   0 3   2 0   2 0  1 0  
0 2  0 2  2 0   2 0  0 1  I O  2 3  1 0  
N3 1 2  0 2  1 1  I O  
c 4  2 2  2 0  1 0   0 4   2 1  
0 4  0 2  I O  1 0   2 0   1 0   0 3   1 2  
C4A 2 2  3 0  1 0  0 8  
N5 1 0  2 0   1 0   0 6  
C5A I O  2 1   1 0   0 7  
C6 2 2   2 1  1 0  0 5  
c 7  0 2   0 3  
C7M 0 2   0 1  0 1  
C8 0 3  0 1  
C8M 0 2   0 1  
c9 0 4  0 3  
C9A I O  0 6  
N10 0 1  0 4  
ClOA  2 0 1 0  0 4  
___ " _ _ ~  .~ 

a For each  residue,  the  numbers  under B and S denote  the  number of interactions  with  backbone (B) and  side  chain (S) at- 
- 

oms,  respectively. 
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A 

A 

Fig. 7. Environment of FMN. A: All pro- 
tein residues interacting with FMN in Ana- 
baena 7120 are shown. The hydrogen bonds 
are shown as dashed lines. B: Comparison 
of the loop region  interacting  with N5 of the 
flavin ring. In A .  7120  (shown  solid) the 
amide nitrogen of Ile 59 is at  a distance of 
3.6 A but is in the plane of the flavin ring 
and pointing directly at N5 (connected as  a 
thin  line).  In Chondrus crispus (shown 
dashed), the residue corresponding to 59 in 
A .  7120 is the nonhydrophobic Thr 58 and 
the side chain hydroxyl makes a hydrogen 
bond with N5 (thin dashed line) with a dis- 
tance of 3.1 A .  

cated hydrogen bond with N1 and 02;  the amide N of 
Gln 99 interacts with 02;  the carbonyl 0 of Asn 97 hy- 
drogen bonds to N3. Asp is an invariant residue at posi- 
tion 90 in  all three long-chain flavodoxins and is involved 
in a hydrogen bond OD1 (Asp 90). . . N (Gly 93) stabiliz- 
ing this loop.  The amide N of Gly 60 in the reverse loop 
makes a hydrogen bond with 04 .  No protein atoms or wa- 
ter molecules are within 3.2 A of N5, the site of proton- 
ation upon reduction of flavin. The nearest protein atom 
is the amide N of  Ile 59 at a distance of 3.6 A. Even though 
this distance is long for  a hydrogen bond, the geometry 
is good; it would normally be regarded as only a weak  hy- 
drogen bond. However, because this region is not solvent 
accessible, the interaction energy  in vacuo, where the di- 
electric constant ( E )  is closer to unity, can be  higher  (com- 
pared to aqueous environment where E = 4). 

The flavin  ring is bracketed by two aromatic side  chains: 
Tyr 94 on  one side, which is nearly parallel to the flavin 
ring with a dihedral angle of 8" and stacks on  it, and 
Trp 57 on  the  other, which  is tipped by 48". In solution, 
this tyrosine was found to have a slower flip rate, presum- 
ably due to the additional hydrophobic interaction with 
the side chain of  Ile 59 (Stockman et al., 1990). 

It is seen (Tables 4, 5 )  that in the first loop consisting 
of residues 56-60, the interactions with the flavin ring are 
mostly to backbone atoms, whereas  in the second loop 
consisting of residues 89-99, they are  both to the back- 

bone and side chain atoms. It is interesting that every atom 
of the flavin ring interacts with the side chain of Tyr 94, 
which  is stacked on it (Kinemage 3). By contrast, Trp 57 
brackets the flavin ring but is not stacked on  it; its back- 
bone interacts with the pyrimidine portion of the flavin 
ring, whereas its side chain interacts with the  hydropho- 
bic edge of the ring. 

Comparison of FMN interactions in flavodoxins 

Only minor differences are seen  in hydrogen bonding in- 
teractions with  FMN  in the A .  7120 and A .  nidulans fla- 
vodoxins. The ribityl hydroxyl 0 4 '  interacts with the side 
chain hydroxyl of Thr 88 in A .  7120,  whereas it interacts 
with a water  molecule  in A .  nidulans. The water molecule 
W249 interacts with 0 2  of the flavin ring in A .  7120, 
whereas  in A .  nidulans, the equivalent  water is slightly  dis- 
placed and interacts with 04' instead. In all three long- 
chain flavodoxins, the flavin ring is bracketed by the same 
residues and has similar interactions. The short-chain fla- 
vodoxin, D. vulgaris, also has the same aromatic residues 
bracketing the flavin ring. However, the short-chain fla- 
vodoxin from C. beijerinckii has only one  aromatic side 
chain stacked on the flavin ring; Tyr 94 is replaced by Trp, 
whereas Trp 57  is substituted by Met,  and the orientation 
of the flavin ring is different (see Fig. 6C). 

The redox potential sq/rd is similar for all five flavo- 
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doxins, but the  ox/sq value (=-200 mV) is lower for  the 
long-chain flavodoxins than  for  short chains (= - 100 mV) 
and is comparable to the value for free FMN (-238 mV). 
This may  be rationalized by the presence of a hydrogen 
bond, in the oxidized state, to the N5 atom of the flavin 
from the amide NH of  Ile 59 in A .  7120, from the amide 
NH of Val 59 in A .  nidulans, or from the hydroxyl group 
of the side chain Thr 58 in C. crispus. This hydrogen bond 
is absent in the  short-chain flavodoxins. The influence of 
the hydrogen bonding to N5 on the ox/sq value has also 
been independently noted (Fukuyama et al., 1992). In 
the short-chain flavodoxins, the  transition  from the ox 
to the sq state is accompanied by a conformational change 
in the loop residue, which is a Gly. In C. beijerinckii fla- 
vodoxin, for the mutants G57A, G57D, and G57N, the 
ox/sq values  were  lower (Ludwig et al., 1991), indicating 
that non-glycyl  residues  lower the value, but not all the 
way to the value found in the long-chain flavodoxins. In 

the long-chain flavodoxins, where an Asn  replaces the Gly, 
the ox/sq value is further lowered probably because it is 
also coupled to the hydrogen bond to N5 present in the 
ox state.  The hydrogen bond is with the peptide backbone 
NH in both A .  7120 and A .  nidulans. The C. crispus 
flavodoxin, which has a similar ox/sq value, also has 
Asn 57, but the hydrogen bond is with the side chain of 
the nonhydrophobic residue Thr 58 .  The insertions in this 
loop in the C. crispus probably assist  in positioning the 
side chain Thr 58 to form the hydrogen bond. 

Solvent molecules 

An  a-carbon plot of the structure with the water mole- 
cules is shown in Figure 8A and B. A  total of 104 water 
molecules  were identified. Of these, 99 are in the first hy- 
dration shell, since they make at least one direct interac- 
tion with a protein atom,  and 5 are in the second shell. 

Distance to nearest protein atom in A 

Fig. 8. A: Stereo diagram of the a-carbon plot 
of Anabaena 7120 with the surrounding water 
molecules in a view similar to Figure 6. FMN is 
shown in solid  bonds. B: Backside view to that 
shown in A. C: Histogram of the  hydrogen bond 
distances between water molecules in  the  first  hy- 
dration sphere and nearest protein atoms in A. 
The five waters with distances greater than 4 A 
are in the second  coordination sphere. 
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A histogram of the distances between water molecules 
in the first hydration shell, and the nearest protein atom 
with  which they hydrogen bond is shown in Figure 8C. 
As expected, the distribution is clustered around 2.9 A. 
Of the backbone atoms, 74 carbonyl oxygen atoms and 
39 amide nitrogen atoms interact with water. Among the 
side chains, the largest number of interactions are  found 
with Asp (47/20, i.e., 47 interactions to 20 Asp residues), 
Glu(19/11),Gln(13/10),andSer(10/10).Asn,Arg,His, 
Lys, Thr, Tyr, and Trp have  less than 10 interactions each. 
The trends observed  here are similar to those seen  in other 
proteins (Thanki et al., 1988). There  are seven bidentate 
interactions with Asp (46,75,96, 100, 144, 153, and 154) 
and two with  Glu (67 and 166). A water molecule (W236) 
bridges carbonyl O(3) and amide N(48) at the beginning 
of &strands 1 and 3. Two  water  molecules  hydrogen bond 
to atoms on FMN: 0 2 .  . . W249 and 0 3 ’ .  . . W304. 

Water  molecules contribute to a variety of intra-  and 
intermolecular hydrogen bonds. All intramolecular wa- 
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ter bridges are listed  in Table 6. W236 forms  a bridge be- 
tween O(3) and N(48) at the beginning of the first and 
third  &strands.  The interactions of residues  in the cyz- 
helix region with W245, W275, W289, and the side chain 
of Arg 112 and its symmetry-related mate are shown in 
Figure 9A. W275 is inserted between O(71) and OD1 of 
Asp 74, which  in turn, is bridged to O(70) via the water 
W245. These two waters are, in turn, bridged by a  third 
water, W289. O(74) is engaged in an intramolecular hy- 
drogen bond with NH2 of Arg 112. NH1 from  a symme- 
try-related  Arg 112, interacts with O(68) and OG of Ser 71. 
These  water-mediated interactions result  in  this  region be- 
ing a loose 3,0-helix with only three hydrogen bonds: 
70. .   .73 ,   72 . .   .75 ,  and 7 3 . .   . 7 6 .  O(71) and N(74) are 
more than 3.5 A apart.  The region around residues 148- 
154, in the type I @-bend, are shown in Figure 9B and 
Kinemage 4. Here there is a network of waters, with W215 
inserting between O(149) and OD1 of Asp 153 and W284 
inserting between O(150) and N(154). The region of the 

Table 6 .  Intramolecular water bridges in Anabaena 7120 

w201 OH (85 Tyr) 3.0 A OG1 (116 Thr) 2.8 A 
W203 N (96 Asp) 3.0 OD1 (97 Asn) 2.9 
W205 N (149 Ser) 2.9 OG (149 Ser) 2.5 
W206 OE2 (25 Glu) 2.6 0 (157 Lys) 2.9 
W207 OD1 (96 Asp) 2.9 N (136 Gly) 2.7 
W209 0 (54 Cys) 2.8 OG1 (56 Thr) 2.8 
w210 N (85 Tyr) 2.8 0 (117 Val) 2.6 
w212 N (10Thr) 3.0 OD2 (35 Asp) 2.8 
W215 0 (149 Ser) 2.7  N (153 Asp)  3.0 
W216 0 (96 Asp) 2.9  OD1 (129Asp) 2.9 
W217 0 (91 Gln) 2.8  OD2 (126Asp)  2.8 
w220 OG1 (152Thr) 3.0 NHl (155 Arg)  2.7 
w222 OH (70 Tyr) 2.5 0 (104 Leu) 2.8 
W224 N (119 Tyr) 2.9 OEl  (166 Glu) 2.9 
W226 0 (93 Gly) 2.9 N (95 Ala)  2.9 
W227 OD1 (96 Asp) 3.0 N (135 Asn)  2.7 
W232 OG (149 Ser) 2.6 0 (154 Asp)  2.8 
W236 0 (3 Lys) 2.9 N (48 Glu) 2.8 
W237 N (62 Leu) 2.9  OE2 (67 Glu) 2.7 
W240 0 (122 Thr) 2.6 0 (125 Tyr)  2.8 
W244 OD1 (100Asp) 2.9 OD2 (100Asp)  2.9 
W245 0 (70 Tyr) 2.8 OD1 (74 Asp) 2.9 
W248 0 (131 Lys) 2.7 0 (133 Leu) 2.7 
W249 OG1 (56 Thr) 2.7 0 (88 Thr)  2.7 
W252 0 (107 Glu) 2.8 OG (110 Ser) 2.7 
W253 N (122 Thr) 2.8 OG1 (122 Thr) 3.0 
W256 OG (37 Ser) 2.7 NE2 (38 Gln) 2.9 
W257 0 (37 Ser) 3.0 0 (37 Ala)  3.0 
W260 0 (89 Gly) 2.3  OD2 (144Asp) 2.7 
W268 OEl (11 Gln) 2.5 NE2 (11 Gln) 3.0 
W269 NDl (34 His) 2.8 OD2 (43 Asp)  3.0 
W270 OD1 (100 Asp) 2.7 NZ (131 Lys) 2.5 
W271 OE2 (145 Glu) 3.0 OD1 (154 Asp)  2.4 
W272 0 (89 Gly) 2.6 OD1 (146 Asp)  2.4 
W273 NE2 (91 Gln) 2.8 OD2 (144 Asp) 2.5 
W275 0 (71 Ser) 2.6 OD1 (74 Asp) 2.9 
W280 OD1 (154 Asp) 2.9 OD2 (154Asp)  2.6 
W284 0 (150Asp) 2.8  N (154 Asp)  3.0 
W287 0 (67 Glu) 2.9 0 (68 Gly) 3.0 
W289 0 (71 Ser) 2.9  OD2 (75 Asp) 3.0 
W297 0 (19 Ala) 2.9  N (23 Gln) 3.0 
W303 OEl  (72 Glu) 2.8 OD1 (75 Asp) 2.7 

0 (139 Val) 2.8 A 
OD2 (65 Asp) 2.7 
OD1 (153 Asp) 2.8 

0 (126 Asp)  2.8 

0 (136 Gly) 3.0 

OG (71 Ser) 2.7 
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’1” Lys 

Fig. 9. Illustrations of water interactions: A: 
Region of the  u2-helix.  Arg 112 of the refer- 
ence molecule is at the  bottom right and its 
NH2 forms a hydrogen bond with the carbonyl 
0 of Asp 74. Arg 112 of a screw-related mole- 
cule is at  top left and its NH1 participates in hy- 
drogen bonding with carbonyl 0 of Gly 68, side 
chain hydroxyls of Ser 71 and Glu 72, and also 
W  213. B: Region 149-154. W 284 inserts be- 
tween the  carbonyl O(150) and amide N(154) 
and W215 between O(149) and N(153) and also 
forms  a hydrogen bond with OD1 (Asp 153). 
The distance between W 215 and W 284 is 
3.3  A. C: Region of p4-& and the inserted wa- 
ter.  The long loop in the middle of D5 is on  the 
right (dashed lines). 

15 LYS 

i?l LYS”” 
“-1” SEA 

M A  *. 

I” 

p4 and os sheets is shown in Figure 9C and Kinemage 2. 
The &-sheet is interrupted by the insertion of the  long 
loop, residues 119-138. After  the N(117). . . O(83) sheet 
hydrogen bond, O(117) is linked to N(85) via water mol- 
ecule W210. A  similar  water  bridge is found in the  other 
two long-chain  flavodoxin  structures.  After the chain 
makes the excursion through  the  loop, O(139) latches onto 
the same  water, W210. This neck region of the long loop 
is further stabilized by a short one-residue  antiparallel 6- 
strand between residues 120 and 138. The regular hydrogen 
bonding between p4 and p5 resumes with the N(141). . . 
O(85) hydrogen  bond after  the  turn.  Thus,  the hydrogen 

bonding  pattern  from  the  atoms on the p4 strand is not 
interrupted. 

Crystal packing 

Each molecule of A .  7120 flavodoxin is surrounded by 
four screw  axes that create large solvent channels of about 
20 A diameter  running through  the crystal, as viewed 
down  the  6-axis (Fig. 10). The direct  intermolecular hy- 
drogen  bonds between protein  atoms  are listed in Ta- 
ble 7. There is a hydrogen bond between OEl (Gln 10) and 
ND2 (Asn 135) of the molecule translated along  the 6-axis. 
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Fig. 10. Packing diagram of Anabaena 7 I20 
flavodoxin as viewed down the b-axis. The 
c-axis is horizontal and the a-axis is vertical 
with the origin at left hand bottom corner. 
Notice the solvent channels that run along 
the b-axis between the molecules. 

This region  of the long loop is displaced in A .  7120,  with 
reference to A. nidulans flavodoxin where there is no sim- 
ilar interaction. The closest  packing  of adjacent molecules 
is in three of the  four corners in the ac-plane. Around the 
screw  axis at (O,O), the a4 helices  of neighboring mole- 
cules come close; around the screw at ({ ,0) there is a hy- 
drogen bond (2.7 A) between OH (Tyr 94)  of one molecule 
and OD1 (Asp 129)  in the long loop of its neighbor. The 
residues 57-60  of the flavin binding region also  butt 
against the residues 127-130 of the long loop of the neigh- 
bor.  The interaction between the  a2-helix residues and 
the side chain of Arg 1 12 related by the screw at (4,i) has 
already been described (Fig. 9A). 

Comparison with NMR studies 

Multinuclear NMR studies of A .  7120 flavodoxin (Stock- 
man et al., 1990) provided partial identification of the sec- 
ondary  structure  and  a model for the FMN binding site. 
The NMR results are in substantial agreement with the 
present  X-ray structure. Resonances were identified from 
all &sheet residues except  3-4,  30-32, and 48. Because 
the first two of these regions did not provide well-defined 
electron density, this may indicate that they are mobile in 

Table 7 .  Intermolecular hydrogen bonds 
between protein  atoms 

Atom/residue 1 Atom/residue 2 Distance (A) Symmetry codea 

OEl 11 Gln ND2 135 Asn 2.9 1 , 0 1 0  
0 68 Gly NHI 112 Arg 2.6 2 , 1 0 1  
OG 71 Ser NHI 112Arg 3.1 2 , 1 0 1  
OE2 72 Glu NE2 111 Gln 2.9 2 , 1 0 1  

NE 112 Arg 3.0 2 , 1 0 1  
NHI 112 Arg 2.8 2 , 1 0 1  

OH 94 Tyr OD1 129 Asp 2.6 2 , 1 0 0  

a Symmetry code is symmetry operation number and translations 
along a, b, c. Symmetry operation: 1 = x ,  y ,  z and 2 = "x, 2 + y ,  "z. 1 

solution and in the crystal. The position of the Trp 57 and 
Tyr 94 rings that bracket the flavin ring, as well as the 
groups that interact with the ribityl chain,  are in good 
agreement. Although the flavin ring appears planar in 
the X-ray work, NMR data suggest that the xylene com- 
ponent is nonplanar. NMR data indicate that the car- 
bonyl  edge of the flavin is polarized by hydrogen bonding; 
the X-ray results indicate the  H-bonds 0 2 .  . . N (Gln 99), 
0 2 .  . . N (Asp 90), 0 4 .  . . N (Gly 60). The hydrogen bond 
between  N3 and 0 (Asn 97) (Table 4) was anticipated by 
NMR results. However, the NMR  results  did not indicate 
hydrogen bonding to N1, whereas a 3.0-A distance was 
found between N1 and  N (Asp 90)  in the X-ray structure. 
More extensive comparisons will be possible once the full 
NMR assignments are completed and analyzed (unpubl.). 
Earlier NMR studies had shown that  the 15N chemical 
shift of N5 in A .  7120 flavodoxin is similar to  that of free 
FMN and different from that of other flavodoxins (Stock- 
man et al., 1988),  suggesting that N5 might be  exposed 
to solvent. However, the partial NMR structure (Stock- 
man et al., 1990)  showed N5 to be solvent inaccessible as 
found in the X-ray structure.  The unusual ''N chemical 
shift of N5 may  be related to the hydrogen bond with the 
amide of  Ile 59, which, as mentioned above, could be 
stronger than is apparent from the longer than normal dis- 
tance for  a hydrogen bond. 

Materials and methods 

Protein 

Anabaena 7120  was grown in 70-L batches in an illumi- 
nated rocker box (Kojiro, 1985). The cells  were isolated 
by centrifugation, and the flavodoxin was purified by the 
method of D.W. Krogmann and C. Harper (Harper, 1988) 
as described by Stockman et al. (1988). 

Crystallization 

For crystallization, a 0.5% flavodoxin solution was dia- 
lyzed in 0.15 M Tris-HC1 (pH 7.2)  with  1.75 M  (NHdzS04 
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and 1 mM NaN,. Small crystals grew from the dialyzed 
protein solution in a hanging drop against a reservoir of 
3 M (NH&SO, at room temperature. Upon seeding  with 
these small crystals, large, dark  orange, rod-shaped crys- 
tals could be grown in about 2 weeks,  which diffracted 
to beyond 2 A resolution. The cell constants  and space 
group  are given  in Table 8. 

Data collection 

Intensity data  to 2 A resolution were collected at  the 
CHESS synchrotron source with an oscillation camera on 
films from one large  crystal  measuring 0.2 X 0.2 X 1 .Omm. 
The crystaI was mounted with the b-axis nearly along  the 
capillary tube. A total of 43 three-film packs were  exposed 
for 15 s each with oscillation ranges of 3.6 or  4.0". The 
crystal was irradiated at three different regions by mov- 
ing  it  in the beam along its length. The films were  devel- 
oped, digitized with an  Optronics scanner in Dr.  Paul 
Sigler's laboratory at the University of Chicago, and  pro- 
cessed  by using the program DENZO (Otwinowski, pers. 
comm.). The  data set  was 91% complete; it contained 
9,795 independent reflections  with an Rmerg of 0.07 on in- 
tensities. Of these, 8,493 reflections with I >  2a were  used 
in the analysis. The details are given in Table 8. 

Table 8. Crystal,  data collection, and data reduction 
parameters for  Anabaena 7120 flavodoxin 

Crystal  data 
Crystal size 0.2 X 0.2 X 1 .O mm 
Space group P2,,  mo?oclinic 
Cell constants 48.0 (1) A rms deviations in cell 

32.0 (1) A constants determined 
51.6 (1) A from processing the oscillation films 
6 = 92.0 (1)" 

Asymmetric unit contains one protein molecule and FMN 
Matthew's coefficient 2.06 A3/D 
Solvent content 39% 

Data collection 
Oscillation camera and-synchrotron source at CHESS 
Wavelength, X = 1.56 A 
Temperature, 4" 
Crystal-to-film distance, 60 mm 
43 photographs (three films/pack). For 1-21, oscillation range of 

4" was  used and for 22-43, 3.6".  An overlap of  0.4" between 
successive oscillation ranges was used. 

Crystal  was  irradiated  at  three different positions along its length 
by  translating it along its length (film packs 1-17, 18-31, and 
32-43) 

Data reduction 
Films digitized on Optronics scanner 
Processed with the  program Denzo 
Partial reflections were  rejected 
Total reflections recorded = 24,329 
Unique reflections = 9,795 
Rmerg = 0.07  on intensities 
91%  of all possible reflections at 2 A recorded 
8,543 with I >  20(I)  used in the refinement 
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Structure solution 
The  structure was solved by molecular replacement with 
the program MERLOT (Fitzgerald, 1988) by  using the co- 
ordinates of the homologous A.  nidulans flavodoxin, pro- 
vided  by Dr.  Martha Ludwig. The radial  distribution of 
a-carbon distances in the model suggested that  a radius 
of integration  of 23 A would be appropriate.  The  rota- 
tion function, which  used 605 reflections in the 6-4-A res- 
olution range and  the protein atoms of the model with- 
out FMN, had its largest peak at 5 . 3 ~  and its next peak 
below 4a (Fig. 11A). By using the orientation correspond- 
ing to the highest peak,  a  translation  function was calcu- 
lated to determine x and z. This  map was  very clean and 
unequivocal, with the highest peak at 6.7~ and  the next 
peak below 3a (Fig. 1 1B). Because the y-coordinate is ar- 
bitrary in this space group, the A .  niduluns model was ori- 
ented and positioned in  the A .  7120 crystal according to 
these parameters. There were no unusually short intermo- 
lecular contacts, and a difference electron-density map cal- 
culated at 3 A resolution contained clear  density for FMN, 
which had not been included in the molecular  replacement 
calculations. This strongly indicated that the solution was 
correct.  The 52 residues that were different in the A.  nid- 
ulans model were changed to correspond to the A .  7120 
sequence. 

Structure refinement 
The molecular replacement solution was improved by a 
rigid-body refinement with the XPLOR program (Brun- 
ger, 1988), which  used 4,925 reflections in the 6-2.5-A 
resolution range. This reduced the R-value from 0.44 to 
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Fig. 11. Molecular  replacement solution for Anabaena 7120 flavodoxin 
using Anucystis niduluns model. A: The section of the rotation func- 
tion at 0 = 110". B: Section u = of the translation function. In both 
maps, contours are at intervals of lo, starting  at 20. 
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Fig. 12. Sim-weighted  2F0 - F, omit  electron  density  maps for Ana- 
baena 7120  in color. A: Residues  57-62 of the  FMN  binding loop. B: 
Residues  132-137 of the  long loop. C: FMN. The  listed  residues  in A 
and  B or FMN  in  C were omitted  from  phasing.  Contours are  drawn 
at 1.50. 
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0.37. Sim-weighted (Sim, 1960)  2F0 - F, omit  maps  were 
calculated  with  phases  from the protein  atoms  only, and 
FMN  was fitted into the density by  using the program 
FRODO (Jones, 1985) on the PS-300 graphics  system. 
Residue 29 of the A .  nidulans  model, which  is a deletion 
in A.  7120, was removed. The electron  density  in  this  re- 
gion was  very  weak and  disconnected,  and  it was not  pos- 
sible to rebuild  across the gap.  Therefore  the loop was 
modeled to correspond to a type I turn  (Richardson, 1981), 
as  found in the short-chain  flavodoxins. A round of  sim- 
ulated  annealing  refinement  was  performed by initially 
heating  the  system to 2,000". This  reduced  the  R-value to 
0.23. The data resolution was increased to 2 A to include 
all 8,493 reflections.  The  model was repeatedly  refitted 
into  omit  maps  followed  by  conjugate  gradient  refinement 
with  XPLOR, which  led to an R-value  of 0.24. Solvent 
molecules  were  included  with  unit  occupancy  if  their  den- 
sity  in  the  difference  electron-density  map was at least at 
the 2 . 5 ~  level and  made  meaningful  contacts  with  either 
the  protein  atoms or the  already  established  solvents.  Af- 
ter four rounds of  solvent  selection,  model  refitting, and 
refinement,  the  final  R-value  was 0.185 for the  final  model 
containing  residues 2-169, FMN, and 104 solvent  mole- 
cules.  The  R-value  without  the  solvent  molecules was 
0.236. Inclusion of 365 reflections  in  the low resolution 
range  up to  6 A resolution  resulted  in  R-values of 0.217 
and 0.260, respectively.  The  average error in the coordi- 
nates,  as  estimated from Luzzati  plots  (Luzzati, 1952), 
was about 0.2 A. The rms deviation  from  ideality was 
0.02 A for bond  lengths and 3" for bond  angles.  The  co- 
ordinates  and  structure  factors  have been  deposited  (IFLV) 
with the Protein Data Bank  (Bernstein  et  al., 1977). 

The electron  density was generally  clearly  defined  over 
most of the  residues. The electron  density for the N- 
terminal  residue was not  visible and for residues 2 and 
3 was discontinuous.  The loop residues 27-30 continued 
to be in weak and  discontinuous  density  and  could  not be 
fitted. Three  omit  maps,  covering  residues 57-61 of the 
FMN  binding  loop,  residues 132-137 of  the  long  loop,  and 
FMN, are shown  in  Figure 12. 
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