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Abstract 

The oxidized recombinant flavodoxin from the cyano- 
bacterium Anabaena 7120 has been crystallized in a 
trigonal form. The recombinant protein has an identical 
primary structure to that purified directly from 
Anabaena, which functions as a substitute for ferredoxin 
in an iron-deficient environment for electron transfer 
from photosystem I to ferredoxin-NADP + reductase. 
X-ray data to 1.40,~, were collected on a Siemens area 
detector. Of the 311 379 reflections collected, 36069 
reflections were unique in space group P3121 
(a = 55.36, c = 102.59 A) with an Rmerge of 3.8%. The 
structure was solved by molecular replacement using 
coordinates from the wild-type monoclinic structure 
previously solved in this laboratory [Rao, Shaffie, Yu, 
Satyshur, Stockman & Markley (1992). Protein Sci. 1, 
1413-1427]. The structure was refined with X-PLOR and 
SHELXL93 to a crystallographic R factor of 13.9% for 
32963 reflections with I > 2o'(1). The final structure 
contains 2767 atoms including 31 flavin mononucleotide 
(FMN) atoms, 299 water molecules, and one sulfate ion. 
The protein is comprised of a central five-stranded t -  
sheet surrounded by five helices and binds a single 
molecule of FMN at the C-terminus of the sheet. The 
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trigonal protein structure and the crystal packing are 
compared with the monoclinic wild-type protein. Helix 
or3 in this structure is less distorted than in the 
monoclinic structure and shows additional hydrogen 
bonds in the N-terminal portion of the helix. The trigonal 
structure is extensively hydrogen bonded in three major 
areas with neighboring molecules compared with five 
regions in the monoclinic structure, but using signifi- 
cantly fewer hydrogen bonds to stabilize the lattice. 
There are several hydrogen bonds to the amide groups 
from water molecules several of which stabilize and 
extend the ends of the fl-sheet. 

Introduction 

Flavodoxins are small (14-23 kDa) acidic a/fl proteins. 
They have been found in a wide variety of prokaryotes 
including strict anaerobes (A. vinelandii, Klugkist, 
Voorberg, Haaker & Veeger, 1986), facultative 
anaerobes (E. coli, Vetter & Knappe, 1971), and 
cyanobacteria (A. nidulans, Smillie & Entsch, 1971). 
They have also been found in some eukaryotic algae (C. 
crispus, C. fusca, Fitzgerald, Husain & Rogers, 1978; 
Zumfi & Spiller, 1971). In the photosynthetic bacteria, 
Anabaena 7120, they replace ferredoxins in the transfer 
of electrons from photosystem I (PS I) to ferredoxin- 
NADP + reductase under iron-deficient conditions (Sykes 
& Rogers, 1984). In other organisms, they are variously 
involved in the metabolism of such diverse molecules as 
nitrogen (Klugkist et al., 1986), methionine (Fujii & 
Huennekens, 1974) and pyruvate (Ogata, Miyazaki & 
Akagi, 1986). 
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Each flavodoxin molecule non-covalently binds a 
single molecule of flavin mononucleotide (FMN) as a 
prosthetic cofactor with no iron-sulfur clusters or other 
metal centers present. FMN acts as the storage center 
while transporting electrons between P S I  and FNR, 
delocalizing the electrons added upon reduction. The 
importance of iron in flavodoxin regulation and expres- 
sion is discussed elsewhere in detail (Mayhew & 
Ludwig, 1975; Mayhew & Tollin, 1993). 

The FMN molecule can exist in three different 
oxidation states: oxidized (ox), the one-electron reduced 
semiquinone (sq) and the two-electron reduced hydro- 
quinone (hq), but in vivo shuttles between the sq and hq 
reduced states. In the long-chain flavodoxins, the ox/sq 
reduction potential (E2) is similar to that for free FMN in 
solution at pH 7.0 ( -238 mV), but the sq/hq couple (El) 
is approximately 2.5 times lower. The net effect of the 
protein is to separate the potentials E2 and El, creating a 
sizeable energy gap upon oxidation or reduction, with the 
sq form stabilized over the hq form. The mechanisms by 
which flavodoxins acting as scaffolds of the FMN 
molecule modulate the reduction potentials, stabilize the 
reduced forms of FMN and insure that the electrons are 
transferred between the proper molecules are unknown. 

The flavodoxin from the cyanobacterium Anabaena 
7120 is a 169-amino-acid (19 kDa) protein (Leonhardt & 
Straus, 1989). It is homologous to other long-chain 
flavodoxins, a family of proteins whose members have 
varied redox potentials, which differ from those of free 
FMN. For example, Et, the redox potential for the first 
(oxidized to semiquinone) reduction, is -196  mV in the 
flavodoxin from Anabaena 7120 (Paulsen, Stankovich, 
Stockman & Markley, 1990), - 5 0  mV in the flavodoxin 
from the cyanobacterium Synechoccus lividus (Crespi, 
Norris, Bays & Katz, 1973), and -238  mV in free flavin 
(Draper & Ingraham, 1960). A better understanding of 
how the details of protein structure moderate the 
potential of the flavin cofactor has been an ongoing goal 
in this work. 

The general structure (Fig. 1) of all the flavodoxins are 
similar in that they contain a central five-stranded/3-sheet 
core surrounded by five helices, three on one side and 
two on the other. Two distinct structural forms of the 
protein are found in nature, long chain and short chain. 
The long-chain flavodoxins contain a loop of approxi- 
mately 20 amino acids inserted in the middle of the fifth 
strand without significantly disrupting the hydrogen- 
bonding network of the/3-sheet. The protein serves as a 
framework to bind FMN strongly, with the isoalloxazine 
rings located near the carboxyl-terminal portion of the 
sheet. Several protein loops envelope FMN especially 
enclosing the polar pteridine rings. The 5'-phosphoryl- 
ated ribityl chain extends into the interior of the protein 
forming an extensive system of hydrogen bonds with the 
N-terminus of helix 1 and anchoring the cofactor to the 
protein. The FMN isoalloxazine ring system is comple- 
tely buried with only the methyl groups of the benzene 

ring exposed to bulk solvent. The association constants 
vary as a function of the oxidation state of FMN with the 
sq form binding approximately 100 times more strongly 
than either the ox or hq forms. However, there is 
significant variability in these binding constants among 
the different species studied (Mayhew & Ludwig, 1975). 
The sequence of this FMN-binding pocket appears to be 
largely conserved (Ludwig & Luschinsky, 1993) despite 
the fact that most of the hydrogen bonds are with the 
main-chain atoms. 

Our previous structural studies of this protein, using 
X-ray crystallography (Rao et al., 1992) and high- 
resolution multidimensional multinuclear NMR spectro- 
scopy (Stockman, Krezel, Markley, Leonhardt & Straus, 
1990), utilized flavodoxin purified directly from large- 
scale cultures (801 batches) of Anabaena 7120 
(Stockman, Westler, Mooberry & Markley, 1988). Since 
genetic manipulation of Anabaena 7120 is difficult, we 
decided to express the cloned gene in E. coli, in order to 
pursue site-specific structural mutations in the flavodoxin 
and to facilitate the production of isotropically labeled 
protein for NMR studies. 

Three long-chain oxidized flavodoxin structures are 
known (Smith et al., 1983; Fukuyama, Matsubara & 
Rogers, 1992; Rao et al., 1992), the latter from the 
photosynthetic bacterium Anabaena 7120 was reported 
by our laboratory at 2.0 A resolution in the monoclinic 
form. During our efforts to obtain crystals of the present 
recombinant protein in the same crystal form (mono- 
clinic) for further study, we grew the new trigonal crystal 
form that diffracted to 1.40 A resolution. These crystals 
display a new packing motif for long-chain flavodoxins. 

Fig. I. Schematic ribbon drawing of Anabaena 7120 flavodoxin drawn 
with the graphics display package MOLSCRIPT (Kraulis, 1991). 
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We report here the structure of this protein as well as 
structural and packing-motif comparisons with the 
monoclinic polymorph as well as with other flavodoxins, 
both long- and short-chain forms. 

Experimental procedures 
Materials 

Sequenase was obtained from United States Biochem- 
icals. The plasmid pGEM-3Zf(-)  was purchased from 
Promega. The plasmid pGPI-2 was a gift of Dr Richard 
Burgess (University of Wisconsin, Madison, USA). The 
E. coli strain AW737 (phototrophic strain) was from the 
collection of Dr Julius Adler (University of Wisconsin, 
Madison, USA). Sephadex G-50 resin and DEAE- 
cellulose DE-53 were from Pharmacia and Whatman, 
respectively. The ammonium sulfate and Tris buffer used 
in the crystallization was purchased from Aldrich. 

Cloning 

Restriction-enzyme digestion, ligation and bacterial 
transformation were carried out as described by Maniatis, 
Fritsch & Sambrook (1982). DNA sequencing was 
performed using the chain-termination method of Sanger, 
Niklen & Coulson (1977) following the protocol 
provided by United States Biochemicals with Sequenase. 

Expression and purification 

10 ml of LB medium containing 100 mg ml-  ~ each of 
the ampicillin and kanamycin was inoculated with a 
single colony or 2-3 lal of frozen stock of E. coli AW737 
containing pGEM-AVF and pGPI-2 and grown overnight 
with good aeration (200 rev min - l  shaker) at 303 K. A 
0.5 ml aliquot of this overnight culture was inoculated 
into 350 ml of a rich (LB) or minimal (M9) medium in a 
2.81 Fernbach flask and incubated in a temperature- 
controlled shaker bath at 303K with supplemental 
aeration of (0.451.tm) filtered air. When an optical 
density (OD) at 600nm of 1.0-1.3 was reached, the 
temperature of the bath was increased to 315 K for 0.5 h 
then lowered to 313 K, the incubation was then continued 
for 6-12 h. Cells were harvested by centrifugation for 5 
min at 2500g. The pellet was then resuspended in 40 ml 
of low-salt buffer (LSB: 50mM phosphate pH 7.6, 
100 mM KCI, 5 mM EDTA) and divided into two 20 ml 
aliquots. Each aliquot was sonicated (power setting 30, 
Sonifer Cell Disruptor Model W185 with microtip), and 
the resulting lysate was then passed through a French 
press (Amicon French Pressure Cell) at a force of 
700PSIG and a flow rate of approximately 10ml min -~. 
Unbroken cells were pelleted by centrifugation for 
10min at 7000g. The supernatant was decanted and 
stored at 273 K. This procedure (resuspend, sonicate, 
French press, centrifuge, decant) was repeated twice 

more with each pellet, and all the supernatants were 
pooled. Repeated disruption was necessary in order to 
minimize loss of expressed protein in the pelleted 
fractions 5 -10mg of FMN was added to the pooled 
supernatants. This material was then loaded onto a 
1.5 x 15 cm column of Whatman DE-53 anion exchange 
resin at 277 K which had previously been equilibrated 
with LSB. After washing with one column volume of 
LSB, an intense orange band remained just below the 
upper surface of the resin bed. The column was 
developed with a 700 ml gradient of 100-300 mM KC! 
in the same phosphate buffer, and 10ml fractions were 
collected. The band eluted in a small number of fractions. 
All of the orange-colored fractions were pooled and 
concentrated to a small volume on an Amicon stirred-cell 
pressure-filtration concentrator with a 10000 M r cutoff 
filter (YM10). This concentrated solution was purified 
further and desalted on a 1.5 × 40cm column of 
Sephadex G-50 resin. The orange eluant was dialyzed 
against 31 of 1001.tM phosphate buffer (pH 7.6). The 
dialysate was lyophilized and yielded 20-30 mg of 
purified flavodoxin. 

Crystallization 

Crystals were grown by the hanging-drop vapor- 
diffusion method from 10 ~tl droplets at 277 K, with each 
droplet containing equal parts of protein (80 mg ml-I in 
200mM Tris-HCl at pH8.0) and 80% saturated 
ammonium sulfate (Table 1), conditions similar to those 
used to obtain the monoclinic crystals (Rao et al., 1992), 
but using 3.3 M ammonium sulfate instead of 3.0 M. The 
protein salted out forming a fluffy precipitate from which 
large bright orange crystals averaging 0.3 × 0.3 
× 0.4 mm in size appeared in approximately 1-2 weeks. 
The crystals were well formed and hexagonal in shape. 

Data collection and processing 

Data were collected at 263 K from a single crystal on a 
Siemens four-circle area detector utilizing Cu Ko~ radia- 
tion (~. = 1.54A,) from a Maxscience rotating-anode 
source (50kV, 90mA). The detector was ~,aounted 
125 mm from the crystal along the 20 arm. A total of 
17 data sets were collected by varying 20, X, q9 and 09. 
Data were collected in 0.2 ° frame -~ steps with a 90s 
exposure time per frame. The crystal remained very 
stable during the entire data collection (nearly one week) 
with a fall-off intensity occurring only at the end of the 
data-collection period. The 17 data runs were processed 
and merged together using the program XENGEN 2.0 
(Howard, Nielsen & Xuong, 1985) yielding an Rmerge of 
3.8%. The space group was determined to be P3121 with 
cell constants a - - 5 5 . 3 6 ,  c = 102.59A, and one mole- 
cule in the asymmetric unit. A total of 311 379 reflections 
were collected of which 36 069 were unique with 32 963 
reflections having intensity greater than 2o'(1) (Table 1). 
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Table 1. Crystal and data statistics comparison for 
trigonal and monoclinic flavodoxins and completeness of 

trigonal data 

Trigonal crystal Monoclinic crystal 
(present work) (Rao et al., 1992) 

Space group P3121 P21 
Cell constants a = b = 55.36 ~, a = 48.0,~ 

c -- 102.59,~, b = 32.(),~ 
ot = fl = 90:: c = 51.6,~ 

y =  120 a = y = 9 0  
Z = 6  f l = 9 T  

Z = 2  
Cell volume (A~) 2722911 79210 
V,, (,~s Da I) 2.26 2.06 
Total reflections 311379 24329 

collected 
Unique reflections 364)69 9795 
Merging R factor (%) 3.8 7.(1 

Completeness of  data in trigonal f lavodoxin 
Number  of  indepedent rcflections* 

Resolution (,~) / >_ 0a ( l )  / > 2or(i) 
oc-8.00 24O (98.8) 238 (97.3) 

8.(X)-2.38 7366 (98.0) 7313 (97.8) 
2.38-1.90 7257 (99.8) 7151 (97.8) 
1.90-1.66 7210 (99.9) 6941 (97.3) 
1.66-1.51 7172 (99.8) 6501 (95.6) 
1.51 - 1.40 6774 (94.3) 4817 (90.0) 

oo-1.40"1" 364)19 (99.1) 32961 (90.0) 

* Numbers in parentheses are the percentages of  possible reflections. 
t The total number  o f  reflections is higher than the breakdown 

indicates because there are 50 reflections with resolution higher than 
1.40 ,~,. The reflections were used in the refinement. 

Structure solution 

The structure was solved by molecular replacement in 
real space using the program X-PLOR 3.0 (Bringer, 
1988). 1181 reflections (Fo >_ 2.0) from 15 to 4.5A and 
the atomic coordinates (residues 2-169) from the 2.0,~ 
monoclinic structure were used to calculate the Patterson 
maps. The rotation function gave a single solution at 
01 "-- 349.5, 02 = 78.5 and 03 = 340.5 ° that was used in 
a translation search over the asymmetric unit using 1 ,~, 
grid. The model derived from the molecular replacement 
had a starting R factor of 38.9% which dropped to 35.2% 
after rigid-body refinement. The correctness of the 
molecular-replacement solution was confirmed in the 
difference map by the presence of clean electron density 
for FMN which had been omitted from the molecular 
replacement. 

Refinement 

Following rigid-body refinement, omit maps clearly 
showed density for the N-terminal residue, S 1, which 
was built into the model. The molecule was then 
annealed by initially setting the temperature at 3000 K 
and slow-cooling in 25 K steps to 300 K using the 15 140 
reflections in the range 8.0-1.85 ,~. At each step in the 
cooling process, the model was equilibrated with 5 fs of 
molecular-dynamics simulations. Following the final 
round of annealing, the molecule was subjected to 120 
cycles of positional ref'mement, lowering the R factor to 

23.4%. The thermal parameters were maintained at 
15.0,~2 during the course of the annealing. 

Difference 'omit '  maps (Fo-Fc) ,  in which ten- 
residue segments were excluded from phasing, showed 
that several regions of the molecule required manual 
manipulation to fit the electron density correctly. The 
model was rebuilt residue-by-residue using these maps 
on our ESV-10 using FRODO (Jones, 1985) and refined 
after every 30 residues. Two regions, residues 27-30 and 
134-136, required extensive refitting to fit the electron 
density. The electron density was well defined over all 
regions in omit maps at this resolution. After fitting was 
completed, several rounds of solvent picking and 
refinement were performed until 120 waters and the 
sulfate ion were found in difference maps. 

The data were then extended to 1.4 A and the structure 
was refitted and refined with X-PLOR 3.0 in iterative 
sessions as previously described. Restraints on B factors 
were not used. A total of 16 side chains were modeled in 
at least two distinct confomations with equal occupancies 
for each conformer, El6,  S17, V18, R23, D24, E25, L33, 
N58, E61, $64,* E67, S71, S l l 0 ,  S158, S165 and E166, 
with one existing in three conformations. The R factor for 
this model was 16.3% for 35 779 data with unit weights 
between 8.0 and 1.4 ,~. 

The final refinements were carried out using the 
SHELXL93 program (Sheldrick, 1993), which refines 
against F 2 instead of F. The program also uses a diffuse 
solvent continuum model according to Babinet's princi- 
ple (Langridge et al., 1960). Because the data quality and 
the resolution were high, inclusion of H atoms as 'riding 
atoms' on the heavier protein atoms and anisotropic 
refinement were tested as further extensions to the 
refinement. An Rfree (Brfinger, 1992) test conducted 
within SHELXL93 was performed to explore these 
options. These separate tests showed that inclusion of 
scatterers for H atoms as 'riding atoms' on protein atoms 
was reasonable whereas anisotropic refinement was not. 
The Rfree value was lowered by 1.4% by including H- 
atom scatterers whereas the Rfree was lowered by only 
0.2% by including anisotopic thermal parameters. There- 
fore, 'riding model' H atoms on protein atoms were used 
in the final stages of the refinement, while anisotropic 
refinement was not performed. Any H atom attached to a 
group with a rotational degree of freedom (i.e. hydroxyl 
and methyl H atoms) were initially placed according to 
maxima in the electron density and the torsional angle 
refined. H atoms were not placed on water molecules. In 
addition, group occupancies for the multiply ordered side 
chains were refined with the occupancies constrained to 
sum to unity. 

The final model consists of 3072 scatterers in 169 
residues (16 with alternate side-chain positions), FMN, 
299 water molecules (with refined occupancy and 

*This  residue was modelled with the hydroxyl  group staggered in 
three positions about Xi by approximately 120 °. 
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thermal parameters), and a sulfate ion for a total of  
7380 refined parameters. The R factor was 13.9% for the 
32963 reflections with 1 > 2o'(1) and 14.7% or all 
36 069 data. The reflection weighting scheme used was 
that of SHELXL93 where w = l/[o'2(F 2) + (0.2984P) 2 
+462.0744P]  and P = (F 2 + 2F2)/3.  The average 
error in the coordinates as determined by the 
method of Luzzati (Luzzati, 1952) is 0.11,~ and the 
r.m.s, deviations from ideality (Engh & Huber, 1991) are 
0.007 ,~, and 0.9 ° for bonds and angles, respectively. 
Some representative electron-density plots are show in 
Fig. 2 to demonstrate the excellent quality of the maps. 
The refined coordinates have been deposited with the 
Protein Data Bank (Bernstein et al., 1977).* 

K2 3 " K3 

(a) 1.ooh 

Results and discussion 

Flavodoxin overproduction 

Plasmid p G E M - A V F  was constructed by ligating the 
HindIII fragment from a plasmid that contained the gene 
for flavodoxin (Leonhardt & Straus, 1989), into the 
HindIII site of plasmid p G E M - 3 Z f ( - )  downstream of 
the T7 promoter. On screening the resulting plasmids for 
direction of insert, it was found that all of  the 16 clones 
that contained the flavodoxin gene had it inserted in the 
same direction: all inverted relative to the lac promoter 
that transcribes across this site. As a result, the 
flavodoxin gene is not expressed by the lac promoter. 
Since statistical (50/50) directionality of insertion is 
expected, this unusual result suggests that the flavodoxin 
is toxic to E. coli, even in the small amounts produced by 
leakage from this promoter. Osborne, C h e n &  Mathews 
(1991) reached similar conclusions about the toxity of 
the E. coli f lavodoxin gene to E. coli when present on a 
multicopy plasmid. An inverted orientation with respect 
to the lac promoter positions the flavodoxine gene 
appropriately for expression from the T7 promoter, 
which is the promoter used for protein expression, so 
the selection ensures the correct direction for our 
purposes. The overexpression plasmid (pGEM-AVF) 
was transformed successfully into cells containing pGPI- 
2. The second plasmid (pGPI-2) contained both the gene 
for T7 RNA polymerase,  under control of the X PL 
promoter, and the gene for a temperature-sensitive X 
repressor protein (c1857) (Tabor & Richardson, 1985). 
This construct allows induction of T7 RNA polymerase 
by shifting the growth temperature, which in turn causes 
the flavodoxin gene on pGEM-AVF to be transcribed.~" 

* Atomic coordinates and structure factors have been deposited with 
the Protein Data Bank, Brookhaven National Laboratory (Reference: 
IRCF, R1RCFSF). Free copies may be obtained through The 
Managing Editor, International Union of Crystallography, 5 Abbey 
Square, Chester CHI 2HU, England (Reference: GR0369). 

t We had no success in transforming purified pGPI-2 DNA into cells 
that already contained pGEM-AVF or in transforming both plasmids 
simultaneously. The few colonies recovered all failed to produce 
flavodoxin upon temperature induction. 

•• K164 ~ K164 

(b) H 1.ooA 

(c) 1.ook 

Fig. 2. Stereo drawings of three regions of the molecule illustrating the 
excellent quality of the electron density. All electron densities are 
from difference omit maps of their respective regions. (a) The 
tripeptide S1-K2-K3 at the N-terminus contoured at 2.0tr. This area 
was considerably more mobile in the monoclinic structure and had 
poor electron density. In the trigonal crystal, this area is a region of 
intermolecular contact, via water molecules, and consequently is 
much better ordered. (b) The tetrapeptide segment G27-N28-D29- 
V30 comprising the turn between 0tl and/32 with bound sulfate ion 
contoured at 2.0or. This region was also well ordered in the trigonal 
lattice as a result of intermolecular contacts. However, in the 
monoclinic crystal this region was highly mobile and contained ill 
defined electron density The sulfate dianion is countered by two full 
positive charges from K164 and R112 of a neighboring molecule, 
while N28 donates two partial positive charges from its backbone and 
side-chain amides. (c) Stereo drawing of the dipeptide D24-E25 from 
0tl with electron density contoured at 1.5m This helix is exposed to 
one of the large solvent channels running along c. Consequently 
many of the residues along this helix have multiply ordered side 
chains as demonstrated here. 
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When the apoprotein produced was reconstituted with 
exogenous FMN, the product was found to be indis- 
tinguishable from flavodoxin isolated directly from 
Anabaena 7120 by NMR spectroscopy (J. B. Olson, R. 
A. Chylla, H. Yan, F., Abildgaard, E. S. Mooberry & J. 
L. Markley, unpublished results) and reduction potential 
measurements (K. E. Paulsen & M. T. Stankovic, 
personal communication). 

,6-Sheet: structure and hydration 

The main ,6-sheet of flavodoxin comprises the core of 
the molecules (Fig. 3a). It is composed of five parallel ,6- 
strands ,61(4-9), ,62(30-36), ,63(48-56), ,64(81-89) and 
,65(115-117/141-143) in the relative orientation 2-1-3-  
4-5 as defined by the main-chain hydrogen-bonding 
pattern. There are 26 hydrogen bonds holdin~ the strands 
together with a mean distance of 2.96 (0.14) A [and mean 
C ~ O . . . N  angle of 160(7)°]. Nine water molecules 
(Watl, Wat3, Wat4, Wat6, Watl0, Wat56, Wat85, 
Watl70 and Wat233) play significant roles in stabilizing 
the termini of the ,6-strands. 

The juxtaposition of five ,6-strands creates a total of 
eight crevices, four gaps at each end of the ,6-sheet. Each 
of these gaps contains one or more bridging water 
molecules that form hydrogen bonds with one or more 
backbone atoms. In one case, the interactions utilize side- 
chain atoms to complete the bridging. The net effect of 
these waters is to extend the ,6-sheet in each of the gap 
regions, which is reflected in the ~0/lp backbone torsion 
angles. The crevice created by the C-terminal portions of 
the/31 and ,63 strands contains no such bridging water; 
however this region is stabilized by the extensive 
hydrogen-bonding network of the FMN phosphate. 

The N-terminal ,61/,63 gap contains Watl0 (Fig. 3b), 
bridging the carbonyl group of K3 and the amide of Y49 
while simultaneously bridging the carbonyl of S 1 and the 
amide N atom of Q48. The water molecule is bound to 
the four ligands in a nearby tetrahedral geometry. These 
interactions probably play a role in ordering S1 in the 
lattice. The fll/,62 gap is bridged by Wat85, connecting 
the carbonyl O atoms of K2 and V30, while ,63/,64 gap is 
filled by Wat233 which interacts with the carbonyl 
groups of Q48 and G80. Another solvent molecule, 
Wat56, caps the f14/,65a gap bridging the carbonyl group 
of G 113 with the amide of G80 and the carbonyl group 
of K81. 

Wat6 binds in the C-terminal gap between strands ,64 
and ,65b. It extends this region of the fl-sheet by bridging 
the amide N atom of E145 and the carbonyl O atom of 
G89 as described (Sekharudu & Sundaralingam, 1993). 
This water also forms a hydrogen bond with the 04' of 
the FMN ribityl chain. Although this water molecule is 
present in both polymorphs of Anabaena 7120 structures, 
it is not present in the structures of either of the other 
long-chain flavodoxins. The C-terminal crevice between 
strands ,61 and ,62 and in part between ,61 and ,63 is 
stabilized by Wat4 which hydrogen bonds to the amide 

of T10 and the side-chain carboxylates of D35 and D65. 
Strand ,63 contains a proline at residue 55 which disrupts 
the hydrogen-bonding pattern of the ,6-sheet. This proline 
ring is puckered such that the C ~ atom is displaced from 
the polane of the other four ring atoms by approximately 
0.5 A resulting in the C~-exo (~E) type of puckering, 
which is 'enantiomerically' related to the C(2)-endo (2E) 
puckering seen in the furanose sugar rings of B-DNA 
(Westhof & Sundaralingam, 1983). In several other 
flavodoxins, this proline is replaced by a serine instead. 
The presence of a proline at this particular sequence 
position in the long-chain flavodoxins seems to influence 
the positioning of the 58-60 loop for interaction with N5 
of FMN and for positioning the side chain of W57 above 
the FMN ring. This placement allows N el of W57 to 
form a hydrogen bond with the phosphate of FMN thus 
tilting at an angle of about 40 ° to the FMN ring system 
instead of being parallel, as is Y94. Structurally, the 
,6-sheet morphology is maintained by two bound waters 
that stabilize this region (Fig. 3c). Two solvents, Wat3 
and Watl70, lie in the gap created when the side chain 
and peptide plane of P55 rotate --~ 90 ° away from their 
'normal' positions in a parallel ,6-sheet. These two water 
molecules form numerous interactions, including 
hydrogen bonds with the carbonyl group of C54 and 
T88, creating a two-water bridge (C54 c- -° . .  .Wat3... 

O C Watl70--- ---- T88). In addition, Watl70 makes inter- 
actions with 02 of FMN and the amide N atom of T56. 
In all, Watl70 makes seven close contacts with nearby 
polar atoms in an arrangement that is pseudo-octahedral, 
such as that seen in metal bind!ng, though the hydrogen- 
bonding distanCeSo(2.69-3.31 A) as expected are longer 
than the 2.2-2.4A seen in metal-binding sites. These 
hydrogen bonds probably take the place of the two 
hydrogen bonds lost by the presence of P55, including a 
conserved serine hydroxyl hydrogen bond with the 
phosphate. There are two other longer interactions on 
either side of these extended water bridge that may be 
stabilized by the presence of these waters. The first 
interaction between the carbonyl group of C54 and the 
amide N atom of T88 has a distance of 3.94,~ and a 
C---O. • .N angle of only 110 °. The second, between T56 
N and T88 O, has a distance of 3.50,4, and C ~ O . - . N  
angle of 166 ° which is clearly more favorable. A further 
stabilization of this region arises as a result of the FMN 
ribityl chain which makes interactions with the O × atom 
of T56 and the carbonyl O atom of T88. Although the 
poor geometry of these interactions suggests that they are 
not strong hydrogen bonds, they probably contribute to 
the overall stability of the region through electrostatic 
interactions. 

Strand ,65 is split in two by the insertion of the long 
loop (118-140). However, the hydrogen-bonding pattern 
of the ,6-sheet is maintained by Watl. It forms hydrogen 
bonds with the amide N atom of Y85 and the carbonyl O 
atoms of Vl17 and V139, effectively tying the three 
spatially close but sequentially distant strands together. 
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This water is present in all of the other long-chain 
flavodoxin structures. 

Helices." structure and hydration 

Five helices (13-26, 40--46, 63-76, 100-113 and 149- 
167) surround the ,&sheet in the flavodoxin molecule 
with helices 1 and 5 on one side of the ,&sheet and 
helices 2--4 on the other. The 54 hydrogen bonds 
comprising these helices have a mean O-'-Ni+4 
distances of 3.09 (0.16),~. and a mean C - - O . . . N  angle 

of 150(7) ° . Three of the five helices are composed 
entirely of a-helix, with the other two being comprised 
wholly or in part of 3~0 helix. 

Helix 1 is entirely a-helical in character. The residues 
in this helix make one intermolecular and five intramo- 
lecular hydrogen bonds with other protein atoms. Four of 
these five intramolecular hydrogen bonds are with 
residues involved in phosphate interactions, forming a 
highly intertwined pocket stabilizing FMN binding. Six 
of the 13 carbonyl groups in this helix are hydrated by 
one or more water molecules. A large proportion of the 

(a) 

. 7 v  
-">- ,.,,;: ! 

~ . - - - - M . . ~ , ( ~ 7  ) "  . " . . .  

(b) 

(c) 

Fig. 3. Portions of the /3-sheet, 
illustrating bound water molecules. 
(a) Stereo drawing of the central/3- 
sheet in flavodoxins with the nine 
structural waters. The view is 
similar to that in Fig. 1. Shown 
for illustration are the FMN cofac- 
tor which binds at the bottom of 
the sheet, and the long loop that 
interrupts/35. (b) Stereo drawing of 
the N-terminal region of the /3- 
sheet in the vicinity of the N 
terminus. The N terminus, S l, is 
found in clear electron density. The 
ordering of this residue, as well as 
better ordering of K2 and K3 may 
occur as a result of the bound water 
Watl0. This water forms four 
hydrogen bonds with neighbouring 
polar atoms, two H-atom donors 
(amides of Q48 and Y49) and two 
H-atom acceptors (carbonyls of S 1 
and K3). The geometry of binding 
is nearly tetrahedral. (c) Stereo 
drawing of structural waters in the 
vicinity of P55. The side chains of 
residues F86, W57, and the ribityl 
chain of FMN have been omitted 
for clarity. The integrity of the /3- 
sheet, deformed by the presence of 
a proline at this point, is main- 
tained by the numerous interac- 
tions created by the insertion of 
waters 3 and 170 in the 'hole' 
formed by the rotation of the 
proline peptide plane away from 
the plane of the /3-sheet. Wati70 
forms a total of seven interactions 
with neighboring polar atoms. 
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residues with alternate side-chain conformations are 
members of this helix and include residues El6,  S17, 
V18, R23, D24 and E25. 

The second helix, residues 40-46, the shortest of the 
helices in this structure, is entirely 310 in character. The 
tightly wound nature of this helix causes the carbonyl 
groups to form bent hydrogen bonds with the corre- 
sponding Ni+3. This bending allows three of the seven 
carbonyl groups to be hydrated by one or more water 
molecules. The 3~0 folding does not appear to be an 
artifact of the packing because this region does not make 
any intermolecular hydrogen bonds in the crystal lattice. 
There are two hydrogen bonds between backbone atoms 
and side-chain atoms of this helix. One of these hydrogen 
bonds, between the carbonyl group of N45 and N ~ of 
K81, anchors this helix to the third strand of the/:3-sheet. 

The third helix shows considerable change from the 
monoclinic structure. The helix is best defined by 
including residues 63-76 as defined by the backbone 
torsion angles. The helix begins as a normal a-helix, but 
tightens at the carboxyl terminus, becoming more like a 
310 helix after the helix kinks at L69. This is in contrast 
to the monoclinic form in which the N-terminal region 
was as it is here, but degenerated into random coil at the 
transition where the helix became 3H~ in this structure, 
most likely as a result of packing interactions in this 
vicinity. There are a considerable number of hydrogen 
bonds involving side-chain atoms: those that help 
stabilize this helix by interacting with itself and those 
that bind the helix to the sheet structure. The side chain 
of W66 (N ~l ) helps bind the helix to the/4-sheet while the 
side-chain atoms from residues Q63, $71 and E72 form 
hydrogen bonds with backbone atoms of the helix, 

possibly stablizing a bend of approximately 35 ° at 
residue L69. The biphasic nature of the helix is 
demonstrated by an examination of the hydration pattern. 
The portion of the helix that is primarily a-helix has only 
two of the seven carbonyi groups hydrated, i.e. hydrogen 
bonded to a water molecule. But, after the transition 
occurs, five of the seven carbonyi groups are hydrated as 
seen in the other 3~o helix. This region lies near a 
crystallographic twofold and helix lies nearly parallel to 
it. Three residues make significant contacts with the 
twofold-related molecule and all three of these residues 
($64, E67 and $71) also adopt alternate side-chain 
conformations. The alternate form of E67 is essential for 
maintaining the twofold (F!g. 4). The twofold-related O ~l 
of the major forms (1.97 A), as well as the O ~l, of the 
minor forms (1.16,~,) are too close to exist simulta- 
neously. Although the crystallographic twofold is main- 
tained, neither form may exist unless the corresponding 
residue on the symmetry-related molecule is in the other 
conformer, i.e. disordered, in order to maintain reason- 
able van der Waals interactions in this region. Since there 
were a large number of intermolecular forces present in 
the monoclinic crystal, the secondary structure shown in 
the trigonal crystal may more closely resemble that 
present in solution. 

The fourth helix is entirely a-helical being comprised 
of residues 100-113. There are numerous interactions 
involving this helix including three between the side- 
chain atoms of R112 and the backbone carbonyl groups 
of helix 3. Two hydrogen bonds anchor this helix to the 
/4-sheet while two other hydrogen bonds hold the long 
loop against this helix. The hydration of the helix is fairly 
uniform with every third carbonyl being hydrated, which 

Fig. 4. Stereo drawing illustrating the 
disordered residues $64, E67 and 
$71. Both positions of the disor- 
dered side chains are shown with 
the lower occupancy conformer 
drawn in hollow bonds. 
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are also those that are on the solvent-exposed side of the 
helix. 

The fifth helix of flavodoxin begins are residue 148 
and continues to the C-terminus, although residue L169 
appears to have only minimal association with the helix. 
In addition, the first turn of the helix may be partially 310 
in character as judged by the hydrogen bonding. There 
are many side-chain hydrogen bonds formed mostly with 
atoms of the long loop, although there are several 
interactions among the members of the helix. Three 
alternate side chains occur in this region, S158, S165 and 
E166. There are also several symmetry-related hydrogen 
bonds especially with the C-terminus. The helix is 
heavily hydrated with 12 of the 21 carbonyl groups, 
excluding the C-terminus, bearing a water molecule. The 
pattern is fairly regular with those carbonyl groups 
exposed to solvent being hydrated, while those on the 
interior are not. The C-terminus is also heavily hydrated 
in addition to making five hydrogen bonds with 
symmetry-related molecules. 

The long loop; structure and hydration 

The long loop is the defining feature of the long-chain 
flavodoxins, but is does not play an obvious role in 
modulating the redox potentials (Ludwig & Luschinsky, 
1993). In the crystal, the bulk of the long-loop is exposed 
to one of the large solvent channels. Consequently, many 
of the residues have high mobility including residues 
D126 and N135 whose side-chain electron density is 
weak and ill defined. Yet, much of the loop region is 
stabilized by several intra-loop hydrogen bonds, two of 
which involve W120 and F138 and form a short/~-sheet- 
like region. However, this sheet-like domain does not 
interact with the main E-sheet of the molecule. 

Turns: structure and hydration 

A total of 14 turns have been identified in this crystal 
structure (Table 2). Eight turns connect the regular 
secondary-structure elements, while the other six exist in 
regions of random coil. Three contiguous turns have 
beeri identified in the 91-100 region and three non- 
adjacent turns have been identified in the long loop 
(residues 118-138). The majority, nine, of the turns are 
type I (I') (Wilmot & Thornton, 1988). The remainder are 
of type II (II') except for the 310//33 turn which is in the 
less common type VIII conformation and may be a 
degenerate continuation of the 310 helix. All of the turn 
regions are exposed to solvent with every polar atom not 
already involved in hydrogen bonding participating in 
hydrogen bonds with water molecules. 

The 26-29 turn is of considerable interest in this 
crystal structure because of the presence of a bound 
sulfate ion in this region (Fig. 2b). This turn was 
disordered in the monoclinic structure as well as in the A. 
nidulans structure. However, in this case, this region is 
very well ordered. The ordering arises as a result of the 

Table 2. Turn regions in trigonal flavodoxin 

Res idues  (~0, ~P)2 (°) (~0, ~)3 (o) T y p e  
TI0-QI 1-TI2-GI3 - 1 1 0 / - 5 0  -107/15 ! 
F26-G27-N28-D29 6 4 / -  123 -88/1  II' 
V36-S37-Q38-A39 - 6 8 / - 2 0  - 110/ -  I I 
N45-D46-Y47-Q48 - 7 2 / -  10 - 129/155 VIII 
N58-159-G60-E61 63/74 86/12 I' 
F78-N79-G80-K81 -62/136  90/2 II 
Q91-I92-G93-Y94 - 8 6 / - 4 7  - 7 7 / - 2 4  I 
Y94-A95-D96-N97 - 6 3 / - 2 3  - 9 3 / - 3  I 
N97-F98-Q99-D 100 -70/116 68/23 II 

S110-Q11 l-R112-G113 - 5 6 / - 3 7  -92 /13  I 
T122-D123-G124-Y125 -67/137 94/7 II 
S 130-K 13 I-A 132-L133 - 7 6 / - 4  - 8 8 / - 3  I 
R 134-N 135-G 136-K 137 54/46 8 8 / -  1 I' 
EI45-DI46-N147-Qi48 - 8 1 / - 3 6  - 1 1 8 / - 2 6  I 

Table 3. Sulfate interactions in trigonal flavodoxin 

Sulfa te  a tom Pro te in  a tom Dis tance  (/k) S y m m e t r y  ope ra t ion  
OSI N28 N 3.31 - -  

R I I 2 N  n2 2.67 5 1 1 1 
KI64 N~ 3.21 - -  

OS2 Water 67 3.27 5 1 i ! 
Water 113 2.73 - -  

OS3 N28 N ~2 3.08 - -  
RI12 N nl 2.99 5 I 1 1 
Water 225 3.31 5 I I 1 

OS4 N28 N 3.25 - -  
Water i 60 2.71 - -  

S y m m e t r y  c o d e : 5  1 1 1 = l - x , y - x + l  4_ , 3 - z .  

packing in this crystal which places this loop in close 
contact with the c~3//~5 loop of a symmetry-related 
flavodoxin. This interaction traps a sulfate ion, further 
stabilizing the residues in these regions (Table 3). 

Flavin mononucleotide: conformation and binding 

A molecule of FMN is non-covalently bound to 
flavodoxin. The FMN-binding site, which has been 
described in the monoclinic paper in great detail, is 
largely unchanged in this structure. A total of 22 
hydrogen bonds are formed between FMN and the 
protein or water atoms. The xylene portion of the 
isoalloxazine ring system is oriented so that the methyl 
groups are exposed to solvent while the remainder of the 
rings are buried in the interior of the protein. Three major 
regions of the protein interact with FMN, T l l -T15 ,  
T56-G60, and T88-Q99. Additionally, D146 makes a 
hydrogen bond with one of the ribityl hydroxyl groups. 

FMN is anchored to the protein by the 5'-phosphory- 
lated ribityl chain. The anionic phosphate O atoms form a 
total of ten hydrogen bonds with protein atoms. Six of 
these hydrogen bonds are with the backbone amide N 
atoms of residues T l l -T15  forming the phosphate- 
binding pocket. The ribityl hydroxyls form five hydrogen 
bonds, two of which are with bound water molecules 
(Wat6 and Wat27). 

The isoalloxazine ring system forms seven hydrogen 
bonds, one of which is with a bound water molecule, 
Watl70. The two atoms that can undergo protonation 
upon reduction, N and N5, are involved in hydrogen 
bonds. The acceptor N5 atom makes a long (3.60 A) but 
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favorable linear interaction with the donor amide N atom 
of I59. Whereas, the amide N atom of D90 forms a 
hydrogen bond with N1 of FMN. In the monoclinic 
structure this hydrogen bond is bifurcated between N1 
and 02,  but in this structure the interaction seems to be 
stronger to N1 (3.15,4,) than 0 2  (3.36,~). The presence 
of the hydrogen bonds at these two positions may 
account for some of the differences in electron potentials 
between the long-chain and short-chain flavodoxins (Rao 
et al., 1992; Fukuyama et al., 1992). Hydrogen bonds 
between protein atoms and these two atoms of FMN 
appear to be present in all of the long-chain structures but 
not necessarily in the short-chain structures. 

Aside from the two methyl C atoms of FMN which are 
solvent accessible, the immediate environment of the ring 
system is highly apolar. The rings are sandwiched 
between the side chain of Y94 on the si face and the 
benzene portion of the side chain of W57 on the re side. 
These rings make angles with the general plane of the 
isoalloxazine rings of 2 and 40 °, respectively. Although 
W57 is inclined to FMN, the two rings eclipse one 
another along the long axes of the planar groups. This is 
not the case with Y94, whose long axis is rotated relative 
to that of FMN. This orientation of Y94 places O '7 very 
near, 3.32,~, to the C 6 - - C 7  bond with the C ~ - - O  ~ 
aligned approximately parallel to the C 7 - - C 7 M  bond. 
The isoalloxazine system is not entirely planar despite 
being restrained to be planar. However, similarly 
restrained groups such as the side chains of histidine, 
tryptophans, phenylalanines and tyrosines completely 
retain their planarity and are flat to within 0.01 A. The 

Fig. 5. Detail of the FMN cofactor illustrating the butterfly bend of 
approximately 8 ° on the remote side opposite the sugar-phosphate 
side chain. 

ring system is significantly bent forming a butterfly-like 
structure, bending along the N5. • -N10 pseudo-bond at a 
dihedral angle of approximately 8 ° (Fig. 5). In addition, 
the dimethylbenzene ring is somewhat non-planar. 
Although the six atoms, N10,oN5, C9a, C5a, C9 and 
C6 are coplanar within 0.01 A, the four atoms most 
exposed to solvent, C7, C7M, C8 and C8M are displaced 
from the above plane by as much as 0.10A. The 
displacement of these four atoms gives the benzene ring 
a puckered appearance, with C7 displayed above the 
plane and C8 displaced below. The methyl groups of 
these two atoms behave anomalously as well. The C8 
methyl group is displaced below the plane, while that of 
C7 bends back towards the plane in an sp 3 type of 
arrangement. 

The C7 methyl group of FMN makes a close contact 
with the carbonyl O atom of G80 in a 3n symmetry- 
related molecule. The carbon-oxygen distance is only 
3.29A and makes an angle of 118 ° with the carbon- 
oxygen double bond of the carbonyl. This interaction 
may be indicative of a possible C - - H . . . O  hydrogen 
bond between the methyl C atom and the backbone of a 
symmetry-related molecule. This interaction is especially 
interesting because G80 is at the N-terminus of strand/54, 
whose C-terminus forms the hydrogen bond between the 
amide N atom of D90 and N1 of FMN. The resulting 
series of these interactions run the length of the c axis in 
the crystal (Fig. 6). 

Description o f  the packing 

The tightness of the molecular packing in this crystal 
varies depending on the region of the molecule under 
examination (Fig. 7). The packing is such that the N- 
terminal region of the fl-sheet of the reference molecule 
is in direct contact with the C-teminal region of the 
symmetry-related molecule above. This novel head-to- 
tail type of packing which is not seen in the monoclinic 
or any other flavodoxin structure is favorable for 
satisfying the polararity of the fl-sheet as well as the a- 
helices whose dipoles are arranged in an opposite 
fashion. 24 amino acids (Table 4) form direct hydrogen 
bonds with a symmetry-related molecule as the mole- 
cules pack along the 31 screw. The regions of direct 

\\ 

Fig. 6. Lattice interactions in the 
crystal link symmetry-related 
FMN molecules via the /34 strand 
of the central fl-sheet. The FMN 
N I-D90 N distance is 3.16 ,~, and 
the FMN C7M-G80 symm O dis- 
tance is 3.29,~, suggesting a possi- 
ble C--H...O interaction. 
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contact include both the N- and C-termini of the protein 
and much of the N-terminal region of the /~-sheet area 
around them. Other regions of direct contact include the 
C-terminal region of the/3-sheet, including I59 and E61 
which are members of the loop curling around N5 of 
FMN, as well as much of the area surrounding it 
including the N-termini of several of the at-helices. The 
only other significant region of direct contact is along the 
twofold axis, which runs nearly parallel to the helical 
axis of at2 creating several interactions among the three 
side chains, $64, E67 and $71, in addition to ordering 
them in two or more conformations. In contrast, the 
monoclinic structure displays fewer contacts but in more 
areas, including many contacts in the long loop and in the 
vicinity of at3. It is interesting that despite the completely 
different manner in which the two crystal systems pack, 
the molecules display relatively minor differences in their 
structures. 

Several more interactions are formed via water bridges 
and the bound sulfate ion. In the regions of close 
intermolecular contact, as described above, all of the 
protein atoms are very well defined in the electron 
density. In addition, these regions have nearly all of the 
possible water molecules well defined. However, the 
trigonal lattice creates large solvent channels, approxi- 
mately 20 ,~, in diameter, that run parallel to c through the 
length of the crystal (Fig. 7). The exteriors of a 1, 310, at3, 
the tip of the long loop and at4, are the regions of the 
protein that contact this water hole and are considerably 
more mobile than other areas. The residues of these areas 
have higher B values, multiply ordered side chains, and 
consequently fewer water molecules were found bound 
in these regions. 

The packing of the molecule in the trigonal lattice 
represents an entirely new type of packing for the long- 
chain flavodoxins in terms of the placement of the flavin 
rings relative to one another. In the structure of A. 
nidulans, C. crispus and the monoclinic form of A. 7120 

Fig. 7. Packing of Anabaena 7120 f lavodoxin in the trigonal lattice. The 
stereoview is down c. Note the wide ("~20 A in diameter) solvent 

channels  between the stacked rows of molecules giving several 
regions free access to bulk solvent. 

Table 4. Interactions between symmetry-related mole- 
cules in trigonal flavodoxin 

Protein atom* Symmetry  atom Distance (,~) Symmetry  operation 
Sl N El07 O e2 2.80 5 1 1 1 
QI I N e2 E166 O 2.98 
D29 O ~l QI 11 N E2 2.82 
D29 O ~1 R112 N ~2 2.92 
V30 N Q111 O 2.94 
D35 N DI50 O ~2 2.81 
Q48 N ~2 N58 081 3.02 
Q48 N E2 N58 O 61' 3.25 
Y49 O n N58 O ~t 3.09 
N58 N ~2' El07 O zl 3.09 
I59 O K 131 N¢ 2.80 
E61 O er KI31 N ¢ 2.55 
E61 O ~2 KI31 N ¢ 2.83 
$64 O r" G168 O 3.10 
E67 O el E67 O el 1.97 
E67 O El E67 O El' 2.36 
E67 O Cl' E67 O el' 1.16 
E67 O CI $71 O ×' 3.18 
$71 O y $71 O × 3.26 
$71 O y $71 O y 3.08 
$71 O y '  $71 O y' 2.31 
D74 O '~1 L169 O terl 3.33 
D74 O ~1 LI69 O ter2 2.43 
D74 O '~2 L169 O terl 3.15 
G80 O FMN C7M 3.29 
KI08 N¢ L169 O terl 3.00 
QI I ! N F2 L169 O terl 3.23 

3 1 0 - 1  
5 1 1 1  
5 1 1 1  
5 1 1 1  
4 1 0 1  

2 0 - 1 0  
2 0 - 1 0  
2 0 - 1 0  
2 0 - 1 0  
4 - I 1  
4 - 1 1  
4 - 1 1  
3 0 - 1  
4 -1  
4 -1  
4 -1  
4 -1  
4 -1  
4 - I  
4 -1  
5 0 
5 0 
5 0 

3 1 -  
5 0 
5 0 

Symmetry  codes: 2 0 - 1  0 = - y , x - y - l , ~ 4 - z ;  3 1 0 - 1  = 

y - x 4 - 1 , - x , z - ~ ;  4 1 0 1 = y 4 - l , x , l - z ;  4 1 -  1 1 = y 4 - 1 ,  
x - I  l - z ;  5 l O l = l - x , y - x S - z ;  5 1 1 l = l - x ,  
y - z 4 - 1 , 4 - z .  

* Atoms be longing  to the alternate posit ions are designated with a 
prime (') or double prime ("). 

flavodoxins, the exposed C7 and C8 methyl groups point 
toward the exposed portion of the long loop of a 
symmetry-related molecule with an average distance of 
3.5 A. However, in the present structure these methyl 
groups point toward the N-terminal portion of the/~-sheet 
with a much shorter contact distance (3.29,~). The 
presence of this interaction could be indicative of 
preferential binding between two flavodoxins or even 
this flavodoxin and one of its redox partners. 

Mobility and the alternate side-chain conformations 

The overall mobility of the atoms in this structure is 
relatively low averaging 17.7 ,~2 for all of the atoms. 
However, several atoms, in residues E40, K115, D126, 
N 135 and K 157, have very high B values which probably 
indicates a low occupancy for these atoms. There are 
significant differences in the B-value profiles between the 
monoclinic and trigonal structures. The overall lower B 
factors in the monoclinic form may arise as a result of the 
data being truncated at 2,~. It is interesting to note that 
the B factors of the trigonal crystal at an intermediate 
stage in the refinement, using data truncated at 1.8 ,~, 
displayed similar lower values. This behavior of the B 
values, displaying low sometimes negative values when 
using data truncated at lower resolution than the 
diffraction limit of the crystal, seems to be general for 
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many structures refined in this laboratory (Burkhart & 
Sundaralingam, unpublished results). 

Despite the rigid nature of the molecules in this crystal 
there are several regions that exhibit high mobility 
including the side chains with high B values and multiple 
conformations. The plot of average B values (Fig. 8) 
shows that the solvent-accessible sites of the helical 
regions have side chains with higher mobility than the 
non-accessible ones. In addition, the residues of the 
central /3-sheet at the core of the protein, as expected, 
have the lowest average B values. Several residues have 
average side-chain values higher than the average B 
values for solvents (35.3~,2), which is approximately 
two times higher than the average B value for all atoms in 
the model. These residues (K14, E20, E72, D75, D77, 
K115, D123, D129, K137 and D153) have large B values 
for their terminal atoms and although somewhat 
disordered still have interpretable electron density. It 
shouuld be noted that all of these residues belong to 
either regions of turn or the termini of helices and, with 
the exception of Kl15,  are all exposed to the large 
solvent channels running parallel to c. 

There are 16 side chains (El6, S17, V18, R23, D24, 
E25, L33, N58, E61, $64, E67, $71, S110, S158, S165 
and E166) exhibiting multiple conformations (Fig. 2c 
and Table 5). The majority of these side chains are 
localized in a relatively small area with six of the 16 
being serines. This represents over 50% of all serines in 
the protein with all of them in helical regions and 
exposed to bulk solvent, which may account for their 
mobility. For example, the 16-18, 23-25 and 32-33 
multiples all lie in approximately the same region as do 
the side chains of N135 and K137 whose side-chain 
electron densities are weak and B values are high. 
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Fig. 8. Temperature factors as a function of residue for the trigonal 

(solid) and monoclinic (dot) structures. The average temperature 
factor for each residue is plotted. The secondary-structural elements 
are shown at the top. The average temperature factor (35.3 ,~,2) for the 
301 waters (dash) is shown for reference. 

Table 5. Residues exhibiting multiple conformations in 
trigonal flavodoxin 

C o n f o r m e r  1 C o n f o r m e r  2 C o n f o r m e r  3 

O c c u p a n c y  ( % ) /  O c c u p a n c y  ( % ) /  O c c u p a n c y  ( % ) /  

R e s i d u e  a v e r a g e  B ( ~ 2 )  a v e r a g e  B (,~2) a v e r a g e  B ( ~ 2 )  
E 16 64124.2 36/17.0 - -  
S17 58/14.1 42/16.8 - -  
VI8  72/11.3 28/17.2 - -  
R23 66/17.7 34/21.0 - -  
D24 46/16.2 54/34.4 - -  
E25 56/36.2 44/12.2 - -  
L33 33/6.8 67/19.3 - -  
N58 58/16.9 42/15.0 - -  
E61 71/10.0 29/I 2.5 - -  
$64 50/7.1 24/11.4 26/8.0 
E67 46/9.7 54/16.4 - -  
$71 62/11.4 38/28.8 - -  
S110 61/7.2 39/16.2 - -  
S 158 35/10.2 65/25.6 - -  
S165 36/11.0 64/18.1 - -  
S 166 53/I 2.7 47/23.8 - -  

Comparison with the monoclinic structure 

Although the origins of the proteins used in the 
crystallization of recombinant trigonal and natural wild- 
type monoclinic forms of this flavodoxin are different, 
chemically they are the same. The r.m.s.d, between the 
two structures is 0.83/~, for 702 atoms comprising the 
entire backbone and FMN, except for the four N-terminal 
atoms of residue S1 which were not modeled in the 
monoclinic structure. The major areas of deviation 
include the poorly ordered residues 2-4 at the N- 
terminus of the monoclinic structure, residues 25-31 in 
the vicinity of the disordered loop in the monoclinic 
structure, residues 133-137 at the tip of the long loop, 
and residues 164-169 at the C-terminus. If these areas 
are excluded from the superposition, the two structures 
align with an r.m.s.d, of 0.24A. The FMN molecules 
superpose very well with a mean deviation of 0.24,~. 

Although the data from the monoclinic structure was 
reported at only 2.0,~,, resolution, restricted by the 
camera setting for synchrotron data collection, the 
Matthews coefficient (Vm) (Matthews, 1968) for the 
monoclinic structure was 2.06,~3 Da-i  with 39% solvent 
content. In contrast, the present Vm is 2.26 ~3 Da-I for 
the present structure representing a solvent content of 
46%. Both of these values are lower than those seen in 
other flavodoxins. It is expected that comparable high- 
resolution data may be obtained with good crystals of the 
monoclinic form. However, the availability of both 
structures is an even better resource for describing this 
variety of flavodoxin in as accurate a manner as possible 
while still demonstrating the conformational flexibility of 
several regions under molecular contact conditions or 
free in solution. 

Summary 

The structures of many flavodoxins (mutants, redox 
states and those bearing FMN analogues) have been 
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completed and consequently the general features of the 
flavodoxin structure are well known (for review see 
Mayhew & Ludwig, 1975; Mayhew & Tollin, 1993; 
Ludwig & Luschinsky, 1993; Rao et al., 1992). 
However, the long-chain flavodoxins present many 
interesting deviations from the behaviour of the short- 
chain variety. For example, the effects of the various loop 
regions on reductive potentials has not been extensively 
studied. Neither has the importance of the various 
conserved residues been fully explored via mutational 
studies. This is especially intriguing considering that this 
protein performs essentially the same function, electron 
transport, as the ferredoxins, which has nothing in 
common with it structurally. These conserved regions 
may not be important in redox-related activities, but may 
instead be important in the binding of flavodoxin to PS I 
or FNR. Recent studies with ferrodoxin from Anabaena 
7120 have implicated key residues important in FNR 
recognition and possibly in the electron-transfer process 
(Hurley et al., 1993). If the two proteins can be 
functionally aligned, regions of the flavodoxin molecule 
analogous to those identified in ferredoxin may be 
functionally classified. 

This structure of the oxidized form of A. 7120 
flavodoxin makes an excellent starting model for 
examination of these reduced states as well as possible 
site-directed mutant flavodoxins, in part because of its 
accuracy but also because of its completeness. It is hoped 
that having such an accurate, well resolved structure of 
this electron-transport protein will contribute to finding 
an appropriate electron-transport pathway or mechanism 
in these flavin-beafing proteins relative to their iron- 
bearing cousins. 
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