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Abstract: Flavodoxins in combination with the flavin mononucleotide (FMN) cofactor play important
roles for electron transport in prokaryotes. Here, novel insights into the FMN-binding mechanism
to flavodoxins-4 were obtained from the NMR structures of the apo-protein from Lactobacillus aci-
dophilus (YP_193882.1) and comparison of its complex with FMN. Extensive reversible conforma-
tional changes were observed upon FMN binding and release. The NMR structure of the FMN
complex is in agreement with the crystal structure (PDB ID: 3EDO) and exhibits the characteristic
flavodoxin fold, with a central five-stranded parallel f-sheet and five a-helices forming an o/p-sand-
wich architecture. The structure differs from other flavoproteins in that helix «2 is oriented perpen-
dicular to the p-sheet and covers the FMN-binding site. This helix reversibly unfolds upon removal
of the FMN ligand, which represents a unique structural rearrangement among flavodoxins.

Keywords: protein-ligand interaction; protein folding; cofactor binding; flavin mononucleotide

Introduction function in combination with a non-covalently bound
Flavodoxins are small electron transfer proteins  cofactor, flavin mononucleotide (FMN)."™ Overall,
which are found primarily in prokaryotes and the Pfam flavoprotein clan (CL0042) contains seven

Abbreviations: APSY, automated projection spectroscopy; ASCAN, software for automated side-chain resonance assignment;
ATNOS, software for automated NMR peak picking; CANDID, software for automated NOE assignment; CYANA, software
used for NMR structure calculation; EDTA, ethylenediaminetetraacetic acid; FMN, flavin mononucleotide; HSQC, heteronuclear
single quantum coherence spectroscopy; JCSG, Joint Center for Structural Genomics; MATCH, software used for backbone
chemical shift assignments; NOE, nuclear Overhauser effect; NOESY, nuclear overhauser effect spectroscopy; PDB, protein
data bank; RMSD, root-mean-square deviation; TEV, tobacco etch virus.

Grant sponsor: National Institute of General Medical Sciences; Grant number: U54 GM094586; Grant sponsor: US Department of
Energy, Office of Science, Office of Basic Energy Sciences; Grant number: DE-AC02-76SF00515; Grant sponsor: National Institutes
of Health, National Institute of General Medical Sciences; Grant number: P41GM103393; Grant sponsor: DOE Office of Biological
and Environmental Research.

*Correspondence to: Kurt Withrich, Department of Integrative Structural and Computational Biology, The Scripps Research Institute,
10550 North Torrey Pines Road, La Jolla, CA 92037. E-mail: wuthrich@scripps.edu

1600  PROTEIN SCIENCE 2015 ‘ VOL 24:1600-1608 Published by Wiley-Blackwell. © 2015 The Protein Society



Table I. Determination of the NMR Structure of Flavodoxin-4 in Aqueous Solution Containing 20 mM Sodium
Phosphate and 50 mM NaCl at pH 6.0: Input for the Structure Calculations of the Apo-protein (Apo) and the FMN
Complex (Holo) and Characterization of the Bundles of 20 Energy-minimized CYANA Conformers Representing

These Structures

Quantity Value
Holo (298K) Apo (308K)

NOE upper distance limit 2471 2392

Intraresidual 646 630

Short range 709 646

Medium range 455 399

Long range 661 717
Dihedral angle constraints 798 795
Residual target function value (A2) 2.04 +0.26 1.95+0.21
Residual NOE violations

Number>0.1 A 22+ 4 16+ 4

Maximum (A) 0.14+0.4 0.13+0.01
Residual dihedral angle violations
Number > 2.5° 1+1 2+1
Maximum (°) 3.0+1.1 3.5+1.0
RMSD from ideal geometry

Bond lengths (A) 0.012 0.012

Bond angles (°) 2.2 2.2
AMBER energies [kcal mol 1]

Total —5351* 155 —4737 + 134

van der Waals —397 27 —328 =17

Electrostatic —6071+174 —5723 £ 132
RMSD to the mean coordinates (A)b

Backbone (5 — 150) 0.66 = 0.09 1.67+0.48

Heavy atoms (5 — 150) 1.18+0.10 2.43 +0.64

Backbone (5 - 10,16 — 37,68 — 150) 0.56 +0.10 0.58 +0.09

Heavy atoms (5 — 10,16 — 37,68 — 150) 1.11 £0.17 1.05+0.14
Ramachandran plot statistics (%)°

Most favored regions 78.8 72.6

Additional allowed regions 20.8 26.3

Generously allowed regions 0.5 1.0

Disallowed regions 0.0 0.1

2 Except for the top six entries, which represent the input generated for the final cycle of structure calculation with UNIO-
ATNOS/CANDID and CYANA 3.0, average values and standard deviations for the 20 energy-minimized conformers are

given.

® The numbers in parentheses indicate the residues for which the RMSD was calculated.

¢ As determined by PROCHECK.!®

families,* five of which have been structurally char-
acterized in complex with FMN, and two in their
apo-forms. The apo-flavodoxin structures have the
same overall fold and secondary structures as the
corresponding holo-proteins,>® but some conforma-
tional heterogeneity at the FMN binding site was
attributed to partial unfolding.® Mutational and
binding studies with riboflavin (non-phosphorylated
FMN) indicated that cofactor binding is initiated
through an aromatic interaction between the isoal-
loxazine ring of FMN and the hydrophobic binding
site of apo-flavodoxin.®

Here we present the NMR and crystal structures
of flavodoxin-4 from Lactobacillus acidophilus
(YP_193882.1) in complex with FMN, and the NMR
structure of its apo-form. These are the first structural
representatives of the flavodoxin-4 Pfam family*
(PF12682) that consists of more than 1133 members
from 627 species, including 593 bacteria. Unexpectedly,
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NMR studies in solution revealed a major ligand-
associated conformational rearrangement in this struc-
tural genomics target selected by the Joint Center of
Structural Genomics (JCSG, www.jcsg.org), which
seems to be unique to the flavodoxins-4 family, which is
a subset of the Pfam flavoprotein clan (CL0042).*

Results and Discussion

NMR and crystal structures of the
Flavodoxin-4-FMN complex

Flavodoxin-4  from  Lactobacillus  acidophilus
(YP_193882.1) was isolated and purified as a com-
plex with the FMN cofactor (see Materials and
Methods). The NMR-Profile!* generated from a 2D
['°N,'H]-HSQC spectrum contained a complete set of
backbone amide group signals, which indicated that
the protein solution was homogeneous and that all
amino-acid residues were NMR-observable.

PROTEIN SCIENCE ‘ VOL 24:1600-1608 1601
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90’s loop

Figure 1. NMR and crystal structures of Flavodoxin-4 in complex with FMN. (A) Ensemble of 20 energy-minimized CYANA con-
formers representing the NMR structure (PDB ID 2MWM). (B) Ribbon presentation of the NMR conformer closest to the mean
coordinates of the bundle in (A), with identification of the three FMN binding loops. (C) Ribbon presentation of the crystal struc-
ture (PDB ID 3EDO). FMN is shown as a black stick diagram. In (B) and (C), the regular secondary structures were defined with
DSSP.'°(D) Close-up stereo view of the FMN binding site in the crystal structure in (C). Relative to the view in (C) the structure
has been rotated by 60° about a vertical axis. Residues in contact with FMN are shown as stick diagrams and identified with
the one-letter amino acid code and the sequence number. Dotted black lines indicate hydrogen bonds. The color code for reg-
ular secondary structures is used also for the carbon skeleton of the side chains, and oxygen and nitrogen atoms in the side

chains and in FMN are colored red and blue, respectively.

The NMR structure determination at 298K fol-
lowed the J-UNIO protocol'? (for further details, see
Materials and Methods). Nearly 87% of the back-
bone atoms were automatically assigned using
APSY-NMR data'® as input for UNIO-MATCH,"
and complete polypeptide backbone chemical shift
assignments were obtained after interactive valida-
tion and extension of these assignments. Automated
assignment with UNIO-ATNOS-ASCAN'16  then
yielded 72% of the side-chain chemical shifts
expected from the primary structure, which were
then interactively validated and, where applicable,
corrected to yield chemical shift assignments for

1602 PROTEINSCIENCE.ORG

90% of the side chains. The input for the structure
calculation obtained on the basis of these chemical
shift assignments with UNIO-ATNOS-CANDID' is
listed in Table I, which also presents the statistics of
the structure calculation. The resulting structure
contains a five-stranded parallel B-sheet (B1: Thr6—
Tyr10, B2: Glu32—Glu35, B3: Leu79—Pro85, R4:
Glu108—Phel14, B5: Val1l36—Argl4l) and five «-
helices (al: Thr17—Glu27, «2: Lys49—Ile58, «3:
Lys96—Met102, a4: His120—Glul29, ob: Vall46—
Trpl49), in an o/f sandwich architecture (Fig. 1).
The NMR structure superimposes with the crystal
structure (PDB ID: 3EDO; see Materials and

Cofactor-Induced Reversible Folding of Flavodoxin-4



Methods) with an RMSD of 1.60 A, as calculated for
the backbone C* atoms of Lys4 to Ser150.

The interface between the protein and the FMN
cofactor in the crystal structure of the complex was
analyzed using the PISA server.2’ The FMN binding
site consists of three functional loops, as was also
observed in other flavodoxins: that is, the phosphate
binding or P-loop between B1 and «l, the 90’s loop
between B3 and a3, and the 120’s loop between R4
and a4 [Fig. 1(B)]. In contrast to other flavodoxin
structures, helix «2 also interacts with FMN, with
direct contacts with M47, T50, S51, and A54 [Fig.
1(D)]. The FMN phosphate group binds to the flavo-
doxin via hydrogen bonding to the P-loop. The
hydroxyl groups of the isoalloxazine ring of FMN
form hydrogen bonds with the 120’s loop, and the
ribityl moiety hydrogen bonds with both the 90’s
and 120’s loops. Finally, the indole ring of W87 in
the 90’s loop is involved in aromatic interactions
with the isoalloxazine ring of the FMN.

NMR structure of apo-Flavodoxin-4

The apo-form of Flavodoxin-4 was prepared by dena-
turing the purified protein—-FMN complex with
6 mM GdHCI, run on a desalting column to obtain a
colorless apo-protein solution, and refolding in NMR
buffer. The 600 MHz 2D [*°N,'H]-HSQC spectrum of
the resulting solution at 298K contained an incom-
plete set of signals, with 21 backbone *N—'H corre-
lation peaks missing, and some of the observed cross
peaks exhibited chemical shifts not seen in the
flavodoxin-FMN complex [Fig. 2(A,B)]. Subsequent
complexation of apo- Flavodoxin-4 with FMN
showed that the ligand-dependent spectral changes
are fully reversible [Fig. 2(A-C)], since, with the
exception of three peaks at the low field end, the
spectrum of the freshly prepared FMN complex [Fig.
2(A)] was recovered after addition of 1.1 equivalent
of FMN to the solution of the apo-protein. In apo-
protein solutions containing less than 1.0 equivalent
of FMN, two sets of NMR signals were observed, cor-
responding respectively, to apo-Flavodoxin-4 and its
FMN complex. This result corresponds with previous
reports that FMN exchange between flavodoxin mol-
ecules is slow on the chemical shift timescale.® The
absence of 21 peaks in the spectrum of the apo-
protein [Fig. 2(B)] can be rationalized by the
assumption that the missing signals experience
large chemical shift differences between two or mul-
tiple conformational states of the apo-protein, and
that the absence of the expected ®N—'H correlation
peaks is due to line broadening beyond detection
due to exchange between these states.

Improved, but still incomplete NMR-profiles! of
apo-Flavodoxin-4 were obtained at higher tempera-
tures and the NMR structure of apo-Flavodoxin-4
was therefore determined at 308K, using the
J-UNIO protocol (Table I).!2 The apo-form of the pro-

Dutta et al.
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Figure 2. NMR spectral changes induced by FMN-binding to
and release from Flavodoxin-4, as observed in 700 MHz 2D
['®°N,"H]-HSQC spectra at 298°C. (A) FMN complex obtained
after initial protein expression and purification. (B) Apo-
protein obtained after denaturation of the FMN-complex,
FMN removal, purification and refolding (see text). (C) Pro-

tein-FMN complex obtained upon addition of 1.1 equivalents
of FMN to a solution of the apo-protein.

12 10

tein contains most of the o/B sandwich architecture
seen in the FMN complex. There are five
B-strands (1, Thr6—Tyr10; B2, Ser31—Val38; B3,
Leu79—Ser84; B4, Glul08—Phell3; p5, Vall36—
Argl41), four «-helices (al, Lysl8—Ser26; «o3,
Thr97—Asp100; «4, Lys121—Trp130; «b, Vall46—
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Figure 3. NMR structure of apo-Flavodoxin-4 and comparison with its FMN complex. (A) Bundle of 20 energy-mimimized
CYANA conformers representing the NMR structure. (B) Ribbon presentation of the conformer in (A) which is closest to the
mean atom coordinates of the bundle. (C) Superposition of bundles of 20 NMR conformers of apo-Flavodoxin-4 (red) and its
FMN-complex (blue). (D) Sequence positions of regular secondary structures in the NMR structures of apo-Flavodoxin-4 (red)
and its FMN-complex (blue). Arrows indicate B-strands, and a-helices are shown as rectangles.

Lys148) and a 3;9 helix (Tyr74—Asn76) (Fig. 3).
Superposition with the FMN-complex of Flavodoxin-
4 shows near-identity for the protein core, with a
backbone RMSD of 0.86 A calculated for the super-
position of residues 5-11, 17-36, 67-115, and 119-
151. Large structural differences, which are also
clearly manifested in the distribution of chemical
shift changes and line-broadening effects along the
amino-acid sequence (Fig. 4), are observed for the
amino-acid segments 12-16, 37-66, and 116-118
that include helix a2 and other FMN binding ele-
ments in the structure of the flavodoxin-4-FMN com-
plex (see above and Fig. 1). The conformational

1604  PROTEINSCIENCE.ORG

rearrangement involves the entire upper part of the
structure in the orientation of Figure 3, and includes
residues in direct contact with FMN as well as
amino acids near the protein surface, which experi-
ence large conformational changes due to the unfold-
ing of helix a2.

Conclusions

All five structurally characterized families of the
seven families that form the flavoprotein clan
exhibit an /B sandwich architecture with a parallel
five-stranded B-sheet (Fig. 1). Structure comparisons
reveal that, within this common fold, the orientation

Cofactor-Induced Reversible Folding of Flavodoxin-4
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Figure 4. Effect of FMN-binding on the backbone ®N—"H chemical shifts of Flavodoxin-4. (A) Plot along the amino-acid
sequence of the combined chemical shift differences, Ao = ¢{(A6H)2+(A5N/5)2}, between apo-Flavodoxin-4 and its FMN-
complex. Residues with Ao > 0.5 ppm are highlighted in magenta. For the residues identified with yellow triangles, no data are
available because the backbone amide signals in the 2D ["°N,"H]-HSQC spectrum of the apo-protein at 298°C are broadened
beyond detection (see text). (B) Ribbon diagram of the crystal structure of the Flavodoxin-4—-FMN complex [3EDO; same as in
Fig. 1(C)] color-coded to identify peptide segments showing either large chemical shift differences between the apo-protein and
the FMN complex (magenta) or signal line-broadening beyond detection (yellow).

of helix a2 is quite variable. In flavodoxin-4, it is
part of the FMN binding site (Fig. 1), whereas in fla-
voprotein NrdI it is absent,'®?! and, in other struc-
turally characterized families, it is located far away
from the FMN binding site.>® It appears that a long
insertion between helix «2 and strand B3 enables
the unique orientation of helix a2 in members of the
flavodoxin-4 family.

In previous studies of flavodoxins, the most sig-
nificant conformational changes that were induced
by ligand binding and release were at the FMN
binding loops (Fig. 1), and no changes of regular sec-
ondary structures were reported.>® In the NMR
structure of apo-Flavodoxin-4, we now observe that
the polypeptide segment corresponding to helix a2
in the FMN complex is flexibly disordered. To the
best of our knowledge, this is by far the largest
FMN binding-induced rearrangement
observed in a flavodoxin. The unique involvement of
helix a2 in FMN-binding to Flavodoxin-4 and its dif-
ferent orientations in other members of the flavopro-
tein clan®® suggest that it has played an important
role in the adaptation of flavodoxins to different
physiological milieus.

structural

Materials and Methods

Protein expression and purification

The LBA1001 gene (Uniprot ID: Q5FKC3, GenBank:
YP_193882.1) was amplified by polymerase chain
reaction (PCR) from Lactobacillus acidophilus
genomic DNA wusing PfuTurbo DNA polymerase
(Stratagene) and I-PIPE (forward primer, 5'-
ctgtacttccaggge ATGGCTAAAAAAACATTAATTTTAT
-3'; reverse primer, 5'-aattaagtcgegtta TTTACTC-
CATTTATCAACTTCACTATC-3/, target sequence in
upper case) that included sequences for the pre-

Dutta et al.

dicted 5 and 3’ ends. The expression vector, pSpee-
dET, which encodes an amino-terminal tobacco etch
virus (TEV) protease-cleavable expression and puri-
fication tag (MGSDKIHHHHHHENLYFQ-G), was
PCR amplified with V-PIPE (Vector) primers (for-
ward primer: 5'-taacgcgacttaattaactcgtttaaacggte
tecage-3/, reverse primer: 5'-gccctggaagtacaggttttegt
gatgatgatgatgatg-3'). V-PIPE and I-PIPE PCR prod-
ucts were mixed, and the amplified DNA fragments
were annealed. E. coli GeneHogs (Invitrogen) compe-
tent cells were transformed with the I-PIPE/V-PIPE
mixture and dispensed on selective LB-agar plates.
The cloning junctions were confirmed by DNA
sequencing. Expression was performed in E. Coli
BL21(DE3) cells (EMD Biosciences). Uniformly
130,1°N-1abeled protein was prepared in kanamycin-
containing M9 minimal medium, using *NH,CI and
['3Cgl-D-glucose as the sole nitrogen and carbon
sources. The cells were grown at 37°C with vigorous
shaking to an ODgggnm of 0.6. The temperature was
then reduced to 18°C, and protein expression was
induced by 1 mM isopropyl -p—1-thiogalactopyrano-
side for 20 h. Cells were harvested by centrifugation
at 5,000 g at 4°C for 5 min and re-suspended in
buffer A (20 mM sodium phosphate at pH 7.4,
200 mM NaCl, 20 mM imidazole) supplemented with
Complete EDTA-free protease inhibitor cocktail tab-
lets (Roche). The cells were lysed by sonication,
insoluble debris was separated by centrifugation
(20,000g at 4°C for 30 min), and the supernatant
was filtered using 0.22 pm syringe filters. The pro-
tein was bound to a HisTrap HP Ni2?" affinity col-
umn (GE Healthcare) and eluted using a stepwise
gradient from 50 to 500 mM imidazole. TEV prote-
ase was added to the fractions containing the target
protein, which were incubated at room temperature
overnight to remove the polyhistidine-tag. Imidazole

PROTEIN SCIENCE ‘ VOL 24:1600-1608 1609



was removed by loading the solution onto a HiPrep
26/10 desalting column (GE Healthcare) equilibrated
with buffer A. The desalted solution was applied to
another Ni2* affinity column to collect the tag-free
protein, which was then loaded onto a HiLoad 26/60
Superdex 75 gel filtration column (GE Healthcare)
equilibrated with NMR buffer (20 mM sodium phos-
phate at pH 6.0, 50 mM NaCl). The fractions con-
taining Flavodoxin-4 were concentrated to 1.2 mM,
using a 3 kDa cutoff Amicon Ultra-15 centrifugal fil-
ter device (Millipore). The resulting intensively yel-
low solution was supplemented with 5% DyO (vol/
vol) and 4.5 mM sodium azide for use as the NMR
sample.

The apo-form of Flavodoxin-4 was obtained by
denaturing 500 pL of a 1.4 mM solution of its
FMN complex in 2 mL of denaturing buffer
(20 mM sodium phosphate at pH 6.0, 50 mM
NaCl, 6 mM GdHC]) and incubated at room tem-
perature for 20 min. The solution was loaded onto
a HiPrep 26/10 desalting column (GE Healthcare)
equilibrated with denaturing buffer to obtain the
apo-protein in a colorless solution. The protein-
containing fractions were concentrated to 0.5 mL
and refolded by adding them at 4°C with constant
stirring at a rate of 34 pL h™! to 50 mL of NMR
buffer. The resulting solution was concentrated
and then purified using a HiLoad 26/60 Superdex
75 gel filtration column (GE Healthcare) equili-
brated with NMR buffer. The NMR sample was
prepared by addition of 5% D,O (v/v) and 4.5 mM
sodium azide.

NMR spectroscopy and NMR structure
calculation

“NMR-profiles”!! were prepared from 2D-[*°N,'H]-
HSQC spectra recorded on a Bruker Avance 700
MHz spectrometer equipped with a 1.7 mM TXI z-
gradient microcoil probe. For each structure deter-
mination, three APSY experiments, 4D APSY-
HACANH, 5D APSY-HACACONH and 5D APSY-
CBCACONH, were recorded on a Bruker Avance
600 spectrometer equipped with a 5§ mm CP2 QCI-F
z-gradient cryogenic probehead, and 3D 1°N-
resolved, 3D *C?i_resolved and 3D *C3¥™°-resolved
['H,'H]-NOESY spectra were recorded with a mix-
ing time 7, =65 ms on a Bruker Avance 800 MHz
spectrometer equipped with a 5 mM TXI probe.

The J-UNIO protocol'? was used for automated
chemical shift assignment and structure calculation.
The APSY data were used as input for UNIO-
MATCH.' The results from UNIO-MATCH were
validated and extended with the help of the 3D °N-
resolved and 3D '3C®iresolved ['H,'H]-NOESY
spectra.
assignments were carried out with the software
UNIO-ATNOS/ASCAN, ™1 and the results were
interactively checked and extended. The structure

Automatic side-chain resonance

1606  PROTEINSCIENCE.ORG

Table II. X-ray Data Collection and Refinement Statis-
tics of the Flavodoxin-4—-FMN Complex: (PDB ID 3EDO)

Data collection

Beamline SSRL 11-1
Space group P2:2:24
Unit cell (A) a=44.56 b =52.03
¢ =156.75
Dataset . A SAD
Wavelength (A) 0.97910
Resolution range (A) 29.42-1.20
No. observations 434,233
No. unique reflections 114,258
Completeness (%) 99.4 (96.0)
Mean I/c (I) 10.5 (2.5)
Ruerge on I (%)* 9.3 (58.2)
Rineas on I (%)P 10.9 (70.5)
Ryim on I (%)° 5.5 (39.1)
Highest resolution shell 1.23-1.20
Model and refinement statistics
Dataset used in refinement A SAD
No. reflections (total)® 114,155
No. reflections (test) 5,724
Cutoff criteria |F1>0
Rcryst (%)e 13.6
Rfree (%)e 16.0
Stereochemicaal parameters
Bond lengths (A) 0.012
Bond angles (°) 1.42
MolProbity clash score 2.3
Ramachandran plot (%) 98.8 (0)
Rotamer outliers (%) 0.72
Average isotropic B-value (A% 15.8/9.8
Wilson B-value (A?) 10.3
ESU based on Rjye (A" 0.034
No. protein residues/chains 300/2
No. water molecules 616
Ligands' 2 FMN, 8 EDO

Values in parentheses are for the highest resolution shell.

? Rimerge = ZhkiZi | Lithkl) — (I(hkD) | /g Zi(hk]).

P Rneas = o N/N-DI¥25; 1 Tithkl) — (I(hkD) | /Ep0Z:Li(hkD). 3
® Rp.i.m (precision-indicating Rierge) = Zpul(VN-1)] 7 ;11
(hkl) — <I(hED> | /Zh0%; T(hED). 3253

4 Typically, the number of unique reflections used in refine-
ment is slightly less than the total number that were inte-
grated and scaled. Reflections are excluded owing to
negative intensities and rounding errors in the resolution
limits and unit-cell parameters.

¢ Rcryst = thlHFobs I = IFcach/zhkl [ Fops |, where Fea1c and Fops
are the calculated and observed structure-factor amplitudes,
respectively. R is the same as R,y but for 5.0% of the total
reflections chosen at random and omitted from refinement.

f Percentage of residues in favored regions of Ramachan-
dran plot (No. outliers in parenthesis).

¢ Values correspond to Flavodoxin-4/FMN.

b Estimated overall coordinate error.3*

I FMN (flavin mononucleotide), EDO (1,2-ethanediol).

calculation was done with the UNIO-ATNOS/
CANDID'®'" software for automated NOE assign-
ment, and the torsion angle molecular dynamics pro-
gram CYANA.?? The structures were energy
minimized with the software OPALp®*?* and validated
using in-house JCSG NMR Core criteria.'? The
structure calculation statistics are summarized in
Table I.

Cofactor-Induced Reversible Folding of Flavodoxin-4



Titration of the apo-protein with FMN was per-
formed by stepwise addition of FMN to the protein
solution, and the complex formation was monitored
by 2D ['®N,'H]- HSQC experiments collected on a
Bruker Avance 700-MHz NMR spectrometer
equipped with a 1.7 mm micro-coil probe.

Crystal data collection, structure determination,
and refinement

Initial screening for diffraction was carried out
using the Stanford Automated Mounting system
(SAM)*®* at the Stanford Synchrotron Radiation
Lightsource (SSRL, Menlo Park, CA). X-ray diffrac-
tion data were collected at the SSRL beamline 11-1
and indexed in the orthorhombic P2:2,2; space
group. A dataset corresponding to the peak wave-
length of a selenium single-wavelength anomalous
diffraction (SAD) experiment was collected using a
MarMosaic 325 CCD detector from a cryo-cooled
crystal at 100 K. Data were integrated and scaled
using XDS?® and XSCALE,?® respectively. The sele-
nium substructure was solved with SHELXD,?” and
the MAD phases were refined with autoSHARP.2®
Iterative automated model building was performed
with ARP/wARP from density-modified electron den-
sity. Model completion was performed throughout
the procedure, using the interactive computer-
graphics program COOT.?° The refinements with
REFMAC?° were restrained against the SAD phases.
X-ray data collection and refinement statistics are
shown in Table II.

Crystal structure validation

The quality of the crystal structures was analyzed
using the JCSG Quality Control server (see http:/
smb.slac.stanford.edu/jecsg/QC/). This server verifies:
the stereochemical quality of the model, using Auto-
DepInputTool,?® MolProbity.?® and WHATIF 5.0°7;
agreement between the atomic model and the X-ray
data using SFcheck 4.0%® and RESOLVE?®®; the pro-
tein sequence using CLUSTALW*®; atom occupancies
using MOLEMANZ2.0.! It also checks consistency of
NCS pairs, evaluates differences in Reryct/Rerees
expected Rpee/Reryst, and maximum/minimum B-
values by parsing the refinement log-file and header
of the coordinate file. Protein quaternary structure
analysis was performed using the EBI PISA
server.2® The rendering of the structures was carried
out with PyMOL (Schrédinger LLC) and CCP4mg.*2

Data bank depositions

The NMR and crystal structures of the Lactobacillus
acidophilus Flavodoxin-4—FMN complex have been
deposited in the PDB under the accession codes
2MWM and 3EDO, respectively, and the NMR struc-
ture of the apo-protein with accession code 2N1M.
NMR data of apo-Flavodoxin-4 and its FMN complex
have been deposited in the Biological Magnetic Reso-

Dutta et al.

nance Bank with accession codes 25567 and 25342,
respectively.
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