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Abstract

Flavodoxin (Fld) conformational changes, thermal stability, and cofactor binding were studied

using circular dichroism (CD), isothermal titration calorimetry (ITC), and limited proteolysis.

Thermodynamics of apo and holo-Fld folding were examined to discern the features of this

important electron transfer protein and to provide data on apo-Fld. With the exception of

fluorescence and UV-vis binding experiments with its cofactor flavin mononucleotide (FMN),

apo-Fld is almost completely uncharacterized in Escherichia coli. Fld is more structured when the

FMN cofactor is bound; the association is tight and driven by enthalpy of binding. Surface

plasmon resonance binding experiments were carried out under anaerobic conditions for both apo-

and holo-Fld and demonstrate the importance of structure and conformation for interaction with

binding partners. Holo-Fld is capable of associating with NADP+-dependent flavodoxin

oxidoreductase (FNR) and pyruvate formate-lyase activating enzyme (PFL-AE) whereas there is

no detectable interaction between apo-Fld and either protein. Limited proteolysis experiments

were analyzed by LC-MS to identify the regions in Fld that are involved in conformations changes

upon cofactor binding. Docking software was used to model the Fld/PFL-AE complex to

understand the interactions between these two proteins and gain insight into electron transfer

reactions from Fld to PFL-AE.
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1.0 Introduction

Flavodoxins are small acidic proteins that utilize a flavin mononucleotide cofactor (FMN)

for electron transfer reactions. Flavodoxins are widespread in bacteria and are present in

some red and green algae [1-3]. In higher eukaryotes, proteins with sequence homology to

flavodoxin and its reductase are fused to multidomain proteins as in methionine synthase

reductase, which reductively activates methionine synthase [4-6]. Crystal structures are

available for holo-Fld from Escherichia coli, however there is no structure for apo-Fld [7].

Fld binds the cofactor FMN with an equilibrium constant of 1 nM and a 1:1 stoichiometry,

using multiple hydrogen bonds, salt bridges, and stacking interactions between the

isoalloxazine ring and aromatic residues [7]. These interactions are extremely important for

determining the reduction potentials of the FMN cofactor once bound to the protein [8, 9].

Flavodoxins are ideal electron donors for a number of biological redox reactions, including

those catalyzed by the radical S-adenosylmethionine (SAM) superfamily enzymes due to

their low reduction potentials. Several studies have shown that flavodoxin (Fld) is capable of

activating pyruvate formate-lyase activating enzyme and anaerobic ribonucleotide reductase

activating enzyme (PFL-AE and RNR-AE) as well as biotin synthase (BioB), presumably by

reducing the [4Fe-4S] cluster that binds and reductively cleaves SAM [10-12]. The details of

these interactions, however, are not well understood.

In addition to interacting with PFL-AE, RNR-AE, and BioB, Escherichia coli Fld serves as

an electron transfer partner with NADP+-dependent flavodoxin reductase (FNR), methionine

synthase, ferredoxin, pyruvate dependent flavodoxin oxidoreductase, and probably other

unknown proteins, and thus plays integral roles in metabolism [10]. Residues involved in the

binding site interface of Fld with SAM binding domain of methionine synthase and FNR

have been mapped onto the crystal structure of E. coli Fld, showing several residues in

common, all located near the FMN binding site [13]. These results suggest that both

methionine synthase and FNR bind the same face of Fld and thus presumably bind

sequentially [13]. Further support for sequential binding to a single face of Fld comes from

the observation of competitive binding between FNR and methionine synthase in

spectrophotometric assays [14].

Pyruvate formate-lyase activating enzyme (PFL-AE) is a 28 kDa monomer that contains a

[4Fe-4S] cluster and utilizes S-adenosylmethionine (SAM) to activate pyruvate formate-

lyase (PFL), a central enzyme in anaerobic glycolysis [15]. The SAM cofactor coordinates

the unique iron of the [4Fe-4S] cluster via amino and carboxylate moieties [16, 17]. In the

reduced [4Fe-4S]+ state, the cluster donates an electron to SAM, thus promoting homolytic

cleavage of the S-C(5′) bond to generate methionine and a 5′-deoxyadenosyl radical; this

adenosyl radical abstracts a hydrogen atom from G734 of PFL to generate the active enzyme

[15, 18, 19]. Knappe and coworkers have shown that Fld can be used in the activation of

PFL, presumably as an electron donor for PFL-AE [20]. When the crystal structure of PFL-

AE was solved, a conserved region opposite the PFL binding site was proposed to act as the

Fld binding site on PFL-AE [21].

In this work we provide insights into the apo- and holo- forms of E. coli Fld, and their

interactions with protein partners, PFL-AE and FNR. Fld unfolding studies were performed
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with apo- and holo-Fld to probe differences in protein stability and folding thermodynamics

as a result of cofactor binding. Limited proteolysis experiments analyzed using LC-MS were

used to determine the regions of Fld that were involved in conformational changes. We

utilize surface plasmon resonance under anaerobic conditions to examine the interactions

between the air-sensitive PFL-AE and Fld and FNR. Findings in the present study indicate

that Fld cofactor binding increases protein stability and results in conformational changes

that are required for protein-protein interactions.

2.0 Materials and Methods

2.1 Cloning, Expression, and Purification of Fld and FNR

PFU-Turbo DNA polymerase and restriction enzymes NcoI and BamHI were purchased

from New England Biolabs. FMN was purchased from MP Biomedicals, LLC, and was used

without further purification. Fld (fldA) and FNR (fpr) were separately cloned using PCR to

amplify the fldA and fpr genes from E. coli strain B genomic DNA. The PCR products were

separately inserted into pET-14b using BamHI and NcoI restriction sites that were

incorporated into the ends of the PCR products. The fldA and fpr genes were completely

sequenced at Nevada Genomics Center. The purified DNA was used to transform the

BL21(DE3)pLysS expression cell line. For protein expression, cells were grown in LB

media at 37 °C in Fernbach flasks with agitation at 250 rpm. When cultures reached an O.D.

of 0.8, protein production was induced by addition of IPTG to 100 μM final concentration.

Cells were harvested three hours later by centrifugation at 6,000 rpm for 10 minutes.

Cells were lysed by chemical lysis (∼ 23 grams of cells in 50 mL of lysis buffer: 20 mM

HEPES, 1% w/v Triton X-100, 5% w/v glycerol, 10 mM MgCl2 pH 7.2 with 9 mg PMSF

dissolved in 100 μL methanol, 8 mg lysozyme, 1 mg of DNAse and RNAse; cells were lysed

for one hour followed by centrifugation at 18,000 rpm for 30 minutes) and Fld and FNR

were purified using ammonium sulfate precipitation. Fld and FNR precipitated out in the 60

- 100% fraction and were subsequently purified using a Superdex-75 size exclusion column

(Figure S1). Fractions of the highest purity with the most intense color were pooled and

concentrated and then flash frozen and stored at -80 °C (Figure S2). Holo-Fld was quantified

using a previously determined extinction coefficient of ε467 nm = 8,250 M-1 cm-1 [22].

Apo-Fld was prepared using trichloroacetic acid precipitation as described previously [23].

This technique has been used in several previous studies to prepare apo-Fld [7, 23-26]. Apo-

Fld was quantified using ε280nm = 30,900 M-1 cm-1, which was calculated using the

protparam tool in ExPASy (http://www.expasy.org). The concentration of the FMN cofactor

was determined using ε445nm = 12,500 M-1 cm-1 [27]. To ensure that the apo-Fld was

capable of cofactor binding, a single titration of concentrated apo-Fld was added to a UV-vis

cuvette containing FMN to show the 20 nm shift in λmax from 445 nm to 465 nm,

characteristic of holo-Fld formation (Figure S3) [22]. PFL-AE was grown and purified as

described previously [28]. An extinction coefficient of ε280nm = 39,400 M-1 cm-1 was

calculated using ExPASy and correlated well with results from Bradford protein assays [29]

after applying a previously-determined correction factor of 0.65 [30].
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2.2 CD Spectroscopy

Secondary structure and thermal unfolding experiments were carried out using circular

dichroism spectroscopy (CD). Spectra were measured with a Jasco-710 spectropolarimeter

using either 0.1 mm or 1 cm pathlength cuvettes. Far-UV measurements were in the range of

195 - 260 nm and near-UV measurements were in the range of 240 - 800 nm. Sensitivity

was 100 millidegrees, data pitch was 0.1 nm, using a continuous scan mode with a speed of

100 nm/minute, response was 4 seconds, bandwidth was 1.0 nm, with an accumulation of 3

scans. The buffer used for secondary structure and thermal unfolding experiments was 20

mM HEPES, 50 mM NaCl, pH 8.0. Protein concentrations of 30 μM were used for far-UV

measurements and 30 μM or 75 μM for near-UV and visible region measurements. The Fld

unfolding curves were independent of protein concentration under the conditions studied.

Temperature was maintained for thermal unfolding experiments using an endocal

refrigerated circulating water bath from NESLAB model RTE-5. Temperature was increased

or decreased at a rate of 0.5 K/minute for unfolding or folding, respectively.

Circular dichroism binding studies were performed on a Jasco-810 spectropolarimeter using

a 1 cm cuvette. Scans were taken from 240 - 800 nm using the same parameters as above.

The buffer used for CD binding experiments was 20 mM HEPES, 10 mM NaCl, pH 7.4. In

these experiments FNR was held constant at 30 μM while Fld was titrated into the FNR.

Spectra were also measured for the Fld titration into buffer alone and the contribution of

both proteins was subtracted out of the mixture to create difference spectra to visualize

changes in visible and near-UV regions as a result of binding. All CD experiments were run

in triplicate.

2.3 Analysis of Thermal Unfolding Data

Thermal denaturation of Fld was assessed at pH 8.0 using far-UV (222 nm), near-UV (296

nm), and visible regions (496 nm) of circular dichroism. Thermal unfolding curves were first

fit to a two state unfolding model to obtain initial thermodynamic parameters of unfolding

(Equations 1 and 2). The spectroscopic signals of the native (SN) and unfolded (SU) states

with respective slopes mN and mU, are presumed to vary linearly with temperature. The

change in enthalpy, heat capacity, and thermal melting point of the transition correspond to

ΔHm, ΔCp, and Tm, respectively. The ΔCp for Fld unfolding was not reported since it has

been determined to be unreliable [31, 32]. Apo-Fld and holo-Fld unfolding curves were

subsequently fit to a three state unfolding model using a global fit (Equation 3). ΔG for the

three state unfolding model follows expressions analogous to Equation 2. The signal of the

intermediate (SI) and its associated slope (mI) at T = 0 K are also presumed to vary linearly

in relation to temperature. ΔG1 and ΔG2 correspond to differences in free energy between

the native/intermediate and intermediate/unfolded equilibria, respectively. Thermodynamic

parameters of unfolding are reported with subscripts NI, IU, and NU corresponding to the

transition from native to intermediate, intermediate to unfolded, and native to unfolded Fld;

NU is reported as the sum of NI and IU.

2.4 Isothermal Titration Calorimetry

Experiments were performed on a VP-ITC (Microcal LLC, Northampton, MA) using 25 μM

apo-Fld in the cell with 600 μM FMN cofactor in the syringe. Experimental parameters were
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as follows: 26 injections, reference power of 10 μcal/second, initial delay of 300 seconds,

stir speed of 510 rpm, feedback mode/gain was high and automatic with fast equilibration.

Injection duration was 24 seconds, spacing was 300 seconds, and filter period was 2

seconds. All experiments were performed in triplicate at either 25 °C or 37 °C. All Binding

isotherm data was analyzed using a best fit to a single-site binding model by Marquardt

nonlinear least-squares analysis (Origin 5.0) with VP-ITC software.

2.5 Surface Plasmon Resonance Binding Studies

Surface plasmon resonance experiments were performed under anaerobic conditions in a

Coy chamber (Coy Laboratories, Grass Lake, MI) using a Biacore X-100 with the plus

package. FNR or PFL-AE was immobilized to a CM5 sensor chip using thiol coupling as

recommended by the manufacturer. Apo-Fld, holo-Fld, or FNR was injected as the analyte

at a flow rate of 30 μL/minute using single cycle kinetics. Contact time was 60 seconds,

dissociation time was 120 seconds, and regeneration time was 120 seconds. The running

buffer was 20 mM HEPES, 10 mM NaCl, pH 7.4 and the regeneration buffer was 20 mM

HEPES, 500 mM KCl, 0.005 % polysorbate 20, 200 mM imidazole, pH 7.4, all experiments

were performed in triplicate at 25 °C. All data was fit using affinity mode in the data

analysis software on the Biacore X-100 plus package.

2.6 Limited Proteolysis of Fld

Samples of apo- and holo-Fld were prepared under aerobic conditions in a total volume of

20 μL each. All samples contained 450 μM apo-Fld in 20 mM HEPES, 250 mM NaCl, pH

8.0. Holo-Fld samples were prepared for comparison to apo-Fld by the addition of a 1:1 ratio

of the FMN cofactor. Trypsin was added in a 1:500 ratio (mg/mL) to apo- and holo-Fld and

each sample was digested for 10 minutes. Samples were then boiled for 10 minutes and flash

frozen using liquid N2 and stored until LC-MS analysis using an Agilent 1100 HPLC-ESI-

MS using a linear gradient of 100 % H20/0.1 % FA, to 95 % acetonitrile/0.1 % FA for 0 - 7

minutes and held at 95 % acetonitrile/0.1 % FA, from 7 - 8 minutes, followed by re-

equilibration with 100 % H20/0.1 % FA for 8 - 10 minutes using a reverse phase

Phenomenex Jupiter Proteo C12 column at 25 °C (50 mm L × 1 mm inner diameter, pore

size 4 μm, 90 Å pore size) at a flow rate of 400 μL/minute. Peptides eluted at 18 % and 55 %

acetonitrile/0.1 % FA. Mass spectrometry was preformed using a Bruker MicroTOF mass

spectrometer with an ESI source. Source parameters: drying gas 7 L/minute, nebulizer 4 bar,

capillary voltage 4500 V., spectra were collected in positive mode from 300 - 3000 m/z at a

rate of 1 Hz. All samples were analyzed at the Montana State University mass spectrometry

core facility.

2.7 Docking of Fld and PFL-AE

A sequence alignment was performed using Clustal Omega to determine the residues

involved in the Fld binding site on PFL-AE (http://www.clustal.org/). The amino acid

sequences for PFL-AE from the following organisms were aligned and the FASTA ID is

listed: Escherichia coli (P0A9N6), Clostridium pasteurianum (Q46267), Haemophilus

influenzae (P43751), Listeria innocua (P0A443), Staphylococcus aureus (Q2FK43),

Staphylococcus epidermidis (Q5HKI0), Streptococcus mutans (O68575), Clostridium novyi
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(A0Q1M3), and Shewanella sp. (A0KVG9). The residues with 100% sequence conservation

were then mapped onto the structure of PFL-AE and the structure was examined to

determine which residues were likely to be involved in the interface between PFL-AE and

Fld. Previous work has been done to determine the residues involved in Fld binding with

FNR and the SAM binding domain of methionine synthase [13]. The residues thought to be

involved in the binding site for Fld and PFL-AE were used to construct an in silico rigid

body complex between the two proteins using ZDOCK software [33].

3.0 Results

3.1 Secondary Structure of E. coli Fld

The secondary structure of Fld was examined by far-UV circular dichroism to determine if

FMN cofactor binding to the apo-Fld resulted in changes in secondary structure. For these

experiments, FMN was added to apo-Fld to generate the holo-Fld. Native apo-Fld was

compared to native holo-Fld and our data shows that cofactor binding does not appear to

change the secondary structure of the protein (Figure 1). Apo- and holo-Fld both contain

features at 220 and 208 nm, which correspond to alpha helical structure, suggesting that they

are both well folded. After the native apo- and holo-Fld proteins were thermally unfolded,

far-UV CD spectra were compared to show that unfolded apo- and holo-Fld are very similar

and exhibit features at 203 nm characteristic of an unfolded protein [34].

3.2 Cofactor Binding Increases the Thermal Stability of Fld

The thermal stability of Fld was measured using circular dichroism in the far-UV and near-

UV regions (Figure 2). Two thermal transitions were evident for apo-Fld unfolding, the first

one was in the near-UV region at 323.6 ± 0.7 K and the second was in the far-UV region at

326.3 ± 0.5 K (Figure 2A). The superposition test was used to show that Fld unfolds via a

three state mechanism based on non-superimposable unfolding curves where an intermediate

accumulates in the transition region [35-37] and thermodynamics of unfolding have been

determined for each transition (Table 1). The enthalpy of unfolding from the native state to

the completely unfolded state (ΔHm NU) of the apo-protein was determined to be 77 ± 4.6

kcal/mol•K, which agrees well with the previously determined values for apo-Fld from D.

desulfuricans and Anabaena [27, 38]. Refolding of apo-Fld was also examined using

circular dichroism by cooling unfolded samples to determine whether signal intensity can be

restored. Both unfolding and refolding curves were superimposable and the signal intensity

was completely restored upon sample cooling, therefore the three state unfolding process for

apo-Fld is reversible under the conditions studied.

The thermal unfolding of holo-Fld produces two different melting transitions, one at 345.9 ±

0.4 K observed in the near-UV and visible regions of the CD spectrum, and the second at

352.8 ± 0.4 K observed in the far-UV region (Figure 2B). The near-UV and visible region

unfolding curves overlay well, whereas the far-UV unfolding curve is not super-imposable

with these, indicating that holo-Fld, much like apo-Fld unfolds via a three state mechanism

that involves an intermediate. The ΔHm NU of the holo-protein is 105.1 ± 3 kcal/mol•K,

indicating that the holo-protein is more stable and structured than the apo-protein; the

thermodynamics of both transitions have been determined (Table 1). This value agrees well
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with that determined for D. desulfuricans holo-Fld [27]. After holo-Fld was unfolded, the

samples were slowly cooled to monitor refolding of the protein. Based on far-UV, near-UV

and visible region data, signal intensity can be restored and protein folding is a reversible

equilibrium process provided that the sample is not heated much above the thermal melting

point, similar to observations for D. desulfuricans Fld [27]. Both apo- and holo-Fld unfold to

the same extent albeit at different temperatures and have features at 203 nm similar to other

unfolded proteins (Figure 1) [34].

When unfolding curves are compared between apo and holo-Fld, it is obvious that there is

an increase in stability upon cofactor binding. Increased unfolding enthalpy and thermal

melting points suggest that the native and intermediate states of apo-Fld are both stabilized

upon interaction with the FMN cofactor. Thermal transitions are independent of protein

concentration under these conditions and increased thermal melting points for both holo-Fld

unfolding transitions suggest that the FMN cofactor is bound during both unfolding

transitions.

3.3 Thermodynamics of Binding of FMN to apo-Fld

FMN binding to apo-Fld was measured using isothermal titration calorimetry at 25 °C and

37 °C to determine the affinity and thermodynamics of interaction (Figure 3). At 25 °C the

KD was 5.6 ± 1.2 nM. UV-vis and fluorescence binding assays have been performed

previously on E. coli apo-Fld, yielding equilibrium constants of 1 nM, which is in agreement

with our ITC data [7]. The ΔH of binding was -21.6 ± 0.6 kcal/mole and ΔS = -34.4 ± 1.6

cal/mol•K with a stoichiometry of 0.93 ± 0.01 and a ΔG = -11.3 ± 0.1 kcal/mol. At 37 °C

apo-Fld cofactor binding affinity was slightly weaker exhibiting a KD = 8.2 ± 0.8 nM and a

stoichiometry of 0.92 ± 0.08. The ΔH of binding was -31.9 ± 3.3 kcal/mol with a ΔS = -65.6

± 10.4 cal/mol•K and a ΔG = -11.5 ± 0.1 kcal/mol and a ΔCp = -802 ± 200 cal/mol•K. It is

clear from this data that FMN binding to apo-Fld is driven by enthalpy and that there is an

unfavorable contribution from entropy of binding. To ensure that FMN was indeed binding

apo-Fld, a control experiment was performed using UV-vis in the visible region where FMN

was added to buffer and a scan was measured followed by the addition of apo-Fld (Figure

S3). This data clearly shows a 20 nm shift in λmax from 445 nm to 465 nm characteristic of

apo-Fld binding the FMN cofactor resulting in holo-protein formation [22].

3.4 Binding Interactions Perturb FNR CD Spectra

FNR is a NADP+-dependent reductant for Fld in E. coli. Previous work on FNR has

provided evidence that upon interaction with Fld or ferredoxin, the visible absorbance is

perturbed and has been attributed to changes in the electronic environment of the FAD

cofactor [39-41]. In Figure 4 we show the CD spectra of holo-Fld alone (green trace), FNR

alone (blue trace), and a spectral addition of these two spectra (red trace). We also show the

CD spectrum obtained for a 1:1 mixture of Fld and FNR (black trace). It is clear from

comparison of the black and red traces that the physical mixture of Fld and FNR produces a

different CD spectrum than that obtained by spectral addition of the data for the isolated

proteins, indicating that protein-protein interactions are perturbing the CD spectra of one or

both proteins in the mixture. As another way to illustrate these effects, we titrated Fld into a

solution of FNR and monitored changes by CD spectroscopy; the contribution of Fld and
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FNR was subtracted out from each titration spectrum in order to emphasize the changes in

FNR upon Fld binding. As expected, both near-UV and visible regions monitored by CD

exhibited changes characteristic of binding (Figure 4), indicating that when Fld and FNR

interact, aromatic residues and the FAD cofactor experience a change in environment. These

changes were determined to be proportional to the amount of titrated flavodoxin in the

mixture. The difference spectrum shows decreased intensity and a red shift in the near-UV

region as well as intensity changes in the visible region (Figure 4 inset). It is not known

whether conformational changes cause the electronic environment of the FAD cofactor to be

perturbed or if the close proximity of cofactors during binding causes this phenomenon.

3.5 Fld Binding to FNR and PFL-AE

FNR and Fld have been shown to be capable of supplying low-potential electrons for radical

SAM enzymes such as PFL-AE, with the electrons originating from NADPH [10, 12, 42,

43]. In order to probe the interactions between Fld and its partners FNR and PFL-AE, we

have utilized surface plasmon resonance studies under anaerobic conditions; anaerobic

conditions were required in order to maintain the integrity of the [4Fe-4S] cluster of PFL-

AE. A KD of 3.7 ± 1.6 μM was determined for holo-Fld binding with FNR; this agrees well

with the previously determined value of 2.0 ± 1 μM [39]. Interestingly, apo-Fld was found to

be inert as a binding partner for FNR. Holo-Fld interacts with PFL-AE with a KD of 23.3 ±

3.8 μM (Figure 5). When apo-Fld was substituted for holo-Fld, there was no interaction

between these two proteins. The observation that holo-Fld binds to both FNR and PFL-AE

with micromolar affinity, while binding of apo-Fld cannot be detected for either protein,

suggests that Fld cofactor binding produces a conformational change in Fld rendering it

capable of interacting with binding partners.

3.6 Fld Conformational Changes Upon FMN Cofactor Binding

Fld was examined using limited proteolysis to determine which regions of the protein

change in conformation as a result of FMN cofactor binding. Samples were digested using

trypsin and peptides were analyzed by LC-MS and identified using Mascot. Peptides that

were unique to apo- and holo-Fld samples were considered to be involved in apo-Fld

conformational changes induced by FMN cofactor binding. Unique peptides observed in the

holo-Fld sample correspond to D29-K38 and S39-R112 (Table S1). The apo-Fld sample

contained unique peptides corresponding to S39-K81, G133-K159, and G113-K162.

Cleavage was only observed at K81 in apo-Fld, indicating that this region is more open and

accessible to proteolysis (Figure 6). Fld cleavage was observed at structured and

unstructured regions, suggesting that Fld peptides are unstable after the protein is nicked and

readily unfold, facilitating cleavage at structured regions [44].

3.7 Docking of Fld with PFL-AE

When the structure of PFL-AE was solved, a sequence alignment was performed that

showed an area of 100 % sequence conservation, which was proposed to be the Fld binding

site [21]. We have reproduced and analyzed this alignment in order to determine the residues

that were likely to be involved in the interface between PFL-AE and Fld (Figure 7 A). PFL-

AE residues Q27, G28, C29, R32, H37, N38, D40, T41, W42, E79, Q83, F86, and K208

were 100 % sequence conserved and confined to a region where the [4Fe-4S] cluster is close
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to the surface of the enzyme. Previous studies suggest that electrostatic interactions are

important for Fld binding and that Fld binding partners contain positively charged residues

at the binding site interface [45, 46]. However, hydrophobic residues are thought to

contribute the bulk of binding energy to Fld protein-protein interactions [13, 47].

Electrostatic mapping results show that there is only one location where there is a large

positively charged patch on the surface of PFL-AE and this positively charged area largely

overlays the region of 100 % conservation. When hydrophobic residues were mapped on

PFL-AE, there was a large hydrophobic patch that coincided with the 100 % conserved

residues and positively charges residues. We used these findings in conjunction with results

from a previous study that identified Fld residues involved in interactions with FNR and the

SAM binding domain from methionine synthase [13] to produce a docked structure of Fld

and PFL-AE using ZDOCK software (Figure 7 B). The Fld binding site on PFL-AE is the

only location other than the PFL binding site where the [4Fe-4S] cluster is close to the

surface of the enzyme, which would be necessary for efficient electron transfer from Fld to

PFL-AE. There are also aromatic residues between the FMN cofactor in Fld and the

[4Fe-4S] cluster in PFL-AE that may be involved in the electron transfer pathway. In the

Fld/PFL-AE complex, FMN is located 10.7 Å from the [4Fe-4S] cluster in PFL-AE (Figure

7 C). In the Fld crystal structure, W57 stacks with the FMN cofactor 3.8 Å away. In Fld,

W57 is within 3.3 Å of W42 from PFL-AE forming a bridge between the two cofactors. In

PFL-AE, W42 is located 3.1 Å from the [4Fe-4S] cluster. Indeed, tryptophan and tyrosine

are greatly enriched at binding site interfaces and tryptophan can act an electron donor/

acceptor between cofactors and significantly increase long distance electron transfer rates

[48, 49].

4.0 Discussion

In this study, we set out to determine whether cofactor binding induces changes in stability

and conformation in apo-Fld, and what effects these structural changes would have on

protein-protein interactions. Far-UV CD shows that native apo- and holo-Fld have features

that correspond to structured, well-folded proteins and FMN cofactor binding does not

appear to alter protein secondary structure. At high temperatures, both apo- and holo-Fld

exhibit features corresponding to unfolded proteins. Thermal unfolding studies support the

idea that apo-Fld cofactor binding increases protein stability. Both apo-Fld and holo-Fld

unfold via a three state unfolding mechanism that involves an intermediate. Fld unfolding

studies show that binding of the cofactor produces an increase in the stability of both the

native protein as well as the intermediate. Overall, the unfolding of apo-Fld and holo-Fld

from E. coli are in very nice agreement with the results obtained for Fld from D.

desulfuricans [27].

Isothermal titration calorimetry data clearly shows that Fld cofactor binding is a favorable

process. The binding is driven by enthalpy and exhibits an unfavorable entropy contribution

that may correspond to a decrease in conformational freedom of the cofactor and cofactor

binding loops, much like in H. pylori [24]. The crystal structure from Anabaena PCC 7119

clearly shows that when Fld binds its cofactor, W57 and Y94 swing back into the interior of

the protein and hold the isoalloxazine ring in place using stacking interactions [50]. It is

likely that Escherichia coli Fld uses the same mechanism for binding FMN.
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Association experiments between Fld and FNR show that when the proteins interact,

aromatic residues experience a change in environment (based on near-UV CD changes) that

may be a result of conformational changes or an altered environment at the interface of the

complex. The electronic environment of the FAD cofactor is also perturbed during binding,

which may be due to conformational changes that alter the cofactor environment. However,

it believed that when these proteins bind, their cofactors are juxtaposed for electron transfer

such that the FMN cofactor in Fld fits into a cavity near the FAD cofactor in FNR, possibly

contributing to the perturbed visible region spectrum [13]. Surface plasmon resonance

experiments demonstrate the functional significance of conformational changes associated

with cofactor binding in Fld. Holo-Fld interacts with PFL-AE and FNR, however in absence

of the FMN cofactor, Fld is no longer capable of binding either protein. Activity assays

demonstrate that Fld is the electron donor for PFL-AE and that FNR reduces Fld [10].

Unique Fld cleavage patterns were observed during limited proteolysis experiments of apo-

and holo-Fld analyzed by LC-MS, indicating that conformational changes induced by

cofactor binding occur in the unique peptide regions. The crystal structure of E. coli holo-

Fld shows that residues from the 50's and 90's loops hydrogen bond with FMN and that W57

and Y94 interact with the isoalloxazine ring of the cofactor via π-stacking interactions [7].

Fld residues involved in binding FNR or the SAM binding domain of methionine synthase

were located in the same region identified in cofactor binding in the crystal structure and

include S40, Y58, Y59, A62, D68, D93, Y94, A95, F127, K131, and Q149 [13]. Our results

show that the regions identified in FMN cofactor binding and protein-protein interactions

experience conformational changes, which explain why cofactor binding would affect

protein-protein interactions. A unique cleavage site in apo-Fld at K81 provides insight into a

possible mechanism of conformational change where FMN binding brings α3 and β4 in

closer proximity and alters the PFL-AE and FNR binding site (Figure 6).

The interaction between PFL-AE and Fld has been modeled using ZDOCK software. The

rigid body model of the Fld/PFL-AE complex was generated based on bioinformatic data of

PFL-AE and previous studies of Fld because experimental data was not available. A

distance of 10.7 Å is estimated between the FMN cofactor and the [4Fe-4S] cluster, which

puts the two relatively close, however this distance would ensure an outer sphere electron

transfer mechanism. The docked structure of the Fld/PFL-AE complex shows Fld bound to

the side opposite the PFL binding site on PFL-AE, which is the only other location on PFL-

AE where the [4Fe-4S] cluster is located close to the surface of the enzyme. Sequence

alignments performed on other radical SAM enzymes have shown that this region is

conserved and is thought to be a common binding site for electron donors [51]. Additionally

aromatic residues were found between the Fld (W57) and PFL-AE (W42) cofactors that may

be involved in electron transfer from the FMN cofactor to the [4Fe-4S] cluster.

Overall our data suggests that cofactor binding in alters Fld structure near the cofactor

binding region where protein binding partners interact, explaining why FNR and PFL-AE

only bind holo-Fld. Considering this information and studies on FNR and methionine

synthase that show competitive binding with Fld and overlapping binding sites, PFL-AE and

FNR may bind sequentially as well. In this case, FNR would first bind and reduce Fld before

Crain and Broderick Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2014 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fld interacts with and presumably reduces PFL-AE. PFL-AE can then activate PFL in the

presence of SAM and PFL substrates to produce active PFL.

5.0 Conclusions

Fld cofactor binding is not only required for a functional Fld that is capable of transferring

electrons, but it also induces conformational changes that increase protein stability and

facilitate protein-protein interactions. Fld interacts with FNR and PFL-AE with low

micromolar affinity that would be expected for electron donor and acceptor proteins

involved in PFL activation. Bioinformatic data on PFL-AE in conjunction with previous Fld

studies suggest that PFL-AE binds Fld at a site that is separate from the PFL binding site,

therefore making it possible for Fld to reduce PFL-AE when it is bound to SAM, PFL, and

PFL substrates.
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Highlights

E. coli flavodoxin cofactor binding is very favorable and driven by enthalpy.

Cofactor binding increases structure and stability and is required for protein binding.

Flavodoxin interacts with protein partners with low micromolar affinity.

A flavodoxin binding site has been found that may provide insight into enzyme

activation.
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Figure 1.
Secondary Structure of E. coli Fld as determined by far-UV CD. Black: Native apo-Fld at 24 °C, Blue: Native holo-Fld at 24 °C,

Red: Unfolded apo-Fld at 86 °C, Green: Unfolded holo-Fld at 94 °C. Protein concentrations were 30 μM, 0.1 mm cuvette,

195-260 nm, Sensitivity = 100 millidegrees, data pitch = 0.1 nm, accumulation of 4 scans.
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Figure 2.
Thermal unfolding curves for holo-Fld as monitored in the near-UV, and far-UV regions by CD. A) Apo-Fld near-UV (▲) and

far-UV (●) unfolding curves. B) Holo-Fld near-UV (■) and far-UV (▼) unfolding curves. The unfolding curves were globally

fit to a three state folding model.
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Figure 3.
Isothermal titration calorimetry of apo-Fld binding FMN at 37 °C. Injections (26 at 10 μL each and the first one at 2 μL) of FMN

(600 μM stock concentration) were added to 25 μM apo-Fld in the cell. The reference power was 10 μcal/second, initial delay of

300 seconds, stir speed of 510 rpm, feedback mode/gain was set to high and automatic with fast equilibration, duration of 24

seconds, spacing of 300 seconds, with a filter period of 2 seconds
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Figure 4.
Binding of holo-Fld to FNR as monitored by CD spectroscopy. Blue: 30 μM FNR; Green: 30 μM Fld; Red: spectral addition of

FNR and Fld; Black: Mixture of 30 μM FNR and 30 μM Fld. Inset shows difference spectra corresponding to a titration of (0

μM, 7.5 μM, 15 μM, 22.5 μM, 30 μM, 60 μM) Fld into FNR (30 μM) to show changes in the near-UV and visible regions as a

result of Fld binding FNR.
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Figure 5.
Binding of PFL-AE to apo- and holo-Fld using surface plasmon resonance under anaerobic conditions. Single cycle kinetics

mode was used at 25 °C and PFL-AE was covalently attached to a CM5 sensor chip using thiol coupling. Either apo-Fld (●) or

holo-Fld (■) was titrated over PFL-AE at concentrations of 2.47, 7.41, 22.2, 66.7, and 200 μM. The running buffer used was 20

mM HEPES, 10 mM KCl, pH 7.4 with a flow rate of 30 μL/minute used in assays with a contact time of 60 seconds and

dissociation time of 120 seconds. The regeneration buffer was 20 mM HEPES, 500 mM KCl, 0.005 % Polysorbate 20, 200 mM

imidazole, pH 7.4 and the regeneration time was 120 seconds.
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Figure 6.
Conformational changes in Fld induced by FMN cofactor binding. Apo- and holo-Fld was digested with trypsin and peptides

were analyzed by LC-MS. Blue: 90's loop of Fld connected to β-sheet 4, Red: 50's loop of Fld connected to α-helix 3. The side

chain is shown for the unique apo-Fld cleavage point at K81 and it is colored yellow and labeled. The FMN cofactor is colored

orange.
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Figure 7.
A) Surface representation of PFL-AE with 100 % sequence conserved residues colored red. B) Docked structure of Fld bound to

PFL-AE constructed using ZDOCK: Fld (1AHN), PFL-AE (3C8F). C) Zoomed in view of the active sites in the Fld/PFL-AE

complex. The side chains are colored red for aromatic residues that form a bridge between cofactors. The FMN cofactor, W57

from flavodoxin, W42 from PFL-AE, and the [4Fe-4S] cluster are all labeled.
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Table 1

Thermodynamics of apo- and holo-Fld unfolding. Data was obtained from fitting Fld thermal unfolding

transitions to a three state unfolding equation (Equation 1).

Apo-Fld Holo-Fld

Hm NI (kcal/mol) 46.1 ± 4.1 Hm NI (kcal/mol) 65.5 ± 1.7

Tm NI (K) 323.6 ± 0.7 Tm NI (K) 345.9 ± 0.4

Hm IU (kcal/mol) 30.9 ± 2.1 Hm IU (kcal/mol) 39.6 ± 2.4

Tm IU (K) 326.3 ± 0.5 Tm IU (K) 352.8 ± 0.4
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