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ABSTRACT: Riboflavin kinase (RFK) is an essential enzyme catalyzing the phosphorylation of riboflavin
(vitamin By) in the presence of ATP and Mgto form the active cofactor FMN, which can be further
converted to FAD. Previously, the crystal structures of RFKs from humaisehizosaccharomyces pombe
have been determined in the apo form and in complex with MgADP. These structures revealed that RFK
adopts a novel kinase fold and utilizes a unique nucleotide binding site. The structures of the flavin-
bound RFK obtained by soaking pre-existing crystals were also reported. Because of crystal packing
restraints, these flavin-bound RFK complexes adopt conformations nearly identical with that of
corresponding flavin-free structures. Here we report the structure of human RFK cocrystallized with both
MgADP and FMN. Drastic conformational changes associated with flavin binding are observed primarily
at the so-called Flap | and Flap Il loop regions. As a result, the bound FMN molecule now interacts with
the enzyme extensively and is well-ordered. Residues from Flap Il interact with Flap | and shield the
FMN molecule from the solvent. The conformational changes in Flap | resulted in a néwcllydination

pattern in which a FMN phosphate oxygen and Asn36 side chain carbonyl are directly coordinating to the
Mg?2" ion. The proposed catalytic base Glu86 is well-positioned for activation of théyasoxyl group

of riboflavin for the phosphoryl transfer reaction. The structural data obtained so far on human and yeast

RFK complexes provide a rationale for the ordered kinetic mechanism of RFK.

Riboflavin kinase (RFK)catalyzes the obligatory step in
the flavin cofactor biosynthesis in all organisms. It phos-
phorylates riboflavin to form flavin mononucleotide (FMN)
in the presence of ATP and Mg or other divalent ions.
The product FMN can be further converted to flavin adenine
dinucleotide (FAD) by FMN adenylyltransferase (FMNAT)
(2). In bacteria, both functions of RFK and FMNAT are
encoded in a single bifunctional enzyme FAD synthase
(FADS), the protein product of thébF or ribC gene 2, 3).

In eukaryotes (from yeast to humans), RFK and FMNAT
exist as separate monofunctional enzyn#esg). In Bacillus
subtilisand a few closely relatebdacilli, a monofunctional
RFK encoded by thebR gene is present in addition to the
bifunctional RibC, which probably plays a regulatory or
supplementary role in flavin cofactor biosynthesis pathways
(7). Flavin nucleotides (FMN and FAD) are essential
cofactors for a large number of flavoproteins that participate
in a wide range of metabolic processes. Not surprisingly,
genes encoding bifunctional FADS in a number of bacterial
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species and yeast genes encoding monofunctional RFK
(fmnl and FMNAT FAD) have been shown to be essential
for growth and survival of the organismé4, 8, 9).

The monofunctional RFK and the RFK domain of the
bifunctional FAD synthase comprise a unique protein family,
not related to any other kinase or nucleotide binding protein
families (L0). Recently, the crystal structures of both yeast
and human RFKs have been determinédd, (12). They
revealed a novel kinase fold that contains a six-stranded
antiparalle|s-barrel core, and unique ATP and flavin binding
sites. The ATP binding site of RFK is composed of a glycine-
rich loop, a short @-helix, and a reverse turn leading to a
short g-strand that contains the most conserved PTAN
sequence motif. This motif is shown to be intimately involved
in the coordination of the M ion and the binding of the
triphosphate moiety of ATP1({, 12). Comparison of yeast
apo RFK and the ADP-bound RFK structures showed that
the nucleotide binding loop (termed Flap 1) mentioned above
undergoes drastic conformational changes upon binding of
the adenylate nucleotiddl). This conformational change
also resulted in the stabilization of another loop region
(betweerg-strandsd ande, termed Flap 1l in refL1), which
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riboflavin molecule in the enzyme complexes achieved by
the soaking experiments exhibited generally good density
for the isoalloxazine ring, but poor density for the ribityl
side chain, indicating a high degree of flexibility in this
region. It is conceivable that for the efficient phosphoryl
transfer reaction, the riboflavin ribityl tail needs to be
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precisely positioned to interact with tlrephosphate of ATP
for the initial in-line attack, a mechanism proposed by Bauer
et al (11). In both reported human and yeast RFK structures,

Table 1: Data Collection and Refinement Statistics

data collection
space group C222

the ATP/ADP-binding Flap | and the flexible Flap Il are resolution (A) 50.06-2.4
involved in extensive interlattice crystal packing interactions. outer shell (&) 2.542.4
Therefore, it has been hypothesized that conformational  total no. of observations 42992
changes would be required for the optimal binding of the R of unique reflections o?)%iz(o 241y
flavin substrate and/or product, and these conformational céyr}"]meteness (%) '99.7 (99.5)
changes might involve nearby Flap | and Flap Il loops and redundancy 6.2 (5.8)
thus could not be achieved in the previous crystal forbis ( averagd/o(l) 35.5(7.2)
12). refmemer)t

resolution (A) 35.00-2.4

Here we report the ternary cocrystal structure of human no. of reflections in the working set 6566

RFK (hsRFK) complexed with both products FMN and no. OfofeﬂeCtionsintheteStset 330
MgADP. This complex was crystallized in a different form, Ef”/s‘(%?, %2'8
and both ligands are well-ordered. Large conformational no. of non-hydrogen protein atoms 1192
changes around the substrate binding sites and extensive  no. of solvent atoms 86
interactions between the flavin and ATP binding sites are no. of ligand atoms _ 59
observed. These observations allow us to suggest a structural ~ 2verageB value for all protein atoms 32.2
. . . . - averageB value for all ligand atoms ( 21.8
interpretation of the previously established ordered kinetic average value for all solvent atoms @ 33.0
mechanism of RFK13, 14). rmsd for bond lengths (A) 0.012

rmsd for bond angles (deg) 1.6
EXPERIMENTAL PROCEDURES aRym= Y|l — OIS (1), wherel is the observed integrated intensity

and OOis the average integrated intensity obtained from multiple

Protein Purification and CrystallizationThe cloningand  measurements. The summation is over all observed reflectidfzues
expression of human RFK have been described elsewherén the parentheses are for the outer resolution shBlysi = 3 ||Fobd
(12). In the study presented here, the overexpressed proteins_trﬁ;ﬁ'rdeV %L'ig;i , Vrvehs%rsg?iﬁ%dfﬁ'éiﬁéﬂ%&?i&ed 32% ;%'g/;"sfwd
was first purified with a Ni-NTA affinity COlumn_’ fo'!owed the reflection daia chosen randrgemly and omitted f;/étm the refinement
by the TEV protease treatment to cleave the six-His tag. The cajculations 20). ¢ Root-mean-square deviation from ideal values.
protease-treated protein was then passed through a second
Ni—NTA column to remove the uncleaved enzyme. The
hsRFK with the six-His tag removed was dialyzed against a
buffer containing 50 mM Tris (pH 7.4), 300 mM NacCl, and
1 mM DTT at 4°C overnight and then concentrated to 34
mg/mL. In a manner different from the previously reported
purification schemel(2), we omitted the Phenyl Sepharose
chromotography step which would remove the bound FMN
from the enzyme. The protein complex purified by this
simplified procedure retains both FMN and MgADP and is
bright yellow. The crystals were grown at 2C by the
hanging drop vapor diffusion method. hsRFK (34 mg/mL S ;
wasg m?xed I\D/Vithpthe same amount of reserv(oir sc?lutio% mplecules were built n '.[he model on the baS|s' of the
containing 0.1 M sodium acetate (pH 4.7), 30% monomethy dlffererjce electron.densmes. Severgl rounds of simulated
polyethylene glycol (PEG MME) 5000, and 0.2 M (Mt annealing and positional amBdfactor reflne_ment reduc_:ed the
SO, and equilibrated against the reservoir. Yellow thin plate R-factor andRye. 10 0.26 and 0.32, respectively. At this stage,

; ter molecules were added to the model using the water-
crystals appeared in the drop after8 days. The crystals wa ) . o
suitable for the diffraction experiment were obtained by _Pick Loﬁ“f.‘eh?f ?gsla p:jqf\;lded theé’ me_ttthe (ij”tetr'la of i
microseeding procedure in drops containing 0.1 M sodium a peak height ot @ in the ditterence density and at leas
acetate (pH 4.4), 22.5% PEG MME 5000, and 0.2 M hH making one hydrogen bond with the surrounding atoms with

SQu. These crystals were cryoprotected in a solution contain- ?Otohd geo(;nletg. Aft]fr 86 w?ter molecgltesf_k%da tieen z?jdded
ing 30% glycerol in addition to the reservoir ingredients, 0 the model, the refinement converged o TiRaactor an

flash-cooled, and stored in liquid propane. Riee Values of 0.199 and 0.260, respectively. In the final

i o ) refined model, N-terminal residues—6 and C-terminal

Data Collection, Structure Determlnatlon., and Refinement. <iques 156162 could not be located in the electron density
A complete data set was collected from a single frozen crystal 5 are not included. The data collection and final refinement
at 100 K on an R-AXIS IV imaging plate detector using CuU  aistics are given in Table 1.
Ka radiation from a RIGAKU RU-H3R generator focused
with Osmic mirrors. A total of 197 frames were collected, ResSULTS AND DISCUSSION
each with an oscillation of land an exposure time of 20
min. The data were processed and scaled using HKL2000 FMN Binding-Induced Conformational Change$he
(15). The crystal diffracts to 2.4 A resolution and belongs hsRFK complexed with the intrinsically bound and copurified
to space groug222;, with one molecule in the asymmetric FMN and MgADP is crystallized in orthorhombic space
unit. The unit cell parameters are as follows= 76.31 A, groupC222, different from that of the previously reported
b = 118.79 A, andc = 37.98 A. The structure was MgADP—enzyme binary complex (space groe@21) (12).

determined by the molecular replacement method using
AMORE (16) and previously reported hsRFK structure (PDB
entry INBO) (2) as a search model with ligands and solvent
molecules removed. The rotation function search in the
resolution range of 15:03.0 A produced a clean solution
with a peak height of 8@ above the mean. Subsequent
translation function calculation and rigid body refinement
yielded a correlation coefficient of 0.456 and R+factor of
45.2%. This model was refined to 2.4 A using CN&)(
and partially rebuilt using O18). The FMN and MgADP
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Ficure 1: Stereoviews of th&, — F. omit electron density map for FMN and MgADP. The map is contouredoafTBis figure was
prepared with Bobscript2l) and rendered with gl_render (L. Esser, unpublished program).

Ficure 2: Stereoviews of the superposition of the cocrystal ternary product complex structure (red) and the MgADP binary complex
soaked with FMN (blue). The ligands (ADP and FMN) are shown as sticks, arfdl idigy is shown as a ball. Regions termed Flap |, Flap
Il, and Helix B are labeled. This figure was prepared with Bobsc&d) and rendered with gl_render (L. Esser, unpublished program).

The cocrystal structure was determined by the molecular that in the soaked complex structure (Figure 2). It is clear
replacement method and refined to 2.4 A resolution. Both that all regions that undergo substantial conformational
FMN and MgADP molecules in the complex are well- changes in the structure presented here are involved in the
ordered and are represented by unambiguous electron densinteractions with various parts of the bound FMN molecule,
ties (Figure 1). The averadgfactor of the ligands is 21.8  and these are described below.

A2 comparable to that of the surrounding protein atoms FMN Binding SiteThe detailed interactions between the
(Table 1), indicating full occupancy for both ligands. enzyme and FMN molecule in the cocrystal structure are
Superposition of the cocrystal structure of the ternary product shown in Figure 3. There are extensive hydrophobic interac-
complex with the structure of the binary MgADP complex tions between the FMN molecule and the enzyme, as well
resulted in a rather large overall rmsd (root-mean-square as several specific hydrogen bond interactions between polar
deviation) of 2.73 A over all 148 {positions in the model.  groups of FMN and the protein. Some of these interactions
However, the most drastic conformational changes occur have been observed in the FMN-soaked complex reported
primarily at the ADP/ATP-binding Flap | and Flap Il regions  previously (2), while others can only be achieved in the
(Figure 2). When residues in these two regions<22 and new crystal form as the result of the conformational changes

74—83) were excluded, the rmsd of the, (ositions in the surrounding regions. Specifically, side chains of
decreases to 0.68 A. Substantial conformational changes alssesidues Leul22 and lle126 from Helix B contact the
occur in the N-terminal half of Helix B, which is shifted1 isoalloxazine ring from above; 1le53 from strandnd Val69

A compared to the binary MgADP complex structure. The and Ser71 from strand buttress the isoalloxazine from
superposition also reveals that the position of the FMN underneath and on the side (Figure 3); Asn75 and Tyr78
molecule in the cocrystal is shifted byl A compared to  from Flap Il interact with the ribityl portion of FMN mostly
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Helix B

Ficure 3: Stereoviews of the detailed interactions with FMN in the enzypreduct cocrystal structure. The ligands (MgADP and FMN)
and relevant protein residues are shown as a ball-and-stick representation. Flap I, Flap Il, and Helix B are labeled. Hydrogen bonds are
represented with dashed lines. This figure was prepared with Bobs2t)pariid rendered with gl_render (L. Esser, unpublished program).

Ficure 4: Stereoviews of the Mg binding site in the product cocrystal structure (yellow) superimposed with that in MgADP binary
complex structures (cyan). The hydrogen bonds and metal ion coordination in the cocrystal structure are represented with dashed lines. The
water molecule in the MgADP binary complex structure but not in the ternary cocrystal structure is shown as a small gye&trhatis

b ande are also labeled. This figure was prepared with Bobscéft} &nd rendered with gl_render (L. Esser, unpublished program).

through van der Waals contacts. These later interactions aresoaked complex appears to correlate with the conformational
achieved only after the conformational changes of Flap Il changes of the surrounding protein residues, and reflects a
and are not present in the previously reported “open” certain fluidity of the FMN binding site.
structure 11, 12). Specific hydrogen bond interactions MgADP Binding SiteAs shown in the cocrystal and FMN-
include the side chain of Arg111 with O4 and N5 groups, soaked hsRFK ternary complex structures, the Flap | region
the main chain carbonyl of Lys114 with the N3 group on (or the “arch” as in refL2) is shared by both flavin and ATP/
the FMN isoalloxazine ring, and the Glu86 side chain ADP binding sites, and it interacts extensively with the ADP
carboxylate coordinating with the O3wydroxyl and the phosphates as well. The conformation of the ADP molecule
phosphorylated O%on the ribityl tail (Figure 3). The large in the ternary cocrystal structure remains largely the same
conformational changes in the Flap | region enable extensiveas that in the binary MgADPenzyme complex, except that
interactions between the enzyme and FMN phosphatethe positions of the three ADfphosphate oxygens are now
(Figures 3 and 4). One of the FMN phosphate oxygens is different (Figure 4). As a result, the number of interactions
now coordinated with Mg. Four consecutive protein main  between Flap | and ADP phosphates remains essentially the
chain amide groups from residues Phe23, Gly24, Arg25, andsame despite large conformational changes in Flap I. In the
Gly26, all from the glycine-rich Flap I, form hydrogen bonds ternary cocrystal structure, the ADiphosphate oxygens
with the FMN phosphate. Additionally, the side chain of interact with main chain amide groups of Ser27 and Thr34;
Leu30 now comes into contact with the FMN ribityl tail as the 8-phosphate interacts with the main chain amides of two
well (Figure 3). glycine residues, Gly22 and Gly24, and with the side chain
The conformational changes in the Flap | and Flap Il hydroxyl of Tyr98. The M@" ion remains coordinated to
regions provided substantially more interactions with both both o- and 8-phosphate oxygens, the side chain hydroxyl
the ribityl tail and the isoalloxazine ring of FMN. These and main chain carbonyl of Thr34, which is part of the most
extensive interactions appear to anchor the FMN molecule conserved PTAN motif off strandb. However, the position
firmly in the active site and to shield it from the bulk solvent. of the M ion in the cocrystal structure is shiftedd.9 A
Notably, the shift in the position of the FMN molecule in compared to that in the flavin free MgADRNnzyme
the cocrystal structure compared with that of the FMN- complex (Figure 4). Because of this shift of the ¥gon
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Ficure 5: Stereoviews of the superposition of hsRAKgADP complex structure (magenta) with the yeast apo (cyan) and ADP-bound
RFK (green). The MgATP molecule is shown as a ball-and-stick representation. The disordered Flap Il region in the yeast apo RFK
structure is represented with dashed lines. This figure was prepared with Bob2tyigh¢ rendered with gl_render (L. Esser, unpublished
program).

position and a side chain conformational change of Asn36 Comparison with Yeast RFK StructureRecently, the
(also of PTAN maotif), the Asn36 side chain is now directly crystal structures of RFK frorBchizosaccharomyces pombe
coordinated to Mg". The Mg coordination position taken  (fission yeast) have been determined in the apo as well as
by Asn36 was previously occupied by a water molecule, in the ADP-bound formX1). In both human and yeast RFK
which also interacts with Glu86 and Asn36 side chains in MgADP complex structures, the Flap | has an arch-like
the binary MgADP-enzyme complex (Figure 4). This water appearance with ADP phosphates binding beneath it (Figure
molecule is no longer present in the current ternary cocrystal 5). However, in the apo spRFK structure, the nucleotide
structure. binding Flap | ands-strandb adopt a drastically different

Clearly, the active site composition in the present ternary conformation: together, they collapsed onto the side of the
cocrystal structure is more catalytically competent than the A-barrel core, and Flap | no longer has the arch-like
previous MgADP binary complex structure. Glug6 (and the appearance (Figure 5). Combined with the conformational
corresponding Glu96 in yeast RFK) has been hypothesizedchanges in the loop connecting straedsdf (termed Loop
to play a role as the catalytic base in activating the 2 or L2 inref12), the entire ATP binding site is now filled
phosphoryl accepting OHydroxyl group of the riboflavin by the proteins atoms almost completely. Additionally, in
(11, 12). This Glu86 is well-positioned in the ternary complex the yeast apo RFK structure, Flap Il is completely disordered
to perform such a role (Figure 4). In contrast, in the previous and Helix B is positioned toward Flap | with its N-terminal
MgADP binary complex structure, the presence of a nearby half shifted by as much as 1.8 A (Figure 5).
water molecule may compromise the ability of Glu86 to  Human and yeast RFKs are 44% identical in sequence,
function as a base. It would also affect the conformation of and the two ADP-bound enzyme complex structures are very
Glug6 in such a way that the bound riboflavin ribityl side similar (rmsd of G positions is 1.2 A). This conformational
chain could not be positioned optimally (Figure 4). The new similarity is largely retained in the three flexible regions
Mg?* coordination pattern observed in the current cocrystal surrounding the substrate binding site, namely, Flap I, Flap
structure emphasizes the importance of the invariant Asn36||, and Helix B (Figure 5). The metal coordination patterns
in catalysis. With the side chain carbonyl directly coordinat- (Mg2* in hsRFK and ZA" in spRFK) are also very similar
ing to M@”* ion and the amide group potentially interacting in the two ADP-complexed enzymes. This suggests that the
with the y-phosphate of ATP, Asn36 is centrally positioned observed conformational changes upon binding of ADP are
at the site where phosphate transfer takes place. induced mostly by ligand binding, which causes similar

In the product cocrystal structure presented here, flavin effects in both human and yeast enzymes. It is unlikely that
binding-induced conformational changes in Flap Il lead to these conformational changes are due to crystal packing
its more extensive contact with Flap I. These include the artifacts, since human and yeast RFKs were crystallized
stacking interactions among residues Tyr78, Arg25, and under different conditions and in different crystal lattices.
Phe23 and hydrogen bonds between the side chains of Arg2550 far, we have not been able to obtain apo hsRFK crystals,
and Asn80, and GIn29 and Tyr78 (Figure 3). These interac- but it may be reasonable to assume that apo hsRFK should
tions may stabilize the active site Flap | in a more productive adopt a conformation similar to that of yeast apo RFK.
conformation, and help to correctly line up the catalytical Conversely, the conformation of yeast RFK complexed with
residues and the metal ion to facilitate the phosphoryl transferboth products may be similar to that of the human RFK
reaction. At the same time, the close contacts among Flap I,ternary complex as well. So far, a cocrystal structure of RFK
Flap Il, and Helix B largely shield the active site from the complexed with any substrate (ATP, riboflavin, or both) has
solvent, thus ensuring a favorable environment for phos- not been reported. It may be reasonable to assume that the
phoryl transfer from ATP to the O5hydroxyl group of general feature of the active site conformation of the
riboflavin. substrate-bound enzyme is more similar to the cocrystal
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FiGURE 6: Stereoviews of the molecular surfaces of (A) hsRFK complexed with MgADP and with a soaked FMN molecule and (B) hsRFK
cocrystallized with MgADP and FMN. The ligands (MgADP and FMN) are shown as sticks. The surface area contributed by residues from
the Flap | region is colored blue, and the surface area contributed by residues from the Flap Il region is colored magenta. This figure was
generated with GRASF2D).

structure of the ternary product complex than to the binary it is energetically more favorable that product ADP is
MgADP complex, especially because the active site residuereleased first followed by the release of FMIN3( 14). By
arrangement in the cocrystal appears to be more catalyticallycombining all the structural information obtained so far on
competent. Understandably, the conformation of Flap | in the human and yeast RFKs, we may explain such an ordered
the enzyme-substrate complex would be somewhat different mechanism at the structure level. In the apo RFK structure,

from that in the enzymeproduct complex, since it will

active site Flap | collapsed onto tiebarrel and the ATP

interact with ATP triphosphates but not the FMN phosphate. binding cavity was no longer there. Accordingly, Flap Il is

Implication for the Ordered Mechanism of RHRor ATP
to bind to the apoenzyme, many protejorotein interactions
among Flap |, stran®, and thej-barrel core will need to

disordered because of a lack of interaction with the sur-
rounding protein atomsl@). In this conformational state,
the flavin binding site is open while the ATP binding site is

be disrupted; new interactions need to be made between ATPclosed. Thus, the enzyme would initially prefer binding the
metal ion, and the binding site residues of the enzyme, flavin substrate first. Binding of the flavin substrate is likely

especially those from Flap | and the PTAN motif on strand
b. The ATP or ADP binding stabilizes Flap | in the arch-
like conformation, which in turn seems to stabilize the
conformation of the flavin binding Flap II, as it becomes
better ordered in the enzym@&DP complex (1, 12).

Additionally, as a result of the conformational changes in
Flap I, the N-terminal end of Helix B is shifted by1.8 A

to induce conformational changes in Flap Il similar to that
induced by the binding of FMN in the present cocrystal
structure. Specifically, Flap Il closes in on the riboflavin

substrate, comes into contact with the N-terminus of Helix
B, and probably would also contact Flap | (Figures 3 and
5). This interaction between Flap Il and Flap | may induce
conformational changes in Flap | and partially open the ATP

because of its contact with the residues from the short helix binding site for the ATP molecule to enter. Since no
on Flap I. In contrast to the extensive rearrangement of cocrystals of the substrate complex of RFK have been
protein—protein interactions that are required for binding obtained so far, at this point we can only speculate that the
ATP by the apo RFK, the flavin binding site is open in the conformation of the active site in the substrate-bound state
apoenzyme structure and the riboflavin molecule should be may adopt a conformation somewhat similar to that of the
able to enter the binding site unhindered. product cocrystal structure, although the precise conformation
These observations correlate well with the kinetic proper- of Flap | will likely be different. After the catalysis, as is
ties of RFK. Previous kinetic studies of the monofunctional shown in the ternary product cocrystal structure, the flavin
mammalian RFK and the bifunctional bacterial FAD synthase binding site remains completely blocked by Flap Il and the
have suggested that both enzymes use an ordered bi-bproduct FMN is mostly buried. However, in this state, the
mechanism for RFK, in which the preferred pathway is for ADP site is largely exposed to the solvent; thus, it would be
riboflavin to bind to the enzyme first followed by ATP. Then energetically more favorable for ADP to dissociate first from
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the enzyme. Release of ADP would induce Flap | to fall 2.

back to the “collapsed” conformation like that in the apo
state and result in the disordering of Flap I, thus opening
the flavin binding site for the FMN molecule to be released.
Together with the data obtained from previous human and
yeast RFK complex structures, three distinct conformational 5
states of RFK have now been characterized: the apo form,

the ternary product complex, and a relatively unproductive 6.

binary MgADP complex. These structures further illustrated
the unique features of substrate binding and catalysis of the
enzyme. Large conformational changes, primarily occurring g
on two surface loops (Flaps | and 1), accompany the binding

of each substrate. The preferred order of substrate binding
and product release appears to be directly related to the
energetics associated with these conformational changes. Our
current cocrystal structure also revealed a different’Mgn

coordination pattern which emphasizes the potential cata- 10.

Iytical role of the invariant Asn36 residue.

As we were preparing this paper, the crystal structure of 11.

the putative bifunctional FAD synthase frofthermotoga
maritimawas reportedl9). In this apo form FADS structure,
both Flap | and Flap Il regions of the RFK domain are
disordered. It appears that although RFKs from different

12

organisms share a high degree of sequence similarity and 14.

similar kinetic properties1(3, 14), there may be variations

in the detailed structural mechanisms for substrate binding 1°-

and catalysis. Further structural and biochemical studies will
be necessary to fully understand the dynamics and detailed
conformational changes along the reaction coordinate.
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