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ABSTRACT. Methemoglobinemia, the first hereditary disease to be identified that involved an enzyme
deficiency, has been ascribed to mutations in the enzyme cytocHigneeuctase. A variety of defects

in either the erythrocytic or microsomal forms of the enzyme have been identified that give rise to the
type | or type Il variant of the disease, respectively. The positions of the methemoglobinemia-causing
mutations are scattered throughout the protein sequence, but the majority of the nontruncated mutants
that produce type Il symptoms occur close to the flavin adenine dinucleotide (FAD) cofactor binding site.
While X-ray structures have been determined for the soluble, flavin-containing diaphorase domains of
the rat and pig enzymes, no X-ray or NMR structure has been described for the human enzyme or any of
the methemoglobinemia variants. S127P, a mutant that causes type Il methemoglobinemia, was the first
to be positively identified and have its spectroscopic and kinetic properties characterized that revealed
altered nicotinamide adenine dinucleotide hydride (NADH) substrate binding behavior. To understand
these changes at a structural level, we have determined the structure of the S127P mutant of rat cytochrome
bs reductase to 1.8 A resolution, providing the first structural snapshot of a cytochromeeluctase

mutant that causes methemoglobinemia. The high-resolution structure revealed that the adenosine
diphosphate (ADP) moiety of the FAD prosthetic group is displaced into the corresponding ADP binding
site of the physiological substrate, NADH, thus acting as a substrate inhibitor which is consistent with
both the spectroscopic and kinetic data.

Cytochromebs reductase (ap,! EC 1.6.2.2), a vital of both a hydrophobic membrane-anchoring domadin
component enzyme of the microsomal electron transport3 kDa, residues 425) and a hydrophilic, catalytic, or
system and erythrocyte function, catalyzes the transfer of diaphorase domainV; ~ 30 kDa, residues 26300) and a
reducing equivalents from NADH to two molecules of the soluble, truncated form2j comprising only the catalytic
small heme-containing protein cytochrofine The enzyme  domain. The membrane-bound form ofcls embedded in
contains a single, tightly bound FAD prosthetic group and the membranes (endoplasmic reticulum, mitochondria, and
exists in two forms, a membrane-bound fori) ¢omprised nuclear and plasma membranes) of somatic cells and,

together with the membrane-bound form of,gbarticipates
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fully matured, and thelwr activity and concentrations are  oligonucleotides, corresponding t6-6CAGCTGGAGG-
low. GAAAATGCCGCAATACCTGGAAAAC-3 and its comple-
Defects in cbr have been identified as the major cause of ment, were utilized in a PCR that resulted in the required
recessive congenital methemoglobinemia (RCM, MIM S127P amino acid substitution together with a silent mutation
250800) (4), the first example of a hereditary disease thatadded an extridlwNI restriction site to facilitate mutant
associated with a specific enzyme deficient$)( Several screening. Both the wild type and the S127P variant of the
mutations of the human gene encoding ¢iave been shown  soluble, flavin domain of rat gbwere efficiently expressed
to result in either the type | or type Il form of methemo- in E. coliBL21-CodonPlus (DE3)-RIL cells and purified to
globinemia (4, 16, 17). The type | disease results from a homogeneity, as indicated by a single protein band following
deficiency in clar activity in circulating erythrocytes, causing SDS-PAGE analysis, described previous®2. The soluble
clinical symptoms of cyanosid §), whereas the more severe form of rat cytochroméss was isolated as described by Beck-
type Il disease results from loss of both the membrane- von Bodmaret al. (23).

associated and soluble forms ofsglcausing both cyanosis SpectroscopyUV —visible absorption spectra were ob-
and impaired fatty acid biosynthesis, with patients often tained using a Hewlett-Packard (Agilent Technologies, Palo
sufferin_g_ premature death from severe developmental ab-a|to, CA) 8453 diode-array spectrophotometer. UV and
normalities (9). visible CD spectra were obtained using a JASCO (Easton,

The first RCM mutant to be genetically identified was MD) J710 spectropolarimeter as previously descrit®4). (
from a patient with the type Il, generalized disease. A single Dissociation constants for complexes of both wild-type cb5r
T — C transition was identified at the initial position of and the S127P variant witH-B\DP-ribose were determined
codon 127 in exon 5 of the DIAl gene, resulting in by differential spectroscopy using a Shimadzu (Columbia,
replacement of a serine residue with proli®)( Spectral ~ MD) UV-2501PC spectrophotomete5). Oxidized enzyme
and kinetic analyses of a recombinant form of the SE27P at concentrations of approximately GBM was titrated with
mutant indicated alterations in the spectral properties of the increasing concentrations of-BDP-ribose at 25°C in 3
FAD prosthetic group together with decreased catalytic mM potassium phosphate buffer containing 0.1 mM EDTA
activity (21). These results were interpreted in terms of S127 gt pH 7.0. TheKy was determined by fitting the resulting
functioning in a critical role in maintaining the structure of difference data to the theoretical equations for a 1:1 binding
the NADH binding site. model.

To understand the structural perturbations caused by the Enzyme Actity. Initial rate kinetic constants for both
S — P substitution at the atomic level, we have determined NADH:FR and NADH:BR activities under conditions of

the X-ray structure of a recombinant form of the rasrch  cqnstant pH and ionic strength were determined in 116 mM
S127P variant at 1.8 A resolution. The structure indicates MOPS buffer, containing 0.1 mM EDTA (pH 7.9,= 0.05)

that substitution of proline for serine at residue 127 pre- 4¢ previously described by Marohnic and Bart)(

dominantly results in an altered FAD conformation in which o
the flavin ADP moiety occupies part of the substrate (NADH) Crystallograph_y.Cry stals were grown by the sitting drop
binding site, reducing enzyme efficiency. method_. Two m|crpllters of protein solufuon andi2 of
reservoir were mixed over a reservoir of 500 of
MATERIALS AND METHODS precipitant: The reserv'oir contained .12% glycerol and 1.5
M ammonium sulfate in 100 mM Tris buffer at pH 8.5.
Materials.NADH, NAD ™, 5-ADP-ribose, 5ADP, AMP, Crystals grew as orthorhombic prisms over the period of a
riboflavin, PMSF, and Tris base were purchased from Sigma few days. A complete data set was collected from a single
Chemical Co. (St. Louis, MO). MOPS was purchased from crystal on beamline X12B at the National Synchrotron Light
Calbiochem (San Diego, CA). Nativiefu and Pfu Turbo Source at the Brookhaven National Laboratory using standard
polymerases as well as tEscherichia colBL21-CodonPlus  techniquesZ6). The S127P crystal grew in monoclinic space
(DE3)-RIL cells were obtained from Stratagene (La Jolla, group P2;, with the following unit cell dimensionsa =
CA). The restriction enzymaIwNI was obtained from New  77.23 A b = 48.00 A,c = 77.25 A, andg = 107.7. It
England Biolabs (Beverley, MA). Triton X-100 and Hot Start  contained two molecules in the asymmetric unit and had an
Micro 50 PCR tubes were obtained from Molecular-Bio estimated solvent content of 45%7. The structure was
Products Inc. (San Diego, CA). IPTG was obtained from determined by molecular replacement in Amo28&)(using
RPI (Mt. Prospect, IL), while tryptone and yeast extract were the protein coordinates of ratgk{26). All refinement steps
obtained from EM Science (Gibbstown, NJ). NNTA used the program CNR9). The model was subject to rigid
agarose and kits for plasmid preparation and agarose gehody refinement. The coordinates for S127 and atoms within
extraction were purchased from Qiagen Inc. (Valencia, CA). a 5 A sphere were omitted from the subsequent refinement.
Nucleotide sequencing was performed by the Molecular A cycle of simulated annealing at 3000 K and individual
Biology Core Facility of the H. Lee Moffitt Cancer Center jsotropic temperature refinement were performed prior to
and Research Institute at the University of South Florida. jpitial map calculation. The model was fitted to the map,
Site-Directed Mutagenesis, Protein Expression, and Pu- and the FAD molecule was built into the density. Further
rification. Site-directed mutagenesis of the pH4CB5R con- refinement, punctuated by rounds of model building, was
struct to replace S127 with a proline residue was performed performed until the model could not be improved as judged
in a manner analogous to that described previoy. Two by a reduction inRyee The final refinement statistics are
summarized in Table 1. Coordinates for the S127P variant
2 Residues are numbered with respect to their position in the full- Of Cbsr have been deposited in the Protein Data Bank as entry
length, membrane-associated form of cytochrdmeeductase.
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Table 1: Data Collection and Structure Refinement Statistics for the ! :
Rat clyr S127P Mutarit A 2
data collection z o 4
resolution range (A) 35:01.8 A
no. of reflections 48325 0 0
Rmergd (%) 6.4 (8.3)
completeness (%) 96.0 (74.8) R A
redundancy 3.6 (2.8) & 2t g
l/o(1) 23.6 (9.3) % 2 2
structure refinement > g
reSOIUtlon ra_nge (A) 30018 .‘:.’. -{190 2;0 300 350 4ll]0 450 5(‘)0 55(;3 5
no. of reflections 48320 2 4 v 4 B
Reactor (%) 20.7 w . T
Rfree(%) 24.1 § -
no. of reflections in the free set 1014 2 235
no. of protein atoms 4226 =
no. of FAD atoms 106
no. of water molecules 256
rmsd for bond lengths (A) 0.010
rmsd for bond angles (deg) 14
2Numbers in parentheses refer to data in the outermost resolution
shell.? Rmerge: 2 s — Iavdzlavg- 4 1 1 ) 1 1 4
180 250 300 350 400 450 500 580
14 . Wavelength (nm)
0.3 FiIGurRe 2: Comparison of the UV and visible CD spectra obtained
t2r 1 for the S127P and wild-type forms of rat cytochromeeductase.
1ol o2l N7 | UV CD spectra were obtained for the S127P (A) and wild-type
: : A/
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Ficure 1: Comparison of the U¥visible spectra obtained for the
S127P and wild-type forms of rat cytochrorbgreductase. UV
visible spectra were obtained for the oxidized forms of S127+-§

and wild-type ) rat chr (2 uM FAD) in 10 mM potassium
phosphate buffer containing 0.1 mM EDTA (pH 7.0). The spectrum
obtained from a sample of free FAD (&M, —--—) in 10 mM
potassium phosphate buffer containing 0.1 mM EDTA (pH 7.0) is
shown for purposes of comparison. The inset shows the flavin
absorbance on an expanded scale.

RESULTS AND DISCUSSION

Spectroscopic and Kinetic Properties of the S127P Variant.
To confirm that the S127P variant of ratsclyetained the
spectroscopic and kinetic properties characteristic of the
corresponding human mutant, both BVisible absorbance
and CD spectra were obtained together with NADH:FR and
NADH:BR activity measurements.

Comparison of the UVvisible absorbance spectra ob-
tained for the purified wild-type and S127P forms ofrgb
shown in Figure 1, indicated that in the mutant protein,
absorbance maxima corresponding to the FAD prosthetic
group were blue-shifted when compared to those of the wild-
type enzyme. In the wild-type domain, absorbance maxima

(B) forms of clyr (4 uM FAD) in 10 mM potassium phosphate
buffer containing 0.1 mM EDTA (pH 7.0) as previously described
(22). Visible CD spectra were obtained for the S127P«{¢,and
wild-type (D,—) cbsr (60uM FAD) in 10 mM potassium phosphate
buffer containing 0.1 mM EDTA (pH 7.0). Spectra were also
obtained for the S127P and wild-typescln the presence of 15
mM NAD* (—-—), 10.4 mM 3-ADP-ribose {---—), 12.6 mM B3-
ADP (--+), and 14.9 mM AMP (- - -).

In contrast to the visible absorbance spectra, the visible
CD spectrum of the S127P mutant revealed a more dramatic
change when compared to that of the wild-typesrcb
spectrum. As shown in Figure 2A, in the UV region, the
CD spectrum of the S127P variant showed very little change
in either the line shape or intensity of the spectrum when
compared to that of the wild-type enzyme (Figure 2B), an
indication of the absence of any substantial alterations in
the overall architecture of the-helix or 5-sheet structural
components when compared to the wild-type domain.
However, for the visible CD spectrum, substantial changes
in the intensities of the various CD transitions were observed.
In the oxidized state, the S127P variant exhibited a CD
spectrum (Figure 2C) that was markedly diminished in
intensity from that of the wild-type protein (Figure 2D) while
still retaining weak positive and negative transitions at
approximately 390 and 460 nm, respectively, indicating a
substantial perturbation of the flavin structure.

The structural changes indicated from the CD spectra of
the S127P mutant were also reflected in changes in the
catalytic properties of the enzyme. Alterations in the initial
rate kinetic parameters obtained for the S127P mutant, when
compared to those of wild-type ghare shown in Table 2.

At pH 7, keatfor the NADH:FR activity of the S127P variant
was 300 s?, corresponding to approximately 38% of wild-

were observed at 276, 389, and 461 nm together with thetype activity k. = 800 s?), while the K,NAPH increased

characteristic shoulder at 485 nm. In contrast, while the
S127P variant retained the UV maximum at 276 nm, in the
visible region, the maxima were shifted to 388 and 458 nm,
respectively, together with a small reduction in the definition
of the latter peak’s shoulder, in agreement with results
previously obtained for the human S127P mut&i.(

more than 9-fold, from 6 to 5%M. Similarly, for the
NADH:BR activity, kot for the S127P mutant was reduced
to approximately 30% of the wild-type value together with
a nearly 9-fold increase in th&, for NADH. However, the

Km values obtained for gbfor the mutant and wild-type
enzyme were equivalent. These results indicated that both
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Table 2: Comparison of the Kinetic Constants Obtained for the CytochtgrReductase S127P Mutant and Wild-Type Enzyme

NADH:FR NADH:BR
protein Keat (5—1) K NADH (uM) KnFecN (uM) Kead KmNADH (S’l M—l) Keat (3—1) K NADH (uM) K Y105 (uM) KealKm (5—1 M’l)
S127P 300t 35 55+ 4 8+1 5.45x 10° 106+ 17 25+ 3 14+ 2 4.24x 1¢°
wild type 800+ 33 6.0+ 0.4 71 1.33x 1 367+ 20 3.0+ 0.2 13+ 3 1.22x 108

Table 3: Dissociation Constants Obtained for ther &127P
Variant with Various Pyridine Nucleotides

Kg (mM)
nucleotide S127P wild type
NAD™* 50+£1.5 0.80+ 0.01
5'-ADP-ribose 1.5+0.2 0.10+ 0.01
5'-ADP 0.54+0.1 0.10£ 0.02
AMP 1.3+0.1 0.80+ 0.1

the turnover of the enzyme and affinity for NADH were
compromised in the mutant, whereas the affinity for cb5

remained unchanged. Further, comparison of the ratios of

the specificity constantsk{/KNAP") obtained for the
NADH:BR values of the wild type and S127P variants of
the rat and humar2(Q) enzymes revealed that for both the
rat and human enzymes, the S127P mutants retained onl
3.5 and 3% of the wild-type values, respectively. These
results confirmed that the S127P mutation in radr dilmd

that is comprised of amino acid residues YK 25, which

will be termed the “lid". In the native structure, this is a
surface-exposed loop that is involved in binding the AMP
moiety of the flavin cofactor and will be discussed below in
the context of the active site. The lid changes conformation
and is displaced-6 A relative to the structure of the wild-
type enzyme. Despite the movement of the lid in the S127P
mutant, the positions of the side chain atoms of K125 remain
unchanged compared to the structure of the wild-type
enzyme. This residue, as well as K41 and K163, is involved
in the formation of active site charge pairs with carboxylate
residues of cytochrom (30), and their unchanged positions
in the structures of S127P and wild-type sichare in
agreement with the biochemical data showing that the S127P
mutant of clar retains the same kinetics of £binding as

>;he wild-type enzyme (Table 2).

The most striking difference between the wild-type and
S127P variant structures was observed in the FAD binding

the same effects on catalytic activity as those previously site. The initial electron density maps showed clear density

published for the mutation in the human enzyme.

Dissociation constants obtained for both S127P and wild-
type cb5r with a variety of pyridine nucleotides are shown
in Table 3. Elevatedy values were obtained for all the

for the entire FAD prosthetic group (Figure 3B). In both
copies, the conformation of the FAD was identical, but
different from that of the wild-type protein.

In the wild-type enzyme, the FAD prosthetic group was

substrate analogues and the S127P mutant. For example, thiocated between the two subdomains, but primarily made

Kq value for B-ADP-ribose for the S127P mutant (1.5 mM)
was 15-fold higher than that for the wild-type enzyme (0.1
mM), also suggesting that the mode of binding of this

interactions with the FAD binding lobe. The flavin ADP
moiety made extensive interactions with residues in the lid
(residues Y112K125) forming a hydrophobic pocket that

substrate analogue is somewhat altered. This is consistenhoused the adenine moiety, specifically between the planar

with previous thermostability studies of the human enzyme
that revealed NADH provided only limited protection against
inactivation for S127P21).

S127P X-ray StructureThe three-dimensional structure
of the flavin domain of the S127P mutant of ratsiclvas
determined at 1.8 A resolution. The final model contained
two copies of amino acid residues T3B300, two FAD

rings of Y112 and F120. TheyOatom of S127 was within
hydrogen bonding distance of the amide nitrogen atom of
Y112 and may assist in stabilizing this loop conformation.
The pyrophosphate atoms were accommodated patrtially by
interactions with the ML and Nj2 atoms of R91, and the
backbone nitrogen atoms of residues G123427. The amide
nitrogen atom of G124 formed a hydrogen bond with the

molecules, and 256 water molecules (see Table 1 for datacarbonyl oxygen atom of Y112. The flavin isoalloxazine ring

collection statistics). Analysis of the structure indicated that
the overall protein fold was similar to that of the wild-type
protein, which has been previously described in degd),(
and is the classical two-domain arrangement (Figure 3A).
Briefly, the structure comprises an amino-terminal FAD
binding lobe that comprised residues F34147 and a
carboxyl-terminal NADH binding lobe corresponding to
residues V17£F300. These lobes were linked by a small
three-stranded antiparallgd-sheet, comprising residues

bridged the FAD binding and NADH binding subdomains
and was seated in a predominantly hydrophobic pocket,
making van der Waals interactions with the side chains of
residues R91T94 in the B4 strand and residues T181
P185 in helix Nx1. These residues are generally conserved
and form part of the FAD pyridine nucleotide binding
sequence signature, “GxGxxP”, in the ferredoxin:NADP
reductase family of flavoprotein oxidoreductasas)(

In the structure of S127P, there was a major conforma-

L148-T170, that has been proposed to act as a “hinge” to tional change in the lid that may be partially due to the

orient the two subdomains for efficient transfer of the
reducing equivalents from bound NADH to the FAD cofactor
in the wild-type enzyme26).

removal of the interaction of the side chain of S127 with
the amide nitrogen atom of Y112. A further effect of this
mutation was a change in the conformation of G124. The

The structure of the S127P mutant showed no significant carbonyl oxygen atom of G124 forms a hydrogen bond with

deviations in the fold compared to the wild-type protein, as
shown by low root-mean-square deviatior(5 A for Ca
atoms excluding the loop of residues Y112125). The main

the amide nitrogen atom of Q128, resulting in an extension
of the Nol helix and a displacement of the lid bys A.
This conformational change in the lid obliterates the adenine

differences in protein structure are concentrated in the loop binding pocket and obscures the pyrophosphate binding site
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Ficure 3: Comparison of the FAD environment in the structures of S127P and wild-type rat cytochsoetkictase. (A) Ribbon diagram

of the structures of the rat gbS127P and wild-type proteins. The S127P subdomains are colored blue for the NADH and red for the FAD
binding domains, while the “linker” region is shown in green. The native structure is shown in gray. The FAD prosthetic group is displayed
in a ball-and-stick representation. It is colored cyan in the S127P mutant and orange in the wild-type structures. The movement of the lid
is highlighted. (B) The B, — F. electron density of FAD in the structure of the S127P variant. (C) Close-up view of the FAD binding site

in the S127P mutant. The structure of the wild type and S127P mutant are colored white and pink, respectively. The positions of residue
127 are highlighted in blue and magenta for the wild type and mutant, respectively. This figure was produced using a combination of
Molscript, Bobscript 40), and Raster3DAQ1).

of the FAD cofactor. Thus, the position of the flavin ADP Comparison of the X-ray structure obtained for the S127P
moiety is significantly different (Figure 3C) with an12 A variant and the visible CD spectra obtained for the mutant
displacement of the adenine moiety of the FAD, leaving only and wild-type enzymes indicated that the altered FAD
the lumiflavin moiety in a similar position, relative to the conformation observed in the S127P X-ray structure was also
wild-type protein. maintained in solution. The major changes observed in the
In contrast to the structure of the W||d-type enzyme, in S127P visible CD Spectra were confined to alterations in the
the S127P variant, the majority of the interactions of the ADP intensities of the various CD transitions with little change
moiety reside on the previously characterized NADH binding in the apparent peak positions or their polarity. The wild-
subdomain. The charge on the pyrophosphate group istype visible CD spectrum is well-understood and is charac-
neutralized by interactions with theNitom of K110, which teristic of the coupling of the transition dipoles of the flavin
has previously been shown to be important in substrate rings; flavin dipoles are oriented approximately from C7 to
binding 26, 32—34). The adenine moiety is housed in a 6 N1 for the low-energy visible transitiomgax > 450 nm)
A wide channel formed by residues P2719277 in the Nu4 and from C8 to N3 for the higher-energy transitidimdx >
helix on one side and F251 on the other. These residues ar&870 nm) B5). Further, a structural change in the ribityl
generally conserved in the FNR superfamily and form part moiety has been previously shown to affect the CD spectrum
of a second NADH binding sequence signature, “CGPxxM” (36, 37). In the S127P mutant, the peaks were in similar
(31). Thus, the ADP moiety of the FAD occupies the ADP positions with the same polarities when compared to those
binding site of the reducing substrate in the wild-type enzyme of the wild-type enzyme, but the intensities of the various
(Figure 3C). transitions were significantly diminished. Since the confor-
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mational change in the FAD results primarily from a rotation adopted a line shape and intensity more characteristic of the
around the ribityl N16-C1* bond, the observed spectral wild-type enzyme, suggesting that that the ADP moiety of
changes in the CD remain consistent with the hypothesis thatthe FAD was being displaced back into its wild-type
the FAD also adopts an altered conformation in the S127P conformation following the binding of'5ADP-ribose. Fur-
mutant in solution. ther, removal of the bound'BDP-ribose by repeated
In addition, comparison of the initial rate kinetic constants washing of the sample with buffer on a 10 000 molecular
obtained for both the NADH:FR and NADH:BR activities weight cutoff membrane resulted in partial reversion of the
of the wild-type and S127P mutant protein, respectively, CD spectrum to one more characteristic of the oxidized
suggested that the altered flavin conformation is present in S127P mutant, suggesting that the ADP moiety of the
solution. As anticipated from the X-ray structures, #g cofactor could be reversibly displaced from the NADH
for NADH in the S127P mutant was increased nearly 10- binding cleft.
fold for both the NADH:FR and NADH:BR activities with Similar changes in the visible CD spectrum of the S127P

respect to that of the wild-type enzyme. In addition, ki¢  muytant were detected during titrations of the protein with
for the S127P mutant was also reduced approximately 3-fold. 5_App-ripose (results not shown). The CD peak from 350
However, theK, for cytochromebs remained unchanged and 15 400 nm in the oxidized S127P spectrum became more
in close agreement with the corresponding values previouslypositive in intensity, while the peaks in the 48800 nm
reported for the purified human wild-type and mutant region hecame more negative in intensity; on the other hand,
proteins @1), indicating that the mutations had no adverse he \ild-type chr underwent no substantial conformational

effect on cl binding. It should also be noted that the cnange in its spectrum during the titration experiment.
reduction in the S127P NADH:BR activity is consistent with . _
The K4 values obtained for the various analogues (Table

the results obtained from the original study of the patient 3 | . ith this disol h hesi
with RCM (20). ) are also consistent with this displacement hypothesis.

Previous studies of the bovine enzyn®9)( have demon-
strated that 5ADP-ribose, 5ADP, and AMP are more
efficient inhibitors of cb5r NADH:FR activity than NAD
suggesting that the ADP portion of the pyridine nucleotides
was predominantly involved in substrate binding. This trend
in analogue affinity was maintained for both the wild type
and S127P variants of rat cb5r, although tevalues for

b the various analogues were significantly higher for the mutant
enzyme than for native cb5r. For the wild-type enzymie, 5

Application of the crystallographic results obtained for the
FAD conformation to the structure of the S127P mutant in
solution suggests that the flavin ADP moiety must be
displaced during enzyme turnover, since the kinetic data
indicated that the electron transfer process, requiring NADH
reduction of the enzyme, still operates in the S127P mutant,
albeit in a less efficient manne2l, 29). Similar observations
have been reported for recombinant variants of porcige c
in which S99 (equivalent to S127 in the rat enzyme) was . o . )
replaced with alanine, valine, and threoniB8)( To test this ADP-ribose and SADP e_xh|b|ted eqsnvalent. affinities,
hypothesis, we attempted to soak the substrate analofues 5wh_ereas fqr the S127P varlan't, Wgfor 5 -ApP-nbosg was
ADP-ribose and NAD into crystals of S127P; however, the S times higher than that for'#DP, consistent with the
crystals cracked, providing additional evidence for a change M0del in which binding of the latter would require less
in the FAD conformation following substrate/product ana- displacement of the FAD prosthetic group.
logue addition. If the crystals were harvested just prior to  Thus, the question of why S127P has such a deleterious
cracking and data collected, the resultant structures wereeffect even though it is active when pure recombinant protein
isomorphous to the structure of the S127P mutant, providingis examined remains open. One possibility is that in the
additional evidence that a conformational change in the flavin cellular environment, its reduced affinity for FAD and
prosthetic group is required (M. C. Bewley, unpublished NADH has a much greater effect on the catalytic activity
data). than in our optimizedn vitro reactions. This is consistent

While we were unable to examine the potential displace- with the 10% residual 4o activity found in lymphoblastoid
ment of the flavin ADP moiety back to its original wild-  cells that were homozygous for this mutati@). Alterna-
type position using the S127P crystals, we were able to tively, the mutation may effect an, as yet, unidentified
monitor flavin displacement in solution using CD spectros- function of . Integration of the spectroscopic, kinetic, and
copy. To compare flavin displacement in the S127P and wild- structural data obtained for the S127P variant ef shggests
type clyr, we obtained visible CD spectra for both proteins that substitution of serine 127 with a proline residue primarily
following the addition of NAD or a variety of pyridine  results in a conformational change in the FAD prosthetic
nucleotide analogues. As shown in Figure 2D, addition of group following partial disruption of the cofactor binding
these chr product or product analogues to the wild-type site. However, the reducing substrate binding site (NADH)
protein resulted in no apparent change in the visible CD apparently remains unchanged, creating an environment in
spectra (Figure 2D), indicating that addition of the pyridine which the ADP moiety of the FAD can bind. Upon addition
nucleotides had no detectable effect on the conformation of of substrate, the ADP moiety of the cofactor can be partially
the FAD prosthetic group. However, in contrast, addition of displaced and electron transfer can occur. It is interesting to
the same compounds to the S127P variant resulted innote that similar spectral changes have been reported for a
significant changes in the associated CD spectrum (Figurerange of site-directed mutants of R922), suggesting a
2C). In the presence of NAD 5'-ADP-ribose, 5ADP, or similar disruption of the flavin binding site occurs in many
AMP, the S127P flavin spectrum dramatically increased in of the R91 variants. Although naturally occurring mutations
intensity, adopting a line shape comparable to that of the affecting this residue have not been reported to date, we
wild-type domain. In the presence of the most effective predict that if discovered, they would give rise to the type Il
NAD™ analogue, 5ADP, the spectrum for the S127P mutant form of methemoglobinemia.
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