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Alanine-Scanning of the 50’s Loop in ti@ostridium beijerinckiiFlavodoxin:
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Chain in the Modulation of the OxidatierReduction Potentials
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ABSTRACT. The four-residue reverse turn -MetGly—Asp—GIu>®- in the Clostridium beijerinckii
flavodoxin provides the majority of the critical interactions with the isoalloxazine ring of the flavin
mononucleotide (FMN) cofactor that contribute to the binding and the differential stabilization of its
three redox states. Direct side chain contacts include the sulfur-ring interaction of Met56, which primarily
influences the oxidized and hydroquinone states, and the hydrogen bond by Glu59 with the N(3)H, which
directly (and indirectly through its “anchoring” function) influences all three states to various extents.
Involving a novel redox-dependent conformational change, the hydrogen bond formed between the carbonyl
group of Gly57 and the N(5)H of the reduced cofactor strongly influences the stability of the semiquinone
state. In this study, the sequential elimination of all side chain interactions in various combinations through
a systematic alanine-scanning mutagenesis approach was conducted to more completely understand the
functional inter-relationships as well as any synergistic interactions that might occur within the loop. In
general, additive effects for each side chain on the midpoint potentials for both couples were observed
except for the hydroquinone state where some degree of nonadditivity was noted in multiple mutants
involving Glu59. The study concluded with the generation of the triple mutanftA@ly—Ala—Ala%%-

in which all side chain interactions are removed. Gly57 was left unchanged because of its critical
conformational contribution. Remarkably, this mutant retained the ability to bind the FMN and to
thermodynamically stabilize the semiquinone state despite the absence of all side chain interactions.
Collectively, these observations emphasize the overriding importance ofaimechaininteractions with

the N(5)H of the FMN and the associated redox-dependent conformational change in this loop and leaves
little doubt as to its role in the thermodynamic stabilization of the neutral semiquinone state of the FMN
cofactor.

The remarkable biochemical versatility of the riboflavin- tion of the neutral form of the SQ in conjunction with the
based cofactor lies in part in the ability of its oxidation  destabilization of the HQ results in very low potentials for
reduction properties to be modulated by the numerous the SQ/HQ couple, somewhere in the range-8¥2 to—512
interactions made with the apoflavoprotein. The flavodoxin mV, which are among the lowest potentials observed for
represents one important class of flavoprotein electron flavoproteins {, 2). These proteins appear to shuttle between
transferase in which this phenomenon has been extensivelithese two redox states while participating in various low-
investigated. These smalk@0 kDa), soluble proteins have potential electron-transfer reactions, without direct involve-
been isolated from a variety of microorganisms and eukary- ment of the oxidized form. Another attractive feature of the
otic algae and contain a single noncovalently bound flavin flavodoxin is that they share significant structural homology
mononucleotide (FMN)cofactor as their only redox-active  with a variety of more complex flavoproteins that function
component. These rather simple proteins display some ofin a myriad of biological reactions, such as cytochrome P450
the remarkable characteristics of the flavin, not the least of reqyctase, cytochrome P450BM-3, and perhaps nitric oxide
which is that all three oxidation states of the cofactor  synthase. Although notable differences in the detailed amino
oxidized (OX), one-electron reduced semiquinone (SQ), and a¢jd sequences occur, even among flavodoxins, many of the
two-electron reduced hydroquinone (Hjan be observed  jneractions made between the apoprotein and the cofactor
and studied in these proteins. The thermodynamic stabiliza- 5, generally conserved. Thus, they represent a simplified
model in which to investigate structur@éunction properties
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Ficure 1: Structure of the FMN binding site in wild-typ@. beijerinckiiflavodoxin in the oxidized state showing the major interactions

with the isoalloxazine ring. Of note is the face interaction with the side chain of Met56 as well asdiface interaction with Trp90. The

dashed lines indicate the hydrogen bonding interactions made with the backbone amide and side chain of Glu59. Overlaid in green is the
energy-minimized structure of the triple mut&fAGAA (the loop only). The residues are numbered at thep@sition. The ribityl side

chain of FMN, all hydrogen atoms with the exception of N(3)H as well as the side chains of residues 55, 60, 89, and 91 have been omitted
for clarity. The wild-type main chain atoms for residue 60 are obscured by the mutant structure due to nearly complete overlap.

(10, 11) and N(5) 6, 12—14). Conformational changes that Perhaps the most significant distinction of this loop lies
alter flavin protein contacts also make significant contribu- in the unusual configuration of the central Gly5&sp58
tions as seen in the flavodoxins fradtostridium beijerinckii peptide bond of the turn. In the oxidized state, this peptide
(12, 15, 16), Desulfasibrio vulgaris (17, 18), andAnacystis bond exists in the unusual cis conformation with its carbonyl
nidulans (19, 20). Many of these interactions have been group oriented away from the flavin ring. This conformation,

corroborated and extensively investigated within novel referred to as thecis-O-down” conformation, along with
flavin—host model system2(—23). thetrans-O-down form constitutes about 70% of the observed

conformers, with the remainder as ttnans-O-up form with

the orientation of the carbonyl group “flipped” over to point
toward the flavin ring 12). Reduction of the cofactor results

h ) in a structural rearrangement to predominantlyttaes-O-

of nOtPj, he,re 'S a"four—res!due surfacg reverse-tumn, the SO°yp conformer. This new orientation brings the carbony! group
called “50's loop”, comprised of reSIdl_Jé"él\/lGDE, that in close proximity to the flavin ring such that it can serve as
contributes many of the crucial interactions made with the 4 hydrogen bond acceptor to N(5)H of the reduced FMN.
isoalloxazine ring of the FMN cofactor (Figure 1). The first  Thig contributes significantly to the thermodynamic stabiliza-
residue in the turn, Met 56, flanks the innerrerface of the tion of the SQ and to a lesser extent the HQ)( Also unique

High-resolution crystal structures have been solved for all
three oxidation states for the flavodoxin that is isolated from
C. beijerinckii(MP) and its recombinant formlg, 15, 16).

flavin ring, as also seen in the flavodoxins frafnpasteur- 1o this flavodoxin is that this structural rearrangement
ianumandMegasphaera elsdeniivhich is replaced by either approximates a conversion of a typesHurn in the OX to
a tryptophan or a leucine in other flavodoxing, (12). a type Il turn in the reduced states. The functional
Mutagenesis studies revealed the importance of stifavin importance of the Gly57 residue in favoring the typetin

interactions in the stabilization of the oxidized and destabi- as well as the importance of a side chain at position 58 (or
lization of the hydroquinone states, thus pointing to the position three in the turn) has been establisHeti 24). The
functional importance of this residue in maintaining the redox stability of the turn conformation, which is a direct function
properties of the cofacto®). of the sequence of the two central residues with the
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positioning of the Gly and Ala residues, where Ala represents FMN and thermodynamically stabilizing the neutral semi-
any amino acid with the exception of glycine and proline, is quinone state, a feature characteristic of flavodoxins.

a prominent feature in the modulation Bfysq (24). The

fourth and final residue of the turn, Glu59, also plays a EXPERIMENTAL PROCEDURES

critical role. Its side chain carboxylate group forms a . . . .
hydrogen bond “bridge” between the N(3)H of the flavin Matenals.Anthraqwnone—2,6-d|suhfonate and se}franln T
were purchased from Fluka Chemicals. Safranin T was

and the backbone amide of Trp95 and serves to anchor therecr stallized from ethanol before use. Phenosafranin was
loop in an optimal orientation in this flavodoxiri@ 11). y '

The importance of this loop in the modulation of the redox obtained from Allied Chemicals. Flavin mononucleotide was

properties of the cofactor is through its direct interaction with S:)(gg;itr?darf]r(;)mu:ﬁ;%mbbln::igrlét%ﬁ. gecljﬁrrc')rx;'oﬂ?é h
the N(5). Substitutions within this loop region have differing P Y -nang grapny.

. All other chemicals were of analytical reagent grade.
effects on structure depending upon the source of the

flavodoxin. X-ray crystal structure analysis of the oxidized _OIigonuclegltide_-Directed Mutggenesis, Protein Expres—
forms of the Gly61 mutants ob. vulgaris flavodoxin, a sion, and PurificationMutagenesis was performed using the

position homologous to Gly57 @. beijerinckiiflavodoxin, Kunkel method £7). The sequence of the three mutagenic

revealed that this loop is moved away from the flavin by oligonucleotides that were synthesized to generate the
5—6 A (13). On the other hand, substitution at the equivalent Mutants were as follows: 'SCCATGGGCGCTGCAGT-

. i A)CTCGAGG forr®MGAA; 5'GGTTGCTCTGCCGCGGGC-
Asn58 position ofA. nidulans(25) and Gly57 and Asp58 of ( ’ _ =
C. beijerinckii(12) did not result in any significant structural  SATCCAGTTCTCGAGG for56AGDA,1£1nd SGCTCTGC-
changes. The only difference noted in the clostridial fla- CGCGGGCGCTGCAGT(A)CTCG forAGAA.

vodoxin mutants was the alteration of the conformation of  The underlined bases represent the mutations required for
the central peptide bond and the orientation of its carbonyl the appropriate amino acid replacements. Screening was
group, being altis-O-down for Asp58Pro and aftansO- fa_lcmtated in some cases.by the mtroductlon of a uni§uoe
down for Gly57Thr in the oxidized state. While it is Site by the silent mutation shown in parentheses, by the
understandable for mutations involving this loop region, it introduction of a uniqu@st site (for the®*MGAA mutant),
is harder to rationalize the effects of more remote mutations @ Sadl site along with the elimination of ahicd site (*-
When they seem to perturb th|s |00p Conformation and AGDA), and Pst andSadl S|t§s W|th the el|m|nat|0n Of an
therefore the N(5) hydrogen bond strength. Recently, the NCa site C°AGAA). All mutations as well as the sequence
crystal structures of Y98H and Y98W mutants of the integrity of the entire flavodoxin gene were confirmed by
flavodoxin from D. vulgaris were solved 26). Tyr98 is ~ automated DNA sequence analysis. All mutants were sub-
located in the 90's loop and flanks tiseface of the flavin, ~ cloned into theEcaRl and Hindlll sites of the expression
analogous to Trp90 in the clostridial flavodoxins (see Figure Vector pKK223-3 for expression in the XL-I Blue strain of
1). Yet, the only structural difference noted in these mutants Escherichia coli Protein purification proceeded according
was the conformation of the 60's loop that had altered to established protocols3) except that the proteins were
resulting in a new orientation of the central carbonyl group. €xpressed at reduced temperatures to increase the yields of
Although the number of flavodoxin mutants has been soluble holoprotein. All protein preparations were determined
extensive, the lack of availability of crystal structure o be>90% pure by SDSPAGE.
information limits our understanding of their effects on the  UV—Vis Spectroscopy and Determination of One-Electron
conformation of this loop. Oxidation—Reduction Potentials and FMN Dissociation

It is therefore of importance to more thoroughly understand Constants.All UV —visible spectra were recorded on a
all the interactions made by this loop that is adjacent to N(5). Hewlett-Packard HP8452A diode array spectrophotometer.
However, to date, most of the substitutions involved single Midpoint potentials were determined as described earlier with
amino acid changes. To elucidate any cooperative interac-all measurements being carried out at Z5 in 50 mM
tions, especially involving Glu59 since that mutation alone Sodium phosphate buffer at pH 7.8 §). The indicator dyes
resulted in a disproportionate destabilization of all redox used were anthraquinone-2,6-disulfondg £ —184 mV),
states, a more detailed study involving multiple substitutions phenosafraningm, 7. —244 mV), and safranin THy 7. —280
within this loop is required. Therefore, this study was initiated MmV) (all potentials are relative to the standard hydrogen
to more completely understand the role of this loop and any electrode 28)). The error in the experimental values reported
synergistic relationships among its contributing amino acid here are conservatively estimated to-b& mV.
residues. All side chain interactions in the loop were The dissociation constant for the binding of the FMN
sequentially eliminated by alanine-scanning mutagenesiscofactor to the apoflavodoxin was determined by monitoring
(with exception of Gly57), ultimately resulting in the the spectral changes accompanying binding under identical
minimalist sequenc&AGAA (Figure 1). The use of alanine  experimental conditions used during the determination of the
ensures against large-scale disruptions in main-chain con-midpoint potentials as described in detail elsewhd@®. (
figurations while eliminating the effects of the flavin FMN concentrations were determined using the published
interactions with each side chain. Gly57 was left as is becauseextinction coefficient of 12 500 M cm! (29). The Kgq
of the special structural requirements at this positib® (  values for the two reduced states cannot be determined
24). The results demonstrate the general additivity of mutant experimentally but were calculated using the thermodynamic
effects and also further emphasize the roles of each of theequilibria for the various redox states for both free and bound
amino acid residues involved. But perhaps the most striking FMN (30). The values for the one-electron reduction
observation is that the mutant lacking all of the side chain potentials for free FMN were those determined by Anderson
interactions provided by this loop was still capable of binding (31).



Alanine-Scanning of 50’s Loop Biochemistry, Vol. 40, No. 45, 200113551

100

s
~12rA £
E 10} gs < 8¢t
-~ L2 ~
s 8 2 °
£ g’ £
~ 6 0 i 5 60}
[ 0 2 4 6 8 10 12 w
.g Extinction (454nm) ©
o 4 1 c
£ S 40}
X £
w 2F 35
g
0 : : : === 5 20|
300 400 500 300 400 500 600 %)
Wavelength (nm) . . .
FIGURE 2: UV-vis absorbance spectra for wild-type (closed -400  -300  -200  -100 0
squares)?MGAA (open squaresPPAGDA (open circles). an@®- Eh (mV)

AGAA (closed circles) flavodoxins in the oxidized (A) and fully , _ . . .
reduced (B) states. The spectra were obtained during a reductivem/GURE 3: Representative oxidatierreduction potential determina-
titration with sodium dithionite in a 50 mM sodium phosphate tions for®AGDA. The OX/SQ couple (open circles) and the SQ/
buffer, pH 7.0, at 25C. The inset in panel B depicts the spectral HQ couple (closed circles) were determined using the indicator dyes
changes during the course of the reduction and illustrates the @nthraquinone-2,6-disulfonate and phenosafranin to establish the
substoichiometric accumulation of the semiquinone species (580 SyStem potentially), respectively. In each case, thgvalues are

nm) for SSAGDA (open circles) and®AGAA (closed circles) limited by the potential range of each dye. The amount of

flavodoxin mutants. semiquinone formed is expressed as a percent to facilitate com-
parison between the two couples. The solid lines are the best fit of

RESULTS the data by nonlinear regression analyses to the Nernst equation,
generating midpoint potential values ef165 and —264 mV,

Characterization of the Double and Triple Mutaniche
yields of soluble holoprotein were low as compared to wild
type for the®®MGAA, °AGDA, and*®AGAA mutants. Some  compounds, the wild-type anionic hydroquinone spectrum
of the FMN was found to dissociate during purification, is characterized by a relatively strong absorbance peak at
resulting inAx74Aq46 ratios that were higher than wild type 380 nm with the flavin in a planar conformatio82). The
(5 to 6 versus 4.4, respectively). This phenomenon is presence of this peak in all of these mutants suggests that a
reflective of the significantly higher experimental dissociation change in ionization state of N(1) is unlikely. Rather, these
constants reported below. The spectral characteristics in allchanges mirror those observed for other flavodoxin mutants
three redox states were recorded during reductive titrationsand emphasize the sensitivity of the HQ spectrum to slight
with sodium dithionite under anaerobic conditions. Because changes in its environment@, 11, 24, 34). Taken together,
of the relatively high dissociation constants of these mutants, all these changes do indicate some degree of structural
at least a 5-fold excess of apoprotein was included in theseperturbation in the 50’s binding loop in these mutants.
titrations to ensure that 95% of the FMN was bound. The One-Electron OxidatiorrReduction PotentialsSThe one-
spectral features of the oxidized species for all mutants electron midpoint potentials were determined in 50 mM
differed from wild type with bathochromic shifts of 10, 8, sodium phosphate buffer, pH 7.0, at 25 in the presence
and 8 nm observed for the first transition fSMGAA, 56- of at least 5-fold excess apoprotein to ensure that all of the
AGDA, and®*AGAA, respectively, with concomitant changes FMN remains bound. The system potential at each point in
in intensity (Figure 2A). An almost complete absence of the the anaerobic titration was established using suitable redox
characteristic shoulder at 450 nm was striking. The spectralindicator dyes with established midpoint potential values.
characteristics of the second transition are known to be moreAll of the titrations were fit to the nonlinear version of the
sensitive to changes in polarit?). Minor differences in Nernst equation for a single electron reduction. Representa-
the intensity of the second transition with a slight blue shift tive plots of the titration for the OX/SQ and the SQ/HQ
in the Amax Were also noted, perhaps reflecting only small couples are shown in Figure 3. The midpoint potential for
changes in the solvent exposure of the flavin ring in these the OX/SQ coupleHqysg for all mutants was more negative
mutants. The extinction coefficients for the 450 nm transition than wild type by approximately 70100 mV (Table 1). The
were determined to be 9.950.25, 10.94+ 0.6, and 11.45  increase for the SQ/HQ couplE,ng was also quite large,

+ 0.8 mM1 cm™ for 3MGAA, 56AGDA, and AGAA, being 94 mV for®®MGAA, 135 mV for 35AGDA, and 145
respectively, which are similar to the recombinant wild-type mV for 6AGAA (Table 1). The smaller separation in the
value of 10.6 mM?! cm (33). The neutral semiquinone  potentials for each couple is consistent with the substoichio-
species accumulated during the reductive titration of all of metric accumulation and the lower stability of the semi-
the mutant flavodoxins but to a lesser extent than the quinone species observed during reductive titrations. The role
stoichiometric levels observed for the wild type, reflecting of Met56 in destabilizing the hydroquinone species as
the less stable FMN semiquinone. The spectra of the reported previously9) was clearly evident on comparison
semiquinone displayed small changeslinx and intensity, of the Esqnq values of the various mutants, witRAGDA
particularly in the 4086-500 nm region but were overall and®°¢AGAA displaying the least negative values, primarily
similar to wild type. The differences between the hydro- reflective of the more stable hydroquinone species in these
quinone spectra of the mutants and also when compared tanutants.

wild type were more dramatic (Figure 2B). Changes in  These results demonstrate that the one-electron reduction
intensity of the absorbance at 315 nm, 380 nm, and the potentials of both couples are highly dependent upon the side
shoulder at 450 nm are clearly evident. On the basis of modelchain interactions made by both Met56 and Glu59. Particu-

respectively.
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Table 1: Oxidatior-Reduction Midpoint PotentialFMN Dissociation Constantsand Gibbs Free Ener§pf FMN Binding for Wild-Type
and MutantC. beijerinckii Flavodoxins

Ka
flavodoxin Eowisq(MV) Esging(mMV) OX (uM) SQ (nM) HQ M) AGOX AGSQ AGHR
WTd —92 —399 0.018+ 0.002 0.0032 0.142 —10.6 —15.7 —9.3
M56A¢ =72 —331 0.044+ 0.008 0.0036 0.011 —10.0 —15.6 —10.8
D58A® —93 —380 0.042+ 0.02 0.0077 0.164 —10.1 —15.2 —-9.3
E59A —186 —298 0.58+ 0.07 3.97 3.48 -85 —-115 —7.4
MGAA —189 —305" 2.74+£0.12 21.0 24.3 —7.6 —10.5 —6.3
AGDA —169 —264 2.84+0.1 8.57 2.0 —7.6 —-11.0 -7.8
AGAA =177 —2540 2.79+£0.11 13.44 2.12 —7.6 —-10.7 7.7

aValues are in millivolts at pH 7.0 and 2& vs the SHEP The dissociation constants in the oxidized state were measured either by fluorescence
or visible spectroscopy and those for the reduced states calculated as described in théaters are in kilocalories per moléFrom Druhan et
al. (9). ¢ From Kasim et al. Z4). fFrom Bradley et al.{1). " Midpoint potentials were determined using anthraquinone-2,6-disulfonate, safranin
T, or phenosafranin as the indicator dye, respectively. All values are an average of at least two independent experiments.

-
o
o

potentials of free FMN in solution3Q). All of the mutants
with multiple replacements showed an approximately 150-
] fold increase in the dissociation constants for the oxidized
Wavelength (nm) state (Table 1). The largest changesKin for the single

I 40 500 600 | substitutions were observed for E59A, which increased by
32-fold (11). TheKq values for’S"MGAA, AGDA, and °¢-
AGAA are all nearly identical and about 5-fold higher than
that for E59A. Thus, the removal of the Met56 and/or the
Asp58 side chains in this context resulted in a similar loss
of binding of the oxidized cofactor as was observed for each
individual replacement. It is clear from these results that the
hydrogen bonding interaction provided by GIlu59 is the most
critical interaction in all of these contexts. The semiquinone
state was by far the most destabilized by the alanine
FIGURE 4: Determin{iti.on of the dissociation constant fqr the replacements, with 6570-, 2680-, and 4200-fold increases
e o o SPAEOUONT™S 82 ohserved 0FAIGAA, SAGDA, and*AGAA, respectiely.
squares), an@8°AGAA (closed triangles). In each case, an FMN The sub;ytutlons iR MGAA also cause the .Iargest loss in
solution 5 M) in 50 mM sodium phosphate buffer, pH 7.0, at the stability of the HQ, with the<y increasing 171-fold,

25 °C was titrated with substoichiometric amounts of freshly whereas the increases fAGDA and SAGAA were 14-

prepared apoflavodoxin. After correction for dilution, the changes and 15-fold, respectively. One of the important observations
in extinction coefficients at 440 and 498 nm (inset) associated with made for the individual Met56 substitutions previously
complex formation were plotted as a function of the added . L
apoprotein. For clarity, not all difference spectra are shown. The characterized was that complete or nearly complete elimina-

data are shown as a percent change in absorbance to facilitatdion of the side chain at this position, represented by the
comparison among the various mutants. The solid lines show theM56G and M56A mutants, bound the HQ state with
best fit to the data to a single-site binding isotherm. approximately equal affinity to that of the oxidized state
S ) emphasizing the unfavorable sulfteromatic interactions
larly, the >*®MGAA mutant has midpoint potentials for both 5t gre present in the fully reduced sta@. (This was

couples that are similar to those of the ES9A mutant. Within 4ccomplished in the M56A mutant by a 14-fold improvement
this context, when the side chain at position 56 is also deleted;, tne binding of the HQ state relative to wild type. It was
to yield the**AGAA mutant, bothEqysq and Esynq Shift 0 therefore interesting to note that b6#AGDA and*AGAA
less negative values as seen with the M56A substitution 54 an approximately 12-fold improvement in the binding
relative to wild type 9). Similar conclusions can be drawn ¢ the HQ relative t&®MGAA such that they again bound
for the *°AGDA substitution as well. It is worth noting that e HQ with an affinity nearly equal to that for the OX state.
despite these dramatic shifts in midpoint potentials, the two Thys, the loss of the interactions provided by the side chains
couples still remain reasonably well separated Vithng  for Asp58 and Glu59 did not significantly affect the sutur
being the more negative, resulting from the thermodynamic fjayin interaction provided by Met56. This was somewhat
stabilization of the SQ state. ~ surprising, particularly for the loss of the anchoring effect
Changes in FMN BindingThe dissociation constants in  of Glu59. Finally, while all the three redox states have been
the oxidized state were measured by monitoring the spectralsignificantly affected by these mutations, it is obvious that
changes associated with titrating a known concentration of jt js the stability of the SQ state that has been affected to

FMN with increasing amounts of freshly prepared apoprotein the greatest extent by the multiple replacements.
under conditions identical to the redox potential determina-

tions (Figure 4). While th&y values for the semiquinone DISCUSSION

and hydroquinone forms of the cofactor cannot be measured Three surface loops provide the majority of interactions
directly, they can be easily calculated from the linked with the FMN cofactor in the flavodoxin and related
equilibria that connect the dissociation constants to the flavoproteins. The “50’s loop” in theC. beijerinckii fla-
determined midpoint potentials as well as to the midpoint vodoxin provides the largest number of direct interactions
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that there was an improvement in the binding by 1.5 and
1.4 kcal/mol, respectively. This is comparable to the stability
of the HQ state of M56A that is 1.5 kcal/mol greater than
wild type. Evidently, the effects of removal of the methionine
side chain are noticeable in these multiple mutants and
counter the destabilizing effect of the Glu59 mutation. This
suggests that the flavirsulfur interaction was operative even
within an altered electrostatic environment and altered flavin
binding.
&F ¥ oF oF % .oF o 08 Glutamate 59.Previous studies have demonstrated the
© & Nci;é) mc’zx“? @w":;‘é’g&’?@ importance of Glu59 in the stabilization of the FMN complex
<& N vﬁ%’ F in all redox states1(0, 11). It is remarkable that the majority
& of the characteristics of those multiple replacement mutants
Ficure5: Histogram depicting the differences between the binding lacking the Glu59 side chain reflect those of the E59A
free energy changes for the FMN cofactor in the oxidized (filled containing the individual substitution. THg,. for the first
bar), semiquinone (shaded bar), and hydroquinone (open bar) stategransition for all three mutants shows identical shifts to longer

for the single, double, and triple mutants. All values are relative to
the binding free energy for the oxidized cofactor to wild-type wavelengths (454456 nm) as that of the ES9A mutaritl).

flavodoxin. Also shown are the various ways (denoted by a *) in The binding free energy histogram also revgals that the free
which the individual and double mutants can be added to predict €nergy changes for these mutants are dominated by the loss
the free energy changes that are observed in the actual multipleof the interaction(s) provided by Glu59 (Figure 5). These
mutant. large changes are immediately attributable to the elimination
with the isoalloxazine ring. The principal interactions include of the donofr-acceptor interactions provided by the side chain
re face sulfur-flavin contacts involving Met56, hydrogen  carboxylate group of Glu59 and possibly to slight alterations
bonding interaction to N(5)H in the reduced states with the between its main chain amide group and the FMN €@)
carbonyl group between residues Gly57 and Asp58, hydrogen(11). Furthermore, the stabilities of the OX and SQ states
bonding interaction to C(45O with the backbone amide are very similar among the mutants, which is not surprising
group of Glu59 and the hydrogen bond formed with the side if you take into account that the individual Met56 and Asp58
chain of Glu59 to N(3)H. A significant goal has been to mutations had negligible effects on these oxidation states
thoroughly appreciate the role of this loop in establishing (Figure 5) @, 24).
many of the properties of the FMN. The importance of each  Additirity of Mutational EffectsOur complete understand-
individual amino acid has been demonstrated during the ing of the function of a given amino acid requires knowledge
course of the study of various amino acid replacements atbeyond its singular role because its function may also depend
each of these position8,(10, 12, 14, 24). It was noted that,  on interactions with other residues. The existence of such
with the exception of Glu59, removal of a single molecular functionally important interactions between side chains is
contact by a point mutation causes relatively small reductions most convincingly demonstrated by nonadditivity in double-
in the free energy of binding of the cofactor in all oxidation mutant thermodynamic cycles. The sum of the free energy
states (Table 1). The fundamental question arises as tochanges of each double mutant are compared with that
whether these interactions act independently or whetherpredicted from the sum of the constituting single mutants in
synergistic effects are evident. The double mutant analysisFigure 5. Also shown in the figure are the various ways in
approach, which involves pairwise substitutions with alanine which the stabilities of the individual and double mutants
at multiple sites, would be useful here because the measured¢an be combined to give the same substitutions as in the
energetic changes can be compared with those of thetriple mutant. The values were additive within experimental
corresponding single mutations. This should enable the uncertainty for all redox states except for the HQ state in
identification of interactions between residues that would some instances. This situation is referred to as simple
normally have been overlooked by single mutations alone. additivity (35) wherein the sum of the free energy changes
Also, central to this issue is whether it is possible to generate derived from the single mutations is nearly equal to the free
a flavodoxin mutant that can bind flavin despite having none energy change measured in the multiple mutants. What is
of the side chain interactions made with the 50’s loop. If so, extraordinary is that it is evident from the free energy
what are its properties? histogram (Figure 5) and the correlation plot (Figure 6) that
Effects of the Single Substitution within the Context of of all redox states, it is the SQ that is the most affected, yet
Multiple Mutations-Methionine 56The sulfur atom of the  based on the single replacements, the prediction of the free
methionine side chain makes a weak attractive electrostaticenergy changes of the SQ for the multiple mutants is
interaction with the electron deficient isoalloxazine ring of remarkably accurate. Figure 6 plots the free energy changes
the flavin in the oxidized state. As the FMN becomes more predicted using various single and double mutant combina-
electron rich in the fully reduced state, this attractive tions versus the observed free energy changes in the mutants.
interaction turns repulsive and contributes to the destabiliza- Additivity would be reflected in data points that lie on the
tion of the HQ 0). The elimination of the Met56 side chain  diagonal. A discrepancy of approximately 110.1 kcal/
in the context of the multiple alanine replacements studied mol in the estimation of the free energy change for the HQ
here resulted in free energy changes that are entirelystate was observed, suggesting that perturbations here are
consistent with this role of the sulfur atom (Figure 5). not totally additive. Generally, for simple additivity, an error
Comparison of the free energy changes for the HQ state inas large as- 25% has been observe8sj. Part of this can
S6AGDA and %*AGAA relative to that ofS"MGAA reveal be attributed to the compounding of errors when summing
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the flavin environment. Circular dichroism spectroscopy does
not reveal any global disruption of secondary struct@. (

In terms of strain, it is difficult to rationalize how the surface
exposed side chain of Asp58 can introduce any significant
strain in the protein. The methionine side chain is also
relatively flexible and packs against the isoalloxazine ring

7 with minimal steric interference, ruling out any possibility
I / l of strain being introduced her®)( Perhaps the anchoring
ﬁ*/ / role played by the side chain carboxylate of Glu59 may
‘S . introduce some degree of strain in the protein, but this alone
/ does not provide an explanation.
— The most probable cause for the breakdown of additivity
0 1 2 3 4 5 6 . . . . .
Predicted AAG (kcal/mole) is one thqt is cited 'repeatedly in Fhe literatathe mutated
residues interact with each other in some manner. However,
Ficure 6: Plot of the free energy changes predicted from the djrect contact among the residues can be ruled out as the

constituting single and double mutants versus the actual observe o o ;
free energy changes for the multiple mutant in the oxidized (cIoseddSUhcur atom of Met56 is situated at a distance that k0 A

symbols), semiquinone (shaded symbols), and hydroquinone (Openfrom the carboxyl side chain of Glu59, while the closest
symbols) states. The data for each mutant are represented a@pproach of the Asp58 side chain to Glu59 is 5.21&)(
follows: S6AGDA (circles), 3"MGAA (squares),5¢AGAA (dia- An indirect interaction either through electrostatic interactions
monds) (all versus the sum of the appropriate single replacements) or stryctural perturbations such that the residues no longer

and>AGAA (inverted triangle relative to the sum 8IMGAA + . S - .
M56A) or SAGAA (hexagons relative to the sum BIAGDA + behave independently is likely. Since all mutations that

D58A). The solid diagonal line represents a totally additive ShOWed nonadditivity involved t.he_negati\{ely chargc_ed side
correlation between the values for mutants containing multiple chain of Glu59, an electrostatic interaction as being the

replacements and the summation of the appropriate mutantsprobable cause is conceivable. Nonadditivity in the HQ state
containing the individual replacements. The dashed lines on either 5/5ne is not so easily rationalized, but perhaps this interaction

side indicate the limit of uncertainty in the data. The dashed double __. t . h d to a detectable | lin the full duced
dot line indicates the observed correlation for the hydroquinone €XIS'S Or'IS €nhanced 1o a detectablée Ievel in the fully reduce

state for which the values fall outside the limit for simple additivity ~a@nionic state when the N(3)H hydrogen bond interaction is
(see text). The values for the triple mutant and the two different known to be relatively unimportaniLl(, 11). The fact that
S”g‘!?fg%'f Tvggggg ‘f*;ﬁ ggutﬁle énutamsl (i&@}hrflGAA + Mb56A summation usingP®GAA+M56A and °AGDA+D58A
an | nal. I rror I I H H ThE H
not indicated, the errors are con?me?l%zr;[e Witr?tﬁeere(l)ativz zy?ni)ol reSUltsslen simple adc.“tIVIty fgr t.he HQ Stat.e for the _trlpl_e
size. mutant>*’AGAA does indeed indicate that this interaction is
already accounted for in the double mutants involving either
the single mutants, and the rest is probably due to a weakMet56 or Asp58 (Figure 5 and Figure 6 open inverted
interaction energy term between the residues that is normallytriangle and hexagon). In addition, it also provides evidence
neglected in the summation. A difference of 1.0 kcal/mol against any interaction between Met56 and Asp58, which
translates into a midpoint potential difference of 43 mV, supports the conclusion that the lack of additivity results only
which is well outside the error range of determination. Is it from the side chain interaction of Glu59. It should be noted
coincidental that the predicted values for the free energy that the lack of the anchoring effect of Glu59 is believed to
change for all mutants all fall short by a similar amount cause the flavin ring to sit differently in its binding pocket
despite the obvious differences in stability of the HQ state, such that the interactions made with the loop are now
at least among the double mutants? Given the strong relatedsufficiently altered. This phenomenon that is present in all
correlation for these values (the dashed double dot line), wemutants could explain the differences in the visible spectra
suggest that there is a common reason behind this nonad-and binding of FMN when compared to wild type. Whether
ditivity among all these mutants. the underlying nature of the interaction responsible for
The quantitative effect of a second mutation may be of nonadditivity lies in electrostatics or slight structural per-
several typesno effect, antagonistic, partially additive, turbations is not clear; however, it does seem to involve the
additive, or synergistic with respect to the first mutation ~ Glu59 residue. Further support for this theory comes when
and this can be extrapolated to higher order mutants as wellsubstitutions at positions 57 and 58 were considered (data
(36). In this particular case, the effects are clearly synergistic not shown, see also ref2, 14, 24), where the effects were
because the free energy changes observed in the multipleadditive for all three redox states. There are numerous
mutants exceed the sum of the changes in the single mutantsexamples of nonadditive effects of double mutations in the
Synergy has been attributed to extensive unfolding of the literature stressing again that not all residues in proteins act
enzyme and/or to the presence of strain that is introducedindependently and interpretation of the results of single
by the individual residues with each single mutation being mutations must be done with cautioB6(-38)
less debilitating as the loss in free energy of binding is  56AGAA. Special mention must be made of the triple
compensated partially by the loss in stra@6)( There is little mutant,>®AGAA. In this mutant, all the side chain interac-
evidence of extensive unfolding of these mutant structures. tions provided by this loop are essentially eliminated through
Cofactor binding is retained in all cases, and although its their replacement with alanine while maintaining the main
affinity is reduced, there was no pattern to this loss among chain configuration through the retention of the crucial
the multiple mutants. In fact, th&y values are all quite  structural characteristics provided by Gly5I2(24). Sur-
similar. The changes observed in the visible spectrum areprisingly, these rather drastic alterations did not preclude
rather modest and are not consistent with large changes inFMN binding. Furthermore, despite the 3 kcal/mol loss in
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binding free energy for the oxidized cofactor and the
elimination of nearly all the side chain interactions with the
isoalloxazine ring, the neutral FMN SQ is still substantially
thermodynamically stabilized and the two redox couples
remain reasonably well separated. As the site of the confor-

mational change is relatively intact #/AGAA (and all the

other mutants), the changes in midpoint potentials observed
are the direct result of the loss of side chain interactions with
Met56 and Glu59. A distortion in the N(5) interaction cannot
be ruled out due to the removal of the Glu59 side chain;
however, the extent of disruption would likely be uniform
for all these mutants, including the E59A mutant. Main chain
configurations for the turn likely have not been substantially
altered given the ability of the protein to bind FMN, which
displays some of the characteristic spectral qualities as the
wild type. Molecular modeling and computational studies
also support this conclusion (Figure 1) [data not shownl].
The one remaining isoalloxazine ring/side chain interaction

in the 5AGAA mutant is with thesi-face aromatic residue,

Trp90 (Figure 1). For another study, this residue was
independently replaced with alanine. It was observed that
despite the approximately 30-fold increase in the dissociation
constant for the oxidized FMN, the midpoint potential for
the OX/SQ couple for W90A was only marginally affected
by this replacement, again demonstrating that aromatic
flavin interactions do not seem to play a major role in the
preferential stabilization of the SQ [unpublished results and
ref 3]. In fact, we entertained the notion of generating the

S6AGAA/W90A quadruple mutant for whiclll side chain

interactions with the flavin ring are eliminated. However,

based on the observed dissociation constantSeaGAA

and W9O0A, it was thought that this protein would bind FMN
too weakly for meaningful biochemical characterization, so
it was not produced. Nonetheless, collectively, these observa-

tions emphasize the overriding importance ofitigin chain

interactions with the N(5)H of the FMN and the associated 25.
conformational change in this loop that occurs during the
reduction, especially in the thermodynamic stabilization of
the neutral SQ state. These studies can now leave little doubt =™
of this fact, which was a very early and insightful observation 7.

for this group of proteinsi).

REFERENCES

1. Mayhew, S. G., and Tollin, G. (1992) i€hemistry and
Biochemistry of FlaoenzymegéMdiller, F., Ed.) pp 389-426,
CRC Press, Boca Raton, FL.

2. Ludwig, M. L., and Luschinsky, C. L. (1992) i@hemistry
and Biochemistry of FleoenzymegMdiller, F., Ed.) pp 427
466, CRC Press, Boca Raton, FL.

3. Swenson, R. P., and Krey, G. D. (199)pchemistry 33
8505-14.

4. Zhou, Z., and Swenson, R. P. (19%ychemistry 343183—
92.

5. Chang, F. C., and Swenson, R. P. (19B@chemistry 36

9013-21.

6. Hoover, D. M., Drennan, C. L., Metzger, A. L., Osborne, C.,

Weber, C. H., Pattridge, K. A., and Ludwig, M. L. (1999)
Mol. Biol. 294 725-43.

7. Zhou, Z., and Swenson, R. P. (198dchemistry 3515980~
8

J. (1997)Biochemistry 3614334-44.
9. Druhan, L. J., and Swenson, R. P. (1988)chemistry 37
9668-78.

10.

11

12.

13.

14.

15.

[EnY

17.

[

20.

21.
22.
23.
24.

26

28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
8. Lbstao, A., Gomez-Moreno, C., Mayhew, S. G., and Sancho, 38.

6.

8.

Biochemistry, Vol. 40, No. 45, 200113555

Bradley, L. H., and Swenson, R. P. (19®chemistry 38
1237786.

. Bradley, L. H., and Swenson, R. P. (20@ipchemistry 40

8686-95.

Ludwig, M. L., Pattridge, K. A., Metzger, A. L., Dixon, M.
M., Eren, M., Feng, Y., and Swenson, R. P. (19Bchem-
istry 36, 1259-80.

O'Farrell, P. A., Walsh, M. A., McCarthy, A. A., Higgins, T.
M., Voordouw, G., and Mayhew, S. G. (199B)ochemistry
37, 8405-16.

Chang, F. C., and Swenson, R. P. (19B&)chemistry 38
7168-76.

Burnett, R. M., Darling, G. D., Kendall, D. S., LeQuesne, M.
E., Mayhew, S. G., Smith, W. W., and Ludwig, M. L. (1974)
J. Biol. Chem. 2494383-92.

Smith, W. W., Burnett, R. M., Darling, G. D., and Ludwig,
M. L. (1977)J. Mol. Biol. 117 195-225.

Watenpaugh, K. D., Sieker, L. C., and Jensen, L. H. (1976)
in Flavins and Flaoproteins: Proceeding&Singer, T. P., Ed.)

pp 405-410, Elsevier Scientific, Amsterdam, New York.
Watt, W., Tulinsky, A., Swenson, R. P., and Watenpaugh, K.
D. (1991)J. Mol. Biol. 218 195-208.

. Laudenbach, D. E., Straus, N. A., Pattridge, K. A., and Ludwig,

M. L. (1988) inFlavins and Flaoproteins, 1987: Proceedings
of the Ninth International Symposium on Flas and Fla-
voproteins, Atlanta, Georgia, USA, June-12, 1987 (Ed-
mondson, D. E., and McCormick, D. B., Eds.) pp 2450,

W. de Gruyter, Berlin.

Luschinsky, C. L., Dunham, W. R., Osborne, C., Pattridge,
K. A., and Ludwig, M. L. (1991) irFlavins and flavoproteins
1990: Proceedings of the Tenth International Symposium,
Como, ltaly, July 1520, 1990(Curti, B., Ronchi, S., and
Zanetti, G., Eds.) pp 409413, W. de Gruyter, Berlin, New
York.

Breinlinger, E. C., and Rotello, V. M. (1993) Am. Chem.
Soc. 1191165-6.

Cuello, A. O., MclIntosh, C. M., and Rotello, V. M. (200D)
Am. Chem. Soc. 123517-21.

Goodman, A. J., Breinlinger, E. C., Mcintosh, C. M., Grimaldi,
L. N., and Rotello, V. M. (2001Prg. Lett. 3 1531—4.

Kasim, M., and Swenson, R. P. (200Bjochemistry 39
15322-32.

Drennan, C. L., Pattridge, K. A., Weber, C. H., Metzger, A.
L., Hoover, D. M., and Ludwig, M. L. (1999J. Mol. Biol.
294, 711-24.

Reynolds, R. A., Watt, W., and Watenpaugh, K. D. (2001)
Acta Crystallogr. D Biol. Crystallogr57, 527-535.

Kunkel, T. A. (1985Proc. Natl. Acad. Sci. U.S.A. 8288—

92.

Clark, W. M. (1972)Oxidation—Reduction Potentials of
Organic SystemsRobert E. Krieger Publishing Company,
Huntington, NY.

Whitby, L. G. (1953)Biochem. J. 54437-442.

Dubourdieu, M., le Gall, J., and Favaudon, V. (19B8®)chim.
Biophys. Acta 376519-32.

Anderson, R. F. (19838iochim. Biophys. Acta. 72258—

62.

Muler, F. (1991)Chemistry and Biochemistry of Rlaen-
zymes\Vol. 1, CRC Press, Boca Raton, FL.

Eren, M. (1990) Ph.D. Thesis, The Ohio State University,
Columbus, Ohio.

Lostao, A., El Harrous, M., Daoudi, F., Romero, A., Parody-
Morreale, A., and Sancho, J. (20@D)Biol. Chem. 2759518~

26.

Wells, J. A. (1990Biochemistry 298509-17.

Mildvan, A. S., Weber, D. J., and Kuliopulos, A. (1994th.
Biochem. Biophys. 29827—40.

Ohmae, E., Iriyama, K., Ichihara, S., and Gekko, K. (1998)
Biochem. (Tokyo) 12383—41.

Zhang, X. J., Baase, W. A., and Matthews, B. W. (1991)
Biochemistry 302012-7.

BI1011587C



