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ABSTRACT. Mutants of the electron-transfer protein flavodoxin fraesulfaibrio vulgaris were made

by site-directed mutagenesis to investigate the role of glycine-61 in stabilizing the semiquinone of FMN
by the protein and in controlling the flavin redox potentials. The spectroscopic properties, oxidation
reduction potentials, and flavin-binding properties of the mutant proteins, G61A/N/V and L, were compared
with those of wild-type flavodoxin. The affinities of all of the mutant apoproteins for FMN and riboflavin
were less than that of the wild-type apoprotein, and the redox potentials of the two 1-electron steps in the
reduction of the complex with FMN were also affected by the mutations. Values for the dissociation
constants of the complexes of the apoprotein with the semiquinone and hydroquinone forms of FMN
were calculated from the redox potentials and the dissociation constant of the oxidized complex and used
to derive the free energies of binding of the FMN in its three oxidation states. These showed that the
semiquinone is destabilized in all of the mutants, and that the extent of destabilization tends to increase
with increasing bulkiness of the side chain at residue 61. Itis concluded that the hydrogen bond between
the carbonyl of glycine-61 and N(5)H of FMN semiquinone in wild-type flavodoxin is either absent or
severely impaired in the mutants. X-ray crystal structure analysis of the oxidized forms of the four mutant
proteins shows that the protein loop that contains residue 61 is moved away from the flavir6bd. 5

The hydrogen bond formed between the backbone nitrogen of aspartate-62 and O(4) of the dimethyli-
soalloxazine of the flavin in wild-type flavodoxin is absent in the mutants. Reliable structural information
was not obtained for the reduced forms of the mutant proteins, but if the mutants change conformation
when the flavin is reduced to the semiquinone, to facilitate hydrogen bonding between N(5)H and the
carbonyl of residue 61, then the change must be different from that known to occur in wild-type flavodoxin.

Flavodoxins are small flavoproteins isolated from a variety that cycle between the semiquinone and hydroquinone
of microorganisms and eukaryotic algae that contain a without direct involvement of the oxidized form of the flavin.
molecule of FMN and that function as electron carriers in Much recent work has sought to explain how the apoprotein
reactions of low oxidatiorreduction potentiall—3). They of flavodoxins modifies the properties of FMN to allow the
stabilize the flavin semiquinone and cause a large negativebound flavin to function in this way.
shift in the oxidatior-reduction potential for the 1-electron Spectroscopic measurements have shown that the dim-
reduction of the semiquinone to the hydroquinone to a ethylisoalloxazine moiety of the flavin of flavodoxins is
potential that is in the range0.372 V to—0.518 V. These  neutral in the oxidized and semiquinone forms. Tikegt
observations led to the view that when flavodoxins operate 8.5 associated with N(5)H of the semiquinone of free FMN
in low-potential reactions, they function as 1-electron carriers is raised to at leastif13 in the complexes with flavodoxins

from Megasphaera elsderaindClostridium beijerinckii(1—
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the dissociation constants of the complexes of the two METHODS AND MATERIALS
reduced forms of FMN have been calculated usingKhe
value for the oxidized complex and the differences in the
redox potentials between the free and bound flavin. The
calculations reveal that the semiquinone is bound to the
protein very much more strongly than the oxidized flavin,
while the flavin hydroquinone is bound relatively weakly.
Recent studies with mutants of flavodoxin fromes-

Mutagenesis, Gene Expression, and Purification of Pro-
teins. The gene for flavodoxin is contained in the 554-bp
EcadRI-Hindlll insert pFI300 24). Site-directed mutagenesis
was carried out by the method of Kunkel et &5) as
described by Carr et a28). However, the gene was found
to be unstable when it was carried as an insert in the M13
. . o vector, and t ither completel let r to | th
ulfovibrio wvulgaris have suggested that the low stability of rsgign tﬁa? ngzi for teﬁ]ec((_):-teprr?ﬁgl ?]Zﬁf (?Str?e p())ro?esi?]. |te

the hydroquinone complex results from charge repulsion o therefore restricted at tRst site close to the center of
between the negative charge on the dimethylisoalloxazine,o gene 24), and the two fragments were used to make

moiety of the flavin in this redox state and negative charges q new vectors: M13 mpEP300 that contained the sequence
on the protein, and also from unfavorable aromatic stacking from the EccRI site, including the ribosome-binding site,
interactions between the flavin hydroquinone and the side yp tg the internaPst site, and M13 mpPH300 coding for
chain of a tyrosine residue that flanks teeface of the  the C-terminal half of the protein, from tHest site to the
dimethylisoalloxazined—12). An early suggestion thatthe Hindill site. Mutagenesis was then carried out using
hydroquinone might be destabilized because it is held almostmpEP300, the part of the gene that codes for the N-terminal
flat by the protein, while it is bent in free flavin, was region of the protein. A degenerate oligonucleotidd 5
discarded when NMR measurements on free flavin hydro- GTG GTG A(GA)(GC) CCA CGT CG, obtained from the
quinones indicated that they too are fla8). Nevertheless  Regional DNA Synthesis Laboratory, University of Calgary,
theoretical calculation suggests that the neutral hydroquinonewas used for mutagenesis. Single-stranded DNA isolated
of free flavin is in fact bent along the N(5N(10) axis with from potential mutants was sequenced)(to identify the

a puckering angle of 26°%ut with a low energy barrier to  mutation. The complete gene was then reconstructed, and

inversion (<6.5 kcal mot? (14)). it was cloned into the expression vectiidK6 (27), as used
Comparison of the three-dimensional structures of fla- €arlier to obtain expression of the wild-type protea)(
vodoxins fromC. beijerinckii (15), D. vulgaris (16), Ana- The genes for the three new mutant flavodoxins, G61A,

cystis nidulang17), Desulfaibrio desulfuricans(18), and ~ G61V, and G61L, were expressedscherichia coliTG2,

M. elsdenii (19, 2Q in their oxidized states with the @s described for the wild-type gen@4j except for the
corresponding structures in at least one of the two reducedPacterial growth medium which was Terrific Broteg). The
states has shown that a new hydrogen bond forms betweerfnutant proteins were purified from crude extracts as
N(5)H of the reduced flavin and a backbone carbonyl group described for recombinant wild-type prote@.

of the protein. In all but the last of these flavodoxins, a Determination of Absorption Coefficients and D_|ssoc.|at|0n
change in the protein conformation accompanies reduction Constants for the Complexes of Mutant Apofidgoxins with

of the flavin. It was proposed that the new hydrogen bond FMN'o.r Riboflavin. Values fpr the absorptlon coefficients
might help to stabilize the proteirsemiquinone complex of oxidized muta_mt f_Iavodoxms were determined by spec-
relative to the oxidized form of the completd). The trophotometric titration of FMN with excess of mutant

: ; : : ; : flavodoxin, made by extraction of the holoprotein with
carbonyl group is provided by glycine residues in flavodoxins apo ) ) )
from C. beijerinckii D. vulgaris, D. desulfuricansandM. trichloroacetic acidZ9). The FMN used was also obtained

. C . from flavodoxin 80). Dissociation constants for the com-
elsdenij but by an asparagine in the flavodoxin frofn . : . .
nidulans (an asparagine also occurs at the correspondin plexes of mutant apoflavodoxins with FMN and riboflavin

o parag . P Ywere determined by fluorometric and spectrophotometric
position in the sequence of flavodoxin fro@hondrus

: . . - titration respectively Z4, 29. A value for the absorption
crispug. The redox potentials for the reduction of oxidized coefficient of the semiquinone of the G61A mutant at the
flavodoxin to the semiquinone at pH 7 fall in the rangé1

X , maximum at 577 nm was determined from a stepwise
mV to —143 mV for the first group of flavodoxins (compared

. : ; photoreduction of the flavoprotein with EDTA as the
with —238 mV for FMN @1)), while the corresponding  pnotooxidizable substrate and 3-methyl-5-deazalumiflavin as

potential forA. nidulanstaVO(_Jonin (=221 mV) is much the catalyst 31). The plot of As77 nm VErsusAsgz nm an
closer to that of the free flavin. It was suggested that the ahsorption maximum in the oxidized protein, gave two linear
conformational change associated with reductionfof  regions which were extrapolated to their point of intersection;
nidulans flavodoxin might be hindered by the bulky side the intersection point gave an absorption coefficient of 4.55
chain of the asparagine that provides the carbonyl for the mm-t cm-1 at 577 nm for fully formed semiquinone. This
hydrogen bond22). To test this idea withD. vulgaris extrapolation could not be made with the corresponding plots
flavodoxin, the corresponding glycine residue (Gly61) was for the G61V and G61L mutants because relatively little
replaced by asparagin23). The semiquinone of the mutant  semiquinone was formed during the photoreduction and the
was found to be less stable than the semiquinone in wild- plots did not have linear sections; an absorption coefficient
typeD. vulgaris flavodoxin. We have now made additional of 4700 Mt cm™* at 580 nm, similar to that of the wild-
mutants to change the size of the side chain at this position,type protein, was assumed.

and to compare the thermodynamic and other properties of Determination of OxidatiorReduction PotentialsValues

the mutant proteins with those of the wild-type protein. The for the two oxidatior-reduction potentials of the mutant
three-dimensional structures of the oxidized forms of the four flavodoxins were determined by potentiometry with a Sy-
mutants have been determined by X-ray crystallography. copel DP 301/S potentiostat and an anaerobic spectroelec-



G61 Mutants of Flavodoxin Biochemistry, Vol. 37, No. 23, 1998407

trochemical cell similar to that described by StankovigP) ( x = [FId] &+
The flavodoxin in the cell was reduced electrolytically, or
photochemically as described above. The following dyes \/[Fld] — 2[FIHY[FId] + 4[F
were used to mediate electron transfer between the protein- K
bound flavin and the gold plate used as the sensing ) o
electrode: benzyl viologen, neutral red, saffranine T, or Wherexis the degree of oxidatiox( 2, 1, and 0 for fully
rosinduline, all at «M; when electrochemical reduction was ~©Xidized, semiquinone, and fully reduced, respectively), [Fid]
used, 1, Hrimethylene-2,2bipyridylium (triquat) was added 1S the total concentration of. aII.speC|es of f_Iavodoxm, [FIH

to 100uM to carry reducing equivalents from a second gold 1S the concentration of semiquinone, @gis the apparent
plate used as the Working electrode. After each periOd of semiquinone formation C.OnStant. The pOSItlve root |§ used
reduction, the system in the cell was allowed to equilibrate yvhen_x > 1 and the negative root when= 1. The equation
until AAsgp < 0.001 andAE, < 1 mV in 20 min (wherekEy, is valid only whenKap, < 4.

is the potential versus the standard hydrogen electrode). In p,x 1

the case of the G61A mutant, plots were made of the [FI] = [F|d]§+§—zﬁ (6)
observed potentialg,, versus In([FIJ/[FIH])* for the first
step in the reduction (where Fl and FlHre the oxidized
and semiquinone forms of flavodoxin), andEfversus In-
([FIH*)/FIH™]) for the second step (where FiHs the anion
of the hydroquinone of flavodoxin). Values for midpoint Where [Fl] is the concentration of oxidized flavodoxin, [FIH
potentialsE, and E; for the first and second steps, respec- IS the concentration of the hydroquinone,

tively, in the reduction were calculated from these plots. Data K

obtained fork; at different pH values were fitted to a straight p=-—2P_andY = p?([Fld])* + 2x[FId] — px®

line using MacCurveFit. The same program was used to fit 4= Kapp

data obtained foE; at different pH values; the data were

fitted to a theoretical curve for a redox system in which the A Plot was made oE, versus In([FI/[FIH’) to determine
reductant protonates. the midpoint potentialK,) for the overall 2-electron reduc-

- tion of flavodoxin to the hydroquinone. The value 6y —
The semiquinone forms of the G61V and G61L mutants E. in volts was calculated fronKapp Using eq 8, allowing

have muph less thermodynamic stability than thg semiquino- 5 1ues forE, andE; to be calculated.

nes of wild-type protein and the G61A mutant, with the result

that all three redox forms of these two mutants are present E, — E; = 0.059logK,pp, (8)

at all stages of reduction, and a different method of

calculation was therefore used to determine their midpoint This method requires a value for the absorption coefficient
potentials. The concentration of the semiquinone is at a of the semiquinone at about 580 nm, and as this could not
maximum at 50% reduction of flavodoxin and its mutants, be determined directly for G61V and G61L, an assumed

.]2

— [FIH? (5)
app

[FIH] = [FId](l + g) _X_SWN (7)

due to the equilibrium: value of 4.7 mM?! cm* was used. However, when the
semiquinone formation constant is between 0.1 and 4, even
FIH" =Fl + FIH™ A3) a substantial error in the value for absorption coefficient leads

to only a small error in the values calculated for the two

The concentration of semiquinone was determined from the "€d0X potentials. For example, when the value assumed for

absorbance at 580 nm, a wavelength at which only the the absorption coefficient was varied in the range543

-1 a1l i
semiquinone absorbs, and the apparent semiquinone formam'\l/I :i:%m {/theT\rllglugs c;alg:ulqted f(n?l”andEz dev:jate_dhbyh
tion constant for the equilibriumKgp, = [FIH]Z[FI[FIH-) ~ ONYY £6 mV. This deviation is small compared with the
was calculated using eq 4: large change in the potentials that occurs when wild-type

protein undergoes these two mutations.
. Crystallization, Data Collection, and Processinglative

x/_ _ 2[FIHT nax (4) flavodoxin and the wild-type recombinant protein crystallize

P (FId] - [FIH 1) readily from 65% to 75% saturated ammonium sulfate in a
number of buffering solutions and over a wide pH range as
yellow bipyramids in the tetragonal space grdp2;2 (35,
36). The mutant proteins did not crystallize as easily. Trials
at 50'% reduction, a.nd [FId] is the total concentration of all E(S:I?;J“g:jetg Z?\?énc%yi;gt)s\;?i)ﬁ E; g:;fx;(r)]?umest{}l?;jt: t/véiltr? r_;_(:lsl 8
species of flavodoxin33). HCI buffers in the pH range77.5. However, bunches of

Equations 5-8, adapted from Michaelis3@), then allow  needlelike crystals were obtained when acetone was added

the concentrations of the oxidized and hydroquinone forms (1-2% v/v final concentration) to solutions of protein in 10
of flavodoxin to be determined from the observed concentra- mM Tris-HCI buffer, pH 7.0, 1 mM EDTA, and 6870%
tion of semiquinone at all stages of the reduction, saturated ammonium sulfate atAB. Crystals isolated from
these bunches were used to seed hanging drops that had been

1 Abbreviations: Fl, oxidized flavodoxin; FHA flavodoxin semi- prepared by mixing &L of protein (15 mg/mL) in 10 mM

quinone; FIH, flavodoxin hydroquinone; Fid, flavodoxin (all redox ~ 11is buffer, pH 7.0, an_d 1 mM EDTA with 4L of 60—
forms); ox, oxidized; sq, semiquinone; hq, hydroquinone. 70% saturated ammonium sulfate and that had been allowed

whereKapp is the apparent semiquinone formation constant
at a given pH, [FIMnaxis the concentration of semiquinone
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A description follows of the refinement of the data for
the G61V mutant, the first mutant to be refined. After 10
cycles of least-squares minimization, tRéactor decreased

Table 1: Unit Cell Parameters for Crystals of G61 Mutant Proteins

dimension (A)

Gélmutant  spacegroup  a b c to 27%. The model was inspected with3— 2F. and Fo
alanine P2;2,2 56.49 87.99 35.08 — F. electron density maps using the program 4%)(.
valine P2:2,2 56.60 8812 35.19 Electron density at the mutation site was unclear, and to aid
leucine P2,2,2 56.93 88.61 35.42 buildi d d del bias. fi |  refi
asparagine P2,2,2 56.14 8758 34.99 rebuilding and to reduce model bias, five cycles of refinement
wild type P4;2,2 51.6 51.6 139.5 were carried out with residues 600 omitted from the

refinement. This region of the structure was then manually

to equilibrate for 23 days. The seed crystals grew in size rebuilt a_nd refinement continued. Solvent sites were then
over 2-3 weeks and the seeding procedure was then repeatedutomatically located after each cycle of PROLSQ with the
several times until the crystals reached a suitable size forProgram ARP. The refinement continued with manual
X-ray diffraction data collection. The crystals form as orange rebuilding of the model until it converged after the addition
blocks and they belong to the orthorhombic space group ©f 126 waters to am factor of 17.5%.
P2,2,2 (Table 1). The refined coordinates of the G61V structure without the
Crystals were mounted in glass capillaries using standardsolvent molecules were used to start refinement of the G61A,
procedures 37), and data were collected at 4 using G61L, and G61N structures. Refinement of these structures
synchrotron radiation on a MAR Research Imaging plate followed a similar trend to that described above. The
scanner. Details of the data collection for the four mutants refinements converged to fin& factors of 18.4%, 17.1%
are listed in Table 2. Two sets of data were collected from and 18.1%, for G61A, G61L, and G61N, respectively. The
the G61A and G61L crystals at resolution cutoffs of 1.47 final statistics for the refined models are reported in Table
and 3.2 A (G61A) and 1.62 and 3.2 A (G61L) to avoid 3. An ensemble Ramachandran plats) of wild-type
saturation of the high-intensity low-angle reflections. Single flavodoxin and the G61A mutant is shown in Figure 1. For
data sets were used for the G61N and G61V mutants. Thethe mutant, 90.3% of the residues are located in the most
reflection intensities were integrated, merged, and scaledfavored regions, 9.7% are in the additional allowed regions,
using the programs DENZO and SCALEPACRBS|. The and none occur in the generously allowed and disallowed
quality of the data is reported in Table 2. regions of the plot. In contrast, Asp62 in wild-type fla-
Structure, Solution, and Refinemerilolecular replace-  vodoxin is found in a disallowed region. The electron
ment was performed with the MERLOT suit89 using density for the 60 loop and FMN in the G61A mutant which
intensity data from G61V in the range-8 A. The search  was refined against data extending to 1.58 A is shown in
model used was a 2.5 A refined structure of wild-type Figure 2. Similar high-quality electron density is observed
vulgaris flavodoxin 35). This structure is almost identical ~ for most of the structure. The other mutants also have well-

to the structure at 1.9 A of the P2A mutant protein studied
by Watt et al. 16).

The cross rotation function gave only one significant peak
(90) at01 = 170,62 = 55,603 = 190. The Crowther and
Blow translation function gave a clear solutiorxat 0.350,

y = 0.345,z = 0.139. The crystallographiR factor after
molecular replacement was 41.5%. After rigid body refine-
ment with the program RMINIM39), the R factor decreased
to 38.7%.

defined density for most of the structure. The electron

density for the mutated residue is clear for all of the structures
except that in the G61N mutant, for which the electron

density is poor. The asparagine residue in this mutant is
partially disordered although some electron density is visible
at the 0.5 for the side chain atoms past thg €arbon.

RESULTS

Refinement of the structures was carried out by restrained Purification and General Properties of the Mutant Pro-

least-squares minimization using the CCR@) Fast Fourier
version of PROLSQA41). All data were used (no cutoff)
from 10 A to the high resolution limit of each data set (Table

teins. The level of expression of the mutant proteins was
similar to that of wild-type recombinant flavodoxi@4). The
purified proteins gave single bands after SEFAGE

2). Modeling of solvent sites was executed with an automatic analysis, and the electrophoretic mobility of the mutants was

refinement program (ARP}@) which models and updates

the same as that of wild-type protein. The absorption spectra

solvent structure after each refinement cycle. Only potential of the oxidized forms of the mutant proteins are similar to

water sites within 2.23.3 A of existing atoms in the model

that of wild-type flavodoxin with three maxima in the BV

were considered. In the refinement of the G61A, G61L, and visible region. Differences from the wild-type protein occur
G61N mutants, 5% of the data was set aside for use as an the wavelengths and absorption coefficients at the maxima

cross validation set4dQ).

for the mutants, implying that structural changes have

Table 2: X-ray Crystallography Data Collection and Processing Statistics

resolution unique completeness Rmergd
G61 mutant range (A) observations reflections (%) (%)
alanine 1.58 126 829 24 403 98.9 (87.6) 3.6 (34.1)
valine 1.80 87934 19 560 98.0 (82.6) 5.9 (44.1)
leucine 1.75 110 226 18 715 99.8 (96.4) 4.6 (33.7)
asparagine 1.80 50 204 14 539 88.0 (86.7) 2.6 (27.8)

aValues in parentheses are for the highest-resolution sh@llerge= Skt 3 M| I™0— 1™/ S hia TN,
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Table 3: Refinement Statistics

G61A G61V G61L G61N

resolution (A) 16-1.58 10-1.80 10-1.75 16-1.8
R facto@ 18.4 17.5 17.1 18.1
freeR factoP 20.6 19.4 21.3
atoms (nonhydrogen)

total 1246 1263 1238 1241

protein 1105 1106 1108 1108

FMN 31 31 31 31

water 110 126 99 102
rms deviations from ideal geometry (A)

bond distance (12) 0.009 0.016 0.01 0.01

angle distance (23) 0.03 0.045 0.035 0.041

planar distance (14) 0.033 0.044 0.036 0.041
mean displacement parameterg)(A

all atoms 27.6 235 26.4 23.9

protein atoms 26.0 21.4 25.0 22.6

FMN atoms 16.4 13.8 16.2 147

solvent atoms 46.9 43.2 45.0 40.5

2R = 100 Sn|Fo — Fel/3h|Fol. P FreeR factor is calculated from 5% of the data which were omitted during the course of the refinement.
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Ficure 1. Upper plot: Ensemble Ramachandran plot for wild-type and G61A mutant flavodoxins. Residues in the wild-type protein are
indicated by “1” and in the mutant by “2". Glycines are represented as triangles. Lower plot: Individual ensemble Ramachandran plots for
residues 6668 of the 60 loop in wild type and G61A mutant flavodoxins, labels as in upper plot. The figures were produced with the
program Procheck5g).

occurred as a result of the mutations (Table 4, Figure 3). absorbance of the longest wavelength maximum in the visible
The ratio of absorbance of the maximum in the UV to the region is higher for the three new mutants than for wild-



8410 Biochemistry, Vol. 37, No. 23, 1998 O’Farrell et al.

Ag (mM-'em!)

1 s
12 300 400 500 600

€ (UM 'em™)

FiGure 2: Stereoview of the final 3Fe- 2Fc electron density for
the 60 loop and FMN of the G61A mutant flavodoxin. The electron
density is contoured at theslevel.

type protein, due in part to their smaller absorption coef-
ficients at the maximum in the visible region.
Oxidation—Reduction PropertiesAll of the Gly61 mu- 300
tants are readily photoreduced, first to the semiquinone, and Wavelength (nm)
then to the hydroquinone. The light absorption spectra of Ficure 3: Absorption spectra of wild-type and glycine-61 mutant
the two reduced forms of each mutant protein are similar to flavodoxins. The spectra were recorded in 50 mM K phosphate
those of wild-type flavodoxin. All of the mutants stabilize buffer pH 7 and 0.3 mM EDTA. The inset shows difference spectra
the semiquinone in its neutral blue form, as judged by the {;Sg?t‘_ref)b%‘gfﬁh Fr‘))te(';%lff“?d I_—‘)MglGalrL\q fr:'? E';Mgé(i"\'}d'
spectra at wavelengths greater than about 520 nm, but the”" ™ ' A ' ' ’ ‘ '
extent of semiquinone formation depends on the mutant. mutant flavodoxins react with oxygen in a qualitatively
About 99% of the flavin of wild-type flavodoxin is converted similar way. However the rate of reoxidation of the
to the semiquinone after addition of one reducing equivalent semiquinone of the G61A mutant (0.47 mih is much
at pH 7 @4); the corresponding value for G61A and G61N greater at pH 7 than that of the semiquinone of the wild-
is about 80%, while for G61V and G61L only about 20% of type protein (0.0018 mirt (24)), but slower than that for
the FMN is present as the semiquinone at half reduction duethe G61N mutant (2.69 mirt (23)). The hydroquinones of
to extensive disproportionation according to the equilibrium mutant proteins G61V and G61L react very rapidly with
of eq 3. oxygen. When air was mixed with the hydroquinone of these
Aeration of solutions of fully reduced flavodoxin results mutants,Asgo increased to a value that was up to twice the
in a very rapid formation of the semiquinone, followed by a maximum observed during photoreduction, and it then
slower reaction in which the fully oxidized protein forms. decreased to O after a few seconds. The extent of the initial
The oxidation of the hydroquinone by molecular oxygen reaction suggests that the reaction of hydroquinone with
involves a number of reactions, including the formation of oxygen is more rapid than the reaction in which the
superoxide ). The conversion of semiquinone to fully semiquinone disproportionates. As a result, a higher con-
oxidized flavodoxin is pseudo-first order. The fully reduced centration of semiquinone is observed due to kinetic stabi-

400 500

Table 4: Spectroscopic Properties of Flavodoxin and Its Glycine-61 Mutants

isosbestic points (nm)

maxima €) nm (mM~1cm™)

protein ox/sq sqg/hq

wild type? [o)'¢ 273 (46.3) 378 (8.9) 458 (10.7) 368 330
sq 354 494 580 (4.75) 506 433
hq 357 (shh 452 (sh)

G61N [o)¢ 272 (61.8) 373 (13.5) 458 (10.7) 359 323,395
sq 352 385 493 580 (5.2) 513 422
hq 400 (sh)

G61A [o)'¢ 273 (43.1) 378 (7.77) 462 (9.65) 364 319
sq 380 463 (sh) 490 577 (4.55) 514 396
hq 410 (sh) 423

G61V ox 273 (44.0) 376 (7.1) 461 (9.16) td
sq ~580
hq 350 (sh) 400 (sh)

G61L [0)¢ 274 (56.0) 376 (7.77) 461 (10.0) nd
sq ~580
hq 360 (sh) 410 (sh)

aData from ref 24P sh, shoulder¢ Data from ref 239 nd, none detected because all three redox forms are present throughout the reduction.
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Table 5: Comparison of Redox Potentials of Flavodoxin and Its very different from those of wild-type flavodoxin. At pH
Glycine-61 Mutants 7.0 the value foE; is much more negative than that for the

wild-type protein, whileE; is 81 mV less negative. Much
greater shifts in the two potentials occur with the valine and

potentials (mV)

flavodoxin B Em Ee leucine mutants. However, the midpoint potential for the
wild type®  —440+ 5 —303+5 —143+5 overall 2-electron reduction of the mutants is not too different
ggﬂf :gggi 5 :gﬁi 5 :gg’gi 6 from that of wild-type protein (a difference ef5 to —17
G61V —299+5 —316+5 —333+ 6 mV, depending on the mutant). The effect that the changes
G61L —302+ 6 —320+6 —338+6 at glycine-61 have on the potentials, therefore, is to shift
FMN¢ —172(-124)  —205(-219) —238(-314) the potentials of the two 1-electron steps without much
2 E, is the potential for the semiquinone/hydroquinone coufiés change to the overall midpoint potential.

the potential for the oxidized/semiquinone couple, dfdis the Comparison of the redox potentials of the proteins with

potential for a 2-electron reduction. Data are given for solutions of ; PR ;
flavodoxin in 50 mM K phosphate, pH 7, plus 0.3 mM EDTA, except those of FMN in free solution is complicated because two

for the wild type for which the buffer was 50 mM Na phosphate, pH father different sets of data have been published for FMN
7. Wild-type and G61A mutant flavodoxins were reduced electrochemi- (21, 47). The potential for the overall 2-electron reduction
cally while G61N, G61V, and G61L were reduced photochemically. of wild-type flavodoxin and the mutant proteins is shifted
Potentials were measured by potentiometry except in the case of G61Ngp average about 90 mV to more negative values compared

where potentials were determined by equilibration with the redox dye , . - L .
phenosaffranine and with hydrogen in the presence of catalytic amountsWIth the potential of free FMN. Similarly, the potential for

of hydrogenase® Reference 24 Reference 23! Reference 21; data  the reduction of semiquinone to hydroquinofg) (s shifted

in brackets from ref 47. to more negative values in all cases. Depending on which
data set for free FMN is used for comparison, the change of
0 E, when FMN is bound to the mutant proteins is either

negative or positive. The difference betwdenandE; is
greater than that for free FMN, showing that thermodynamic
stabilization of the semiquinone by the mutant proteins is
greater than that which occurs with the free flavin.

The effects of pH on the potentials of the G61A mutant
are similar to the effects on the potentials of the wild-type
protein (Figure 4). The slope of the line drawn through the
values forE, for the mutant is—50 mV/pH. This is less
than the theoretical value 6f59 mV/pH expected for the
addition of one electron and one proton to the neutral
oxidized flavin to give the neutral semiquinone at 45,
and it could indicate that a redox-linkedpis associated
with the semiquinone form of this mutant. There was no
evidence from the absorption spectrum for the formation of
the anion of the flavin semiquinone, but the involvement of

-0.14

E; wild type

E, G61A
-0.2 4

-0.34

Midpoint potential (V)

-0.44

E; wild type
L : ionizable groups on the apoprotein cannot be excluded. The
05 : : : : plot of E; versus pH for the mutant is a good fit to a
5 6 7 - 8 9 10 theoretical curve in which a redox-linked protonation of the

hydroquinone occurs at low pH and is associated witKa p
Ficure 4: Effect of pH on the oxidationreduction potentials of — of 6.84 + 0.13. This apparent Ky is similar to that

wild-type flavodoxin and the G61A mutant. Straight lines drawn e ; — .
through the points foE; are best-fit straight lines derived with the calculated for wild-type flavodoxin (. = 7.00 £ 0.11);

program MacCurveFit; curves drawn through the point&onere the value for the wild-type protein is somewhat larger than
fitted to the data using the equati@h = Eg + (RTF) In(1 + the value reported earlier g = 6.8 (24)).

[H*)/K) for a redox system in which there is a redox-linked  Flayin Binding by Mutant Apoflaodoxins. The binding
protonation of the reductant with a dissociation constarénd a of FMN and riboflavin by the mutant proteins was studied

limiting value Eg when the reductant is fully anionic and & . . . . . . .
independent of pHEY). The values determined for the apparent by removing the native flavin with trichloroacetic acid and

pK are 7.00+ 0.11 Es = —0.458 V) and 6.84+ 0.13 Es = then measuring the quenching of flavin fluorescence during
—0.367 V) for the wild-type and G61A mutant, respectively. Data stepwise addition of apoprotein to free flavin. Values for
for the wild-type protein are from ref 24. the dissociation constant of each complex were calculated

from points in such titrations where free FMN was in
lization during the oxidation reaction than is observed during equilibrium with bound FMN. The complexes with FMN
photoreduction when the Semiquinone is stabilized thermo- are all very strong, but they are up to 10 times weaker than
dynamically. the complex with wild-type apoflavodoxin (Table 6). Simi-
The oxidation-reduction potentials associated with the two larly, while all of the mutant apoproteins form complexes
1-electron steps in the reduction were determined for eachwith riboflavin, the complexes are up to 300 times weaker
mutant at pH 7 (Table 5), and in the case of the G61A than the corresponding complex with wild-type protein. FMN
mutant, measurements were also made at several pH valuess bound about 3000 times more tightly than riboflavin by
in the pH range 5.99.2 (Figure 4). The redox potentials wild-type apoprotein, indicating that the phosphate contrib-
for the two reduction steps of the G61A mutant are similar utes a large fraction of the free energy of binding. Therefore
to those determined previously for the G61N mutant, and interactions between the apoprotein and the isoalloxazine
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Table 6: Dissociation Constants and Free Energies of Binding for Complexes of Wild-Type and Mutant Apoflavodoxins with Oxidized
Riboflavin and the Three Redox Forms of FIMIN

riboflavin FMN
AGb AGb, ox AG‘b, sq AGb, hq

protein Kq(mM) (kcal mol?) Ka.ox(NM) (kcal mol?) Kd,sq(NM) (kcal mol™) Ka,ng (M) (kcal mol™)
wild-type®  0.0051 7.2 0.24+ 0.1 —13.1+ 0.3 0.006+ 0.003 —15.3+£0.4 0.20+£0.12 —9.1+05
G61N 0.2+ 0.03 (8) —5.03+0.1 3.2 —-11.5 4.72 —-11.3 4.3 -7.3
G61A 0.35+£0.02(9) —-4.7+0.1 0.82+0.19(5) —12.3+0.2 2.09+0.8 —-11.840.3 3.02+£ 15 -75+04
G61V 1.07+0.16 (22) —4.0+0.1 2.44+0.83(13) —11.7+0.3 97445 —95+04 13.6+7 —6.6+0.5
G61L 0.33+£ 0.03(10) —4.7+0.1 2.6+0.11(12) —-11.7+0.1 127+30 —9.4+0.2 20.1+8 —6.4+0.3

a Experiments were carried out in 50 mM K phosphate, pH 7, plus 0.3 mM EDTA & Zxcept for the wild-type protein for which the buffer
was 50 mM Na phosphate. The errors given are standard deviations. The value given in brackets after the error is the number of experimental points
that was averaged. Dissociation constants for the reduced forms were calculated using the v&uaesad&: of ref 21. The error given for the
free energies of bindingAGy,, was calculated using the errors in the redox potentials and irK§healues.® Data calculated from 24.Data
calculated from 23.

structure of the flavin must contribute a greater fraction of
the total free energy of binding of riboflavin compared with
FMN, and a mutation in the binding site that is near to the
isoalloxazine evidently has a proportionately greater effect 7.5
on the riboflavin complex than on the complex with FMN.
The redox potentials for the free and bound flavin can be
used with the dissociation constant measured for the complex
with oxidized flavin to calculate values for the dissociation
constants for the complexes of apoflavodoxin with the two
reduced forms of flavind4). The calculations of Table 6
are based on the redox potentials for FMN determined by
Draper and Ingrahan2(). They show that although all three
redox forms of FMN are bound more weakly by the mutant
proteins than by wild-type apoflavodoxin, by far the greatest
effect is on the complex with the flavin semiquinone. This
is shown clearly when the dissociation constants for the
different redox forms are used to calculate the free energies
of binding (Table 6) according to eq 9: -175 . . -
ox sq hq

AG, = —RTIn(1/Ky) (9) Ficure 5: Variation of the free energy of binding of FMN to
apoprotein with the redox state of the flavin. The data are from

where AGy, is the free energy for bindingR is the gas (T_affl_()e gel-L).’ wild-type; (@), GB1A; (), GBIN; (7), G61V,

constant, and is the temperature in degrees KelvRiT is
0.59 kcal at 25C, andKq is the dissociation constant of the  contributes to the binding site for the isoalloxazine moiety

relevant complex. The plot ckG;, versus the three redox  of FMN. In all of the mutants, the loop is displaced by&
forms of the complexes (Figure 5) shows that the stabilities A away from the isoalloxazine structure (Figures 1 and 6).
of the oxidized complexes of the mutants are not too different The changes in structure finish at GIn68 at which point the
from that of the wild-type proteinXAGy* = 0.73 to 1.5 polypeptide chain rejoins the path taken in the wild-type
kcal mol?). In addition, the hydroquinone complexes of protein. The conformational change in all of the mutants is
the mutants have similar stabilities, and they are relatively such that the @—Cp bond of the Ala, Val, Leu, or Asn
little changed from the stability of the corresponding complex side chains lies along the direction taken by the backbone
of wild-type flavodoxin @AGgq = 1.6 to 2.7 kcal molY). N—Cao bond of Asp62 in the wild-type structure. The
In contrast, the stabilities of the semiguinone complexes areisoalloxazine moiety in the mutants is shifted approximately
all less than those of the corresponding complexes with 0.2 A in the plane of the ring system relative to that of the
oxidized FMN, and very much less than that of the wild-type structure, a change that is close to the experimental
semiquinone of wild-type flavodoxin. The difference in the error of the structures.
free energy of binding of the semiquinone by the wild-type  The large change in structure of the 60 loop in the mutants
protein and by the mutants G61A and G61N is 3.46 and affects the hydrogen-bonding network at the FMN site
3.94 kcal mot?, respectively. The changes in binding energy (Figure 7). The program HBPLUS48) was used to
for the two mutants with more bulky side chains are 5.72 characterize the hydrogen-bonding networks in the wild-type
and 5.88 kcal mot* for G61V and G61L, respectively. and mutant proteins. The program calculates the positions
Effects of Mutation at G61 on the Protein StructurEhe of the hydrogen atoms and it uses both distance and angular
overall conformations of the polypeptide chains of the four criteria to determine whether a hydrogen-bonding interaction
mutant proteins are very similar to that of wild-type is possible. The calculations suggest that six hydrogen bonds
flavodoxin. However, a marked difference occurs at the are made between the isoalloxazine moiety in wild-type
mutation site. Amino acid 61 is in a loop (the 60 loop) that flavodoxin and either the protein or a water molecule. Five

-12.54

AGy, (kcal.mol 1)
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FIGURE 6: Stereoview of the least-squares superposition of the 60 loop of the G61A mutant (dark) onto the 60 loop of wild-type flavodoxin
(light) using the @ atoms of residues-259. Only the main chain atoms of the G61A 60 loop are shown for clarity. Nitrogen atoms are
in black; C and O atoms are in gray, with larger radii assigned to oxygen. Residue labels or the G61A mutant are marked with an apostrophe.

The figure was produced with the program MOLSCRIBD)(
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Ficure 7: Hydrogen-bonding networks at the isoalloxazine binding site of (left) wild-type flavodoxin and (right) the G61A mutant. Hydrogen
bonds are denoted by dashed lines, and distances are in angstroms. The figure was produced with the program BEEPLOT (

hydrogen bonds are formed with the isoalloxazine in the

acceptor in this proposed bond are 122ahd 118.4 for

Gly61 mutants, and one of these also occurs to a waterwild-type flavodoxin and the G61A mutant, respectively.

molecule. The largest differences between the hydrogen-

bonding network of the mutants and the wild-type protein
occur at the N(5) and O(4) atoms of the flavin. The
conformation of the 60 loop in the mutants brings residue
61 into contact with the isoalloxazine, while in the structure
of wild-type flavodoxin, Asp62 interacts with the flavin. It
should be noted that the electron distribution of oxidized
flavin, as determined by molecular orbital calculations, shows
that N(5) is neutral49) and a preferred site for nucleophilic

These angles fall far from the ideal 1'8fngle for an optimal
hydrogen-bonding interaction. In addition, the distance
between the calculated hydrogen atom position and the
acceptor atom in the wild-type protein is 2.6 A, a value that
is greater than the upper limit of 2.5 A proposed for hydrogen
bonds B1). The corresponding bond in the G61A mutant
is 0.2 A shorter due to the slight movement of the
isoalloxazine structure. In summary, therefore, the hydrogen
bond formed between the backbone nitrogen of Asp62 and

addition 60). Therefore the hydrogen bond suggested by O(4) of the isoalloxazine moiety in wild-type flavodoxin is
HBPLUS between N(5) and the backbone nitrogen of Asp62 the only one that is absent from the Gly61 mutant structures.
in wild-type flavodoxin and Ala6l in the G61A mutant Additional water molecules are found to interact with O(3)*
almost certainly does not occur. Further, the hydrogen bond of the ribityl side chain of FMN in the mutants. These were

that was identified earlied ) between the backbone nitrogen
of Asp95 and N(1) of the flavin is also unlikely to occur.

identified because the data for G61A were obtained to greater
resolution than the data for the wild-type proteB6) and

The angles calculated between the hydrogen donor and thdor the P2A pseudo-wild-type proteird §).
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Ficure 8: Stereoview of the 60 loop of wild-type flavodoxin with alanine modeled in place of glycine-61 to highlight the steric restraints
imposed by adding a bulkier amino acid at this position. Nitrogen atoms are in black; C and O atoms are in gray, with larger radii assigned
to oxygen. The figure was produced with the program MOLSCRI&0). (

The mutations do not cause dramatic effects on the solventresidue that is hydrogen-bonded to O(4) of the flavin.
accessibility of the atoms of the isoalloxazine moiety of the However, the movement of the loop observed in the mutant
flavin. The use of a 1.4 A spherical rolling prots2) shows proteins is much larger than might be expected to relieve
that the total exposure is approximately 104 fr the steric strain. The large displacement is probably driven by
mutants and 94 Ain wild-type flavodoxin. As was pointed  a combination of steric relief and the need to replace the
out in an earlier studyl), the C7 and C8 methyl groups of  hydrogen bonds broken during the structural reshuffling. This
the isoalloxazine moiety account for most of this accessible is in stark contrast to the situation in flavodoxin frofh
surface. For this reason, the large movement of the 60 loopbeijerinckii in which the glycine residue that is equivalent
in the Gly61 mutants does not significantly increase the to Gly61 inD. vulgaris flavodoxin can be mutated to various

overall solvent exposure of the isoalloxazine structure. amino acids with little or no change in protein structus)(
The structure of the flavin-binding site &. beijerinckii
DISCUSSION flavodoxin is such that no steric strain is imposed when

Gly57 is mutated to Ala, Asn, or Asp. Only on mutation to

selective destabilization of the complex of FMN semiquinone hréonine is any significant change in structure observed, and
and apoflavodoxin fronD. sulgaris provides support for the ~ €ven then itis small in comparison with the changes observed
suggestion that the hydrogen bond between the backbonéVith D. wulgaris flavodoxin. Further, inC. beijerincki
carbony! of this residue and N(5)H of the half-reduced flavin flavodoxin the equivalent glycine-aspartate peptide may
is important in the regulation of the redox potentials of the adopt three conformations: trans-O up in which the carbonyl
bound flavin (6). In the oxidized form of this flavodoxin, ~ ©Xygen of Gly57 points toward the flavin (similar to the
the carbonyl group points away from the flavin. A confor- Semiquinone structure d. vulgaris flavodoxin); trans-O
mational change in the protein on addition of an electron down in which the O(57) points away from the flavin
and a proton to the flavin causes the carbonyl to point toward (équivalent to the oxidized structure &f. vulgaris fla-
the flavin and it brings the oxygen atom to 2.76 A from N(5) vodoxin); and cis-O down, a structure that is unique to this
(16). This conformation is preserved when a second electron flavodoxin. The last of these conformations is stabilized in
is added to form the hydroquinone but the hydrogen bond is the crystal structure by an intermolecular hydrogen bond to
slightly longer (6). Our initial interpretation of the observa- Asn137. In the absence of this hydrogen bond the trans-O
tion that the semiquinone is destabilized in the mutants wasdown conformation predominates in the mixture of confor-
that the side chains of alanine, asparagine, valine, and leucingnational states. Since the three conformations occur as a
hinder the conformational change and make it more difficult mixture in oxidizedC. beijerinckiiflavodoxin, it is concluded
for the carbonyl to hydrogen bond with N(5)H. However, that the energy barriers between them must be sr&8)l (
the crystal structures of the oxidized forms of the mutant The flavin-binding site oD. vulgaris flavodoxin differs such
proteins make it clear that the changes in redox behaviorthat it allows the subtle conformation change and hydrogen-
cannot be explained simply by reference to the wild-type bonding interaction of the carbonyl of Gly61 and N(5)H of
structure. the flavin semiquinone to occur. The observation that the
The large movement of the 60 loop in the mutants can be displacement of the 60 loop in the oxidized structure is
rationalized by the steric constraints at the mutation site. The essentially identical when Gly61 is mutated to Ala, Asp, Val,
conformation of the 60 loop iMD. vulgaris flavodoxin is or Leu points to the pivotal role of this conserved glycine
such that mutation of Gly61 even to alanine results in residue. The 60 loop in wild-type flavodoxin frorD.
unfavorable contacts between the additiongl &om and vulgarisis longer by two amino acids than the corresponding
the carbonyl oxygens of Trp60 and Ser64 (Figure 8). The loops in other flavodoxins. This added length in combination
doubling back of the loop in this flavodoxin allows only with the glycine residue at the start of the loop may give the
glycine at position 61. A torsion which moves th¢ ©f D. wulgaris protein additional flexibility for interaction with
the amino acid at position 61 toward Asn62 relieves the steric other redox proteins. Evidence for greater than expected
strain. This movement forces the movement of Asp62, a flexibility in this loop has come from NMR spectroscopy

The observation that mutation of glycine-61 causes a
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Table 7: Intermolecular Hydrogen Bonds in the Crystal Structures of Wild-Type Flavodoxin and the G61A Mutant

symmetry distance
atom 1 atom 2 operatot A

wild-type flavodoxir? P452,2

Gly61-N Asp28-0 [ 2.68

lle65-N Arg131-O Il 2.81

Glu66-CE; Argl145-NH1 | 3.04
G61A mutant flavodoxin P2,2:2

Asp63-0 Tyrl7-OH ] 2.68

Asp63-0 Arg134-NE 1] 2.81

Ser64-0O Arg134-NH2 ] 2.90

aSymmetry codes (1) 1/2-Y, X-1/2, Z-1/4; (1) X-1/2, 1/2-Y, 1/4-Z; (II) X, Y,#1.? Data from structure refined to 1.7 A resolution (M. A.
Walsh, unpublished results).

(54, 59 and from the X-ray crystal structures of additional reduced, but the crystals usually rapidly crack and disinte-
mutants 85, 56. grate. A small platelike crystal of the G61A mutant (&4
Analysis of the intermolecular contacts in the crystal 0.2x 0.1 mn¥) survived this treatment at pH 7 and changed
structure of wild-typeD. vulgaris flavodoxin shows that the ~ from yellow-orange, typical of oxidized flavodoxin, to
60 loop is stabilized by three hydrogen bonds to other purplish-red, as expected for flavodoxin semiquinone. X-ray
molecules in the unit cell (Table 7). The crystal packing of diffraction data were collected to 2.5 A. The resulting
the Gly61 mutants is less tight than that which occurs with €lectron density was interpretable except in the region of
wild-type flavodoxin, but again three possible intermolecular residues 6+65. The poor electron density in this region
hydrogen bonds occur (Table 7). However, it must be might indicate that the crystal contained a mixture of
stressed that the changes in structure observed in the Gly6poxidation states, since only 80% conversion to the semi-
mutants are more likely to be a consequence of the stericquinone occurs on addition of one reducing equivalent in
restraints imposed by the mutation than by the different solution. However, the extent of the disorder suggests that
crystal packing arrangements of the mutants. In other words,a large change in structure might have occurred. The
the structural changes cause the different packing and spac@bserved disintegration of most crystals of the mutants on
group symmetry of the crystals of the mutant proteins. Itis reduction also points to a change in conformation that is too
interesting, however, that the new structures suggest thelarge to be accommodated by the crystal packing. The
possibility that there are alternative solution structures for conformational change that occurs when wild-type fla-
both the mutants and wild-type proteins. The influence of vodoxin is reduced is probably driven by the interaction
intermolecular contacts on the conformation of the 60 loop between N(5) of the flavin and the NH of Asp-62 which is
is hard to assess from the crystallographic data alone. If3.6 Aaway (6). Inthe absence of a conformational change,
these interactions do play a significant role, then in the caseprotonation at N(5), as occurs in the reduced forms of the
of the wild-type oxidized crystal structure it would be flavin, would result in an unfavorable+H interaction. The
reasonable to argue that the unfavorable backigoaedy distance between N(5) and the NH of residue 61 in the
angles are due to the intermolecular interactions in the crystalmutant proteins is aboud A (56) with the result that
rather than being imposed by the protein structure to provide protonation at N(5) would also result in strong unfavorable
the optimal conformation for the peptide flip that occurs at interactions in the absence of a conformational change to
Gly61 when the flavin is reduced. The conformation of the move the two groups apart. Further, the pH study showed
60 loop in the Gly61 mutants is such that a far more complex that the G61A mutant stabilizes the neutral form of the
structural change is required to form a similar hydrogen- semiquinone even at pH 9.2, a pH value above tkgqf
bonding interaction with the protonated N(5) of the reduced the flavin N(5)H in free solution. The shift ina suggests
flavin. NMR analyses of these mutants should provide thata hydrogen bond is formed to N(5)H, and in the absence
important information that could be used to further assess of a suitable acceptor nearby in the structure of the oxidized
the influence of intermolecular interactions in the crystal protein, a conformational change is necessary to supply a
structures reported here and on the importance of the 60 loopgroup to which N(5)H can hydrogen bond in the reduced
in modulating the redox potentials of FMN. protein. It is nevertheless interesting that the difference in
The changes in structure and in the hydrogen-bonding frée energy of binding of the FMN semiquinone by this
pattern observed for the mutants compared with the oxidized Mutant and by wild-type flavodoxin is slightly less than the
form of wild-type flavodoxin are presumably responsible for free energy of a hydrogen bond (5 kcal mo(57)) while
the decrease in affinity of the mutants for oxidized FMN the difference in binding energies for G61V and G61L are
(average change about 1 kcal mplTable 4). However, ~ Similar to the energy of a hydrogen bond.
the structural changes in oxidized flavodoxin indicate that  This study was initiated to investigate the role of the redox-
if a hydrogen bond forms between the carbonyl of residue linked conformational change at Gly61 in modulating the
61 and N(5)H of the flavin semiquinone in the mutants, the redox potentials of the bound FMN in flavodoxin. The
conformational change required must be more complex thanthermodynamic properties of the mutants show the expected
that occurring in the wild-type protein. Attempts to deter- trend: lengthening the side chain at position 61 destabilizes
mine the structures of the reduced forms of the Gly61 mutant the semiquinone. However, the crystallographic work shows
proteins have met with only partial success. When crystals that this result cannot be interpreted simply by reference to
of the mutants are treated with dithionite ion, the yellow the wild-type structure. The structural changes observed on
oxidized flavin is bleached, indicating that the flavin is mutation demonstrate the flexibility of the 60 loop, while
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the differences between the mutant and wild-type structures 26.

indicate that the redox-linked conformational change, which
we assume to occur in the mutants, must be different from

that occurring in the wild-type protein. The large structural

perturbation of the 60 loop that results from mutation of one
amino acid shows that caution is necessary in the interpreta-

tion of such mutagenesis studies.
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