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ABSTRACT. WrbA is an oligomeric flavodoxin-like protein that binds one molecule of flavin mononucleotide
(FMN) per monomer and whose redox activity is implicated in oxidative stress defense. WrbA
thermostability and oligomerization in the presence and absence of bound FMN were investigated using
complementary biophysical methods. Infrared spectroscopy indicates similar structures for apo and
holoWrbA. FMN binding has a dramatic effect on WrbA thermal stability, shifting Theby ~40 °C.

Upon denaturation, the protein forms insoluble aggregates that lack native secondary structure and have
no bound FMN. Circular dichroism (CD) reveals that the thermal unfolding of apo and holoWrbA proceeds
via the formation of an aggregation-prone intermediate that retains substantial secondary structure but

has lost the native configuration of the active site.

This intermediate persists in solution up ¥G 400

micromolar concentrations. A similar partially folded state is populated during chemical denaturation
with guanidinium chloride, but accumulation of the intermediate is evident only in the absence of FMN.
The results also suggest that WrbA maintains some interaction with FMN in its partially folded state,

despite the loss of the induced CD signal of FMN.

On the basis of these data, the unfolding process can

be depicted as follows: native holoproteinholointermediate—~ apointermediate~ insoluble aggregate.

Mass spectrometry shows that FMN promotes

WrbA association into tetramers, which are more

thermoresistant than dimers or monomers, suggesting that multimerization underlies the FMN effect on

WrbA thermostability. This study illustrates the

utility of analyzing conformational transitions and

intermolecular interactions using methods that probe the liquid, solid, and gas phases.

The 21 kDa protein WrbA fronk. coli is the founding
member of a highly conserved family of proteins implicated

Fenton chemistry to support wood degradation, the intra-
cellular homologues irE. coli and other organisms could

in cellular responses to altered redox conditions and to be involved in quinone detoxificatiorv).

different kinds of stresslj. Its expression is enhanced in
the stationary phase under transcriptional controRppS
(2), the central regulator of the general stress respadjse (
WrbA appears to be coregulated with DpPekB, a
nonspecific DNA binding protein that protects DNA against
chemical damage during oxidative stre$s Consistent with

a role in oxidative stress defense, WrbA is a redox-active
protein &) that binds flavin mononucloetide (FMNas its
physiological cofactor ). A recent report identifies the
WrbA proteins fromE. coli and Archeoglobus fulgiduss
NAD(P)H/quinone oxidoreductaseg)( as previously docu-
mented also for the secreted homologue fil@leophyllum
trabeum(8). Although the latter has a role in extracellular
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E. coli WrbA was reported to co-purify and co-immuno-
precipitate with the tryptophan repressor (TrpR), hence the
name tryptophan/)-repressohbinding proteinA (2). How-
ever, the protein has no specific effect on TrpBRNA
binding 6). Although a direct connection to tryptophan
repressor, therefore, appears unlikely, a link to tryptophan
metabolism remains possible, perhaps involving indole, a
well-known signalling molecule in stationary phas®). (
Indole-3-acetic acid was recently reported to impro&ed
coli's defense to stresd.(). Further testifying to a role in
stress response for this protein family, the WrbA protein from
S. pombecalled p25, accumulates upon the exposure of cells
to hydrogen peroxidel). Overexpression of p25 correlates
with a pleiotropic phenotype that includes resistance to
staurosporine, brefeldin A, caffeine, cycloheximide, heavy
metals, and oxidative streskl-13). WrbA transcription in
yeast is positively regulated by the redox-sensitive AP-1-
like transcription factors14), whose subunits are homolo-
gous to the oncogene produgis andfos (15). The WrbA
sequence fron$. cereisiae contains signals for palmitoyl-
ation and carboxymethylatioi ), and the protein has been
localized at the plasma membrane by immunofluorescence
(Petsko, G., personal communication).
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WTrbA proteins are related by remote homology to fla- two BaF, windows separated by a 18n Teflon spacer in a
vodoxins (), but E. coli WrbA displays a much lower temperature-controlled cell (Wilmad, Buena, NJ). Spectra
affinity for FMN than many flavodoxinsiy in the range of were recorded at 2 cm resolution, 5 kHz scan speed, with
10 M vs 10 7—1071° M for flavodoxins) @, 17, 18). This 256 interferograms co-added, and with triangular apodization.
difference may reflect altered interactions with the flavin For thermal denaturation experiments, the temperature was
cofactor at the protein active sitd9). Unlike flavodoxin varied at a linear rate of 0.Z/min from 27 to 100°C. The
(20), WrbA is oligomeric, with a monomerdimer—tetramer FT-IR spectra of the protein were obtained after subtraction
equilibrium @), and it transfers pairs of electrons rather than of the buffer and vapor spectra obtained under identical
single electronsy). The recently reported crystal structures conditions 22). Second-derivative analysis was performed
of Deinococcus radioduranand Pseudomonas aeruginosa because minima in the derivative spectrum allow the
apo and holoWrbA protein2() reveal an/p twisted open- identification of the different components in the Amide |
sheet fold in a tetrameric assembly and one FMN bound perand Amide Il regionsZ3). Derivative spectra were obtained
protein subunit. Tetramerization is promoted by a helix that by the Savitsky-Golay method (third grade polynomial,
displays high sequence conservation within the WrbA family 5-point smoothing), after binomial 11-point smoothing of
but is poorly conserved between the WrbA and flavodoxin the spectrum using the GRAMS/32 software (Galactic
families (1). Like the long-chain flavodoxing?5 of WrbA Industries Corporation, Salem, NH).
is interrupted by a loop insertion. Both crystallograplat)( Circular Dichroism (CD).CD spectra were recorded on
and CD @) data indicate that no major conformational a Jasco (Easton, MD) J-810 spectropolarimeter. The samples
changes are associated with FMN binding to WrbA. The contained 30uM pure WrbA in buffer P. Holoprotein
crystal structure reveals two distinct subunit interfaces that samples also contained 180/ FMN. Spectra in the far-
bury 2423 and 1601 Aof total surface area. Intersubunit UV region (186-250 nm) were collected at 2@ in a 0.1
contacts at the smaller interface are mediated by FMN. On cm path length quartz cell at a scanning speed of 20 nm/
the basis of this feature, it has been suggesg& {hat min with 3-scan averaging. In the near-UV/visible region
tetramerization might be modulated by the cofactor. In the (340-500 nm), spectra were acquired ugia 1 cmpath
present study, the role of FMN in WrbA stability and length quartz cell at 20C, a scanning speed of 50 nm/min,
oligomerization is investigated by means of complementary and at 3-scan averaging. For thermal unfolding experiments,
biophysical methods. the sample temperature was varied from 20 to 1GOat

three heating rates: 0.2, 0.45, or°C/min. CD protein
MATERIALS AND METHODS spectra are presented without smoothing.

Protein Purification.WrbA was expressed i. coli strain Electrospray-lonization Mass Spectrometry (ESI-MS).
CY15071 as previously describe@)(Cells overexpressing Mass spectra were recorded in positive-ion mode on a
WrbA were collected from 1 L of culture and resuspended Mariner time-of-flight mass spectrometer from Applied
in buffer T (20 mM Tris-HCI at pH 8), containing 10 mM  Biosystems (Darmstadt, Germany) using a nanospray ion
EDTA and 1 mM phenylmethylsulfonyl fluoride. Lysozyme source. Au/Cd coated borosilicate capillaries (inner diameter
was added to 0.2 mg/mL, and after incubation for 20 min at of the emitter tip is~1 um) were purchased from Proxeon
room temperature, cells were sonicated and centrifuged at(Odense, Denmark). The instrumental settings were as
30 00@ for 30 min. The soluble fraction was loaded onto a follows: spray-tip potential, 1700 V; nozzle-to-skimmer
20 mL DEAE-cellulose column (Amersham Biosciences, potential, 140 V; curtain-gas gNflow rate, 0.6 L/min; and
Uppsala, Sweden) equilibrated with buffer T. Proteins were nozzle temperature, 85C unless otherwise stated. The
eluted by a linear gradient of NaCl from 6 1 M in buffer integration time wa 6 s per spectrum. The electrospray
T at a flux of 1 mL/min. The pool of yellow fractions capillary was kept at room temperature. The reported traces
containing WrbA was dialyzed against buffer T and loaded are averaged over at least 20 spectra. Samples were prepared
on a 5 mLAffi-gel Blue column (Bio-Rad, CA) equilibrated  in 1 mM ammonium acetate at pH 4 (pH adjusted by the
in the same buffer. After washing, the column was developed addition of formic acid) no longer tima2 h before analysis.
by a linear gradient of NaCl from @t1 M in buffer T at RESULTS
0.5 mL/min. The pool of fractions containing pure WrbA
was dialyzed against buffer P (20 mM sodium phosphate at Secondary Structure Analysis by FT-IRrotein FT-IR
pH 7.2) or against deionized water, concentrated in a spectra display two main absorption regions, called Amide
centrifugal filter device (Amicon, Millipore, Bedford, MA) | and Amide Il, which are due to vibrational modes of the
and stored in aliquots at20 °C. The purity and identity of ~ peptide group. Absorption in the Amide | region (1600 to
WrbA were established by SBFPAGE and ESI-MS. To 1700 cm?) arises from CO stretching vibrations, whose
minimize differences in the history of apo and holoprotein frequency is sensitive to protein secondary struct@@e-(
samples, the latter were always prepared by the addition of26). Absorption in the Amide Il region (1520 to 1600 cih
a molar excess of FMN, as specified, to freshly thawed is mainly ascribable to NH bending modes, with contributions
aliquots of the apoprotein stock solution. from CN, CO, and CC vibrations. Different components of

Fourier-Transform Infrared Spectroscopy (FT-IRT-IR protein secondary structure have been assigned in the Amide
absorption spectra of 1.3 mM WrbA in buffer P, with or | region on the basis of the reference spectra of model
without 2 mM FMN, were recorded on a FTS-40A spec- compounds and proteins of known structu?é-28). Due
trometer (Bio-Rad, Digilab Division, Cambridge, MA) to its complexity, the Amide Il region is less informative
equipped with a deuterated triglycine sulfate detector and about protein conformatior2p).
an air dryer purging system. For FT-IR transmission mea- FT-IR absorption spectra were measured at room temper-
surements, 2@L of sample solution were deposed between ature for 1.3 mM apo or holoWrbA in buffer P. Holoprotein
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Table 1: FT-IR Secondary Structure Assignment for the Native
WrbA

apo holo
band position band position
(em™)? (em™)?
mean SD mean SD assignmep8( 26, 29
1695.4 0.8 1695.2 0.7 intermoleculzisheets
1682.5 15 1681.5 0.1 isolatgdstrands-turns,
and loops
1675.0 1.7 1672.8 0.6 isolatgastrands-turns,
and loops
1655.2 0.7 1655.8 0.1 o-helices
1636.6 0.3 1637.2 0.1 intramoleculzisheets
~1625 1625.3 0.4 intermoleculArsheets

a2 Mean and standard deviation (SD) refer to the values observed in
three independent measurements.

spectrum. The band at1682 cn! can be assigned to
pB-turns or isolategB-strands 26, 29) and, therefore, could
reflect the interaction of FMN witlf-turns and loops at the
active site 21). The bands at1695 and~1625 cn?* reflect
intermolecular hydrogen bondin@&, 30), consistent with

the presence of protein assemblies, which appear to be
present at higher relative amounts in the holoprotein. These
changes in the IR spectrum thus provide a first suggestion
that FMN binding might affect protein subunit interactions,
an effect that is further investigated in this work by other
techniques.

Thermal Unfolding of WrbA Apo and Holoprotein Moni-
tored by FT-IRFigure 1la also shows second-derivative FT-
IR spectra of apoWrbA as a function of temperature. Samples
were heated at a linear rate of @2/min, each spectrum

direction of changes with increasing temperature. (c, d) Thermal being collected within a temperature interval of. 2No

profiles at selected wavenumbera)(1655.5 cmit (a-helices);
(m), 1636.9 cm? (intramolecularS-sheets); @), 1622.6 cm?
(intermolecular-sheets). Intensity is normalized relative to the

magnitude of total signal change at each wavelength. The reporte

changes in the spectrum are observed up t6@5Above
this temperature, a progressive decrease in band intensity is

dobserved for both ther-helix at 1655.5 cm! and the

values are from one representative experiment. Variability, mea- intramoleculai3-sheet at 1636.9 cm. At the same temper-
sured as the distance from the mean of three experiments, is withinature, a new band develops at 1622.6 g§mand the band at

4% of the values shown.

samples contained 2 mM FMN, affordingd8% occupancy

1695.4 cmt gains intensity. These two peaks are diagnostic
of protein aggregation and, in particular, of the formation

of the bound state according to the equilibrium constant of of antiparallel, intermoleculgi-sheets22, 30, 31). Because

2 uM determined previouslyg). The second derivatives of
the FT-IR absorption, corrected for buffer absorption and

the absorption of aggregates is observed at 16228, d¢he
peak at 1625 cmt in the spectrum of native WrbA must be

vapor contributions, are shown in Figure 1. Band assignmentassigned to other structures. We propose, therefore, to assign

is summarized in Table 1. Major contributions of tiadnelix

and 3-sheet structures are observed in the Amide | region

(1700-1600 cnt), as expected for a protein of this fold
class. Thea-helix and3-sheet bands (around 1655.5 and
1636.9 cm?, respectively) map at approximately the same

the 1625 cm! band to WrbA oligomers.

The normalized profile of the thermal transition, as
monitored at selected wavenumbers indicative of specific
structural features, is reported in Figure 1c. The midpoint
of thermal denaturationT(,) lies around 55°C. This Ty, is

wavenumbers in the apo (Figure 1a) and holo (Figure 1b) co-incident with the midpoint for the accumulation of
proteins, and their intensities are not affected by the presenceaggregates. Both curves are steep, and they are symmetric

of FMN. Thus, WrbA, like flavodoxin, can adopt a native
fold in the absence of the cofactor, consistent with @GP (
and crystallographic2() results.

to each other, indicating that aggregation parallels the loss
of native secondary structure. Thus, native apoWrbA is
apparently converted directly to unfolded aggregates upon

Nevertheless, minor spectral changes accompany thethermal denaturation under these conditions. The co-incident

addition of FMN. In holoWrbA, all of the Amide | and

Amide Il components are sharper than those in apoWrbA,

loss ofa. andp structures additionally implies that the native
protein unfolds in a two-state manner, that is, without the

suggesting a global response of the protein to the binding of detectable accumulation of intermediates, although the
the cofactor. Sharpening of the spectrum indicates that theformation of aggregates indicates that unfolding is not an
dynamics and/or conformational heterogeneity are reducedequilibrium process.

(25, 29). In particular, the bands at1695, ~1682, and
~1625 cm?! are more pronounced in the holoprotein

A strikingly different transition is observed for the
holoprotein (Figure 1b and d). In this case, theand
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structures are stable up to 76, indicating that the cofactor 16000
remains bound during the temperature increase and that the 1200018
species whose unfolding is observed is the holoprotein. The
Tmin this case lies around 9, indicating a dramatic effect
of the cofactor in enhancing resistance to thermal unfolding.
Post-transition spectra converge despite the high unfolding
temperature, indicating completion of the transition. Holo-
protein unfolding is accompanied, as for the apoprotein, by
the accumulation of protein aggregates, again with co- it G el -8000
incident midpoint and mutually symmetric curves. However, 200 210 220 230 240 250 200 210 220 230 240 250
holoprotein unfolding is not a two-state process because the Herciength () Daosieng e
profiles reported by the-helix ands-sheet frequencies differ oo \/ﬁ“\\
slightly and reproducibly. Nevertheless, as for the apoprotein, 1
no free unfolded WrbA accumulates during thermal unfold-
ing of the holoprotein. For both the apo and holoproteins,

120 T,

s
40 F

12000 1§
8000 1 8000

4000 W 4000

[0] (deg em? dmol)

40001 4000

Absorbance

the thermal transitions monitored by the Amide Il compo-
nents at 1550 and 1530 cfy assigned to the secondary
structure and aggregate®?( 31—-33), respectively, display
the same profiles as those obtained from the Amide | analysis
(data not shown).

Thermal aggregation was found to be completely irrevers- .
ible for both apo and holoproteins. In both cases, no residual Wavelength (nm
native-like structure is detectable by FT-IR in the protein oy
aggregates at the end of the heating protocol nor after
recooling to room temperature (data not shown). The IR data
thus reveal a process in which native WrbA apo and 40
holoproteins unfold in highly cooperative transitions, and 20
unfolded WrbA aggregates also with high cooperativity. The 0 IS SR o s i
midpoint of the transition is shifted by almost 4Q in the 20 30 4%;%33“&9080 90 100
presence of bound FMN.

Detection and Characterization of Folding Intermediates FIGURE 2: Thermal unfolding monitored by CD. (a, b) Far-UvV

) spectra of 30uM apo and holoWrbA at selected temperatures
by CD.The far-UV CD spectra of 3M apo and holoWrbA between 20 and 108C. (c) Near-UV/vis absorption spectrum of

?n 20 mM sodium phosphate atpH 7.2 atZDare reported  180,M FMN at room temperature. (d) Near-UV/vis spectra of 30
in Figure 2a and b. Holoprotein solutions contained 48D uM holoWrbA at selected temperatures between 20 and°000

FMN, affording >98% occupancy of the bound state. The The arrows indicate the direction pf chan.ges with increasing
two spectra are very similar to each other and to pub“Shedtemperature. In a, b, and d, the bold lines indicate spectra @€ 20

t fth teiB) with . t 220 In d, the dotted line indicates the spectrum of free FMN and the
spectra of the apoprotei) with a minimum a NM, &  gashed line that of apoWrbA. The values are reported as mean

shoulder around 210 nm, and positive ellipticity below 205 residue ellipticity. (e) Thermal profiles at selected wavelengths. (
nm. In agreement with the FT-IR results, the CD spectra apoWrbA, 206 nm;0), holoWrbA, 206 nm; 4£), holoWrbA, 375

indicate a well-foldedx/s structure in both samples. Figure Nm; (x), holoWrbA, 450 nm. Intensity is normalized relative to

2¢ shows the absorption spectrum of free FMN in the visible the magnitude of total signal change at each wavelength. The
reported values are from one representative experiment. Variability,

region, and Figure 2d shows the corresponding CD spectrameasured as the distance from the mean of three or four experi-
of FMN, apoWrbA, and holoWrbA. Free FMN displays no  ments, is within 6% of the values shown (two experiments at 450
CD bands at its optical absorption maxima (380 and 450 nm, where data above 7& have variability up to 30%).
nm, due to the S2- SO and S*— SO electronic transitions
of the monomer, respectively, and the shoulder at 475 nm, on the shape and apparent midpoint of the CD transition, as
due to the St SO0 transition of the dimer@). As expected,  expected from the nonequilibrium thermal transitions seen
apoWrbA is devoid of CD bands in this wavelength range. by FT-IR. At low heating rates, protein aggregation and
The interaction of the cofactor with the protein induces precipitation take place during the experiment, as indicated
pronounced CD signals at all three wavelengths. This resultby the loss of the signal and the formation of insoluble
indicates that FMN is bound to the protein in an ordered, material inside the cuvette. The solid precipitate has an FT-
chiral environment. The fact that the shoulder at 475 nm is IR spectrum similar to the post-transition spectra of Figure
also present in the induced CD spectrum indicates that FMN 1 (data not shown). The precipitate redissolved in 6 M
can also bind to the protein as a dimer, as also reported forGUHCI has a UV-vis absorption spectrum identical to that
flavodoxin 35). The induced CD signals of the cofactor of the apoprotein under the same conditions (data not shown),
provide another means to monitor the interaction betweenindicating that the thermal aggregates do not retain FMN.
WrbA and FMN. The heating rate of 0.4%2/min employed in the experiments
The temperature dependence of the far-UV CD spectra of of Figure 2a and b represents a compromise between the
apo and holoWrbA are also shown in Figure 2a and b. The speed and quality of full-wavelength spectra.
CD spectra change only slightly over the temperature range The spectral changes observed upon heating are character-
in which FT-IR spectra indicate complete unfolding and ized by the loss of negative ellipticity above 220 nm and
aggregation. However, the heating rate had a strong influencethe loss of positive ellipticity below 200 nm. The transition

-40 1
-80 1
-120 1

[0] (deg em? dmol!)

‘)150 500

100 | € lompeiabiting
80
60

Relative intensity
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takes place between about 45 and°&0for the apoprotein 10000

and between about 55 and 80 for the holoprotein. As in 100 e 8000{ P

the FT-IR thermal melt, the different midpoints of thermal & so L 600

unfolding monitored by CD for the apo and holoproteins £ E 2000

imply that FMN remains bound until the conformational £ 5 ZO%O

transition occurs. The smaller shift in midpoint temperature % 40 ;.]_2000

and the smaller extent of unfolding determined by CD than ¢ 2 4000

by FT-IR are presumably due to the much lower protein ~ 2° = 000

concentrations used in the CD experiments. In addition, the 0] #d -8000

temperature dependence of FMN affinity is presently un- B . —T

T T
012 3 45 6 190 200 210 220 230 240 250

known. Thus, in the two conditions for thermal melting, the
protein could be distributed differently between apo and holo GuHCI concentration (M) Wavelength (nm)

states at intermediate points of the melting curve. Also, the FiGure 3: Chemical unfolding monitored by CD. (a) Denaturation
temperature dependence of tkgfor tetramer assembly is ~ Profiles of apo and holoWrbA at selected wavelengths), (

P . ‘s apoWrbA, 222 nm;[{), holoWrbA, 222 nm; 4£), holoWrbA, 375
also unknown and can result in different dissociation states nm. Intensity is normalized relative to the magnitude of total signal

in the two samples at high temperatures. Nevertheless, thenange at each wavelength, and the values at 375 nm are multiplied
observed concentration effects imply differences in thermal by —1 for ease of comparison. The values are reported in mean

stability among multimeric forms of the protein, as further residue ellipticity and are the averages from three experiments.
documented below. Variability is within 8% of the mean values shown. (b) Far-UV

" . CD spectra of apo and holoWrbA at different temperatures and
The post-transition CD spectra of apo and holoproteins ¢ & concentrations—), apoWrbA n 0 M GUHCI at 55°C;

exhibit a broad minimum between 200 and 220 nm and (----), apoWrbA in 1.4 M GUHCI at 20C; (....), holoWrbA in 1.4
residual positive ellipticity below 200 nm (Figure 2a and M GuHCI at 20°C; (-—-), holoWrbA in 6 M GuHCI at 20°C.
b). The decrease in intensity above 220 nm is consistent with

either the loss oft-helical structure or an altered contribution °

from tryptophan side chains within helices or boB6)( The 1007
broad minimum below 220 is frequently seen for folded & 807 2.5uM
proteins with a predominantlg secondary structure3y). E"j 60 - -
No further spectral changes are observed for either apo or = oy
holoprotein by raising the temperature to 1@ (Figure 2 s 407
and data not shown). Thus, in the explored temperature range, 20 1 I [ ‘ l .
the far-UV CD spectra never acquire the typical features of 0 Lk - .
a fully unfolded protein. Rather, the post-transition spectra 100 7 N '
indicate the retention of substantial secondary structure at
high temperatures. The spectra converge at high temperatures z 507 10pM
for each protein but differ slightly from each other, suggest- § 60
ing that some FMN may remain bound after the transition. f 101

The partial unfolding of the holoprotein monitored under = -
these conditions is nevertheless accompanied by a loss of 207 ‘
the induced CD signals of FMN (Figure 2d). The disappear- 0 B .
ance of the band at 375 nm parallels the spectral changes 1007
monitored by far-UV CD, whereas the disappearance of the 30 30 1M
band at 450 nm is very slightly shifted toward higher %’ 1
temperatures. Furthermore, a small positive peak is observed 2 60 -
at 450 nm even in the convergent post-transition spectra, § 40 Py
whereas the spectra of both free FMN and apoprotein (Figure 20 - °
4d) are featureless around that wavelength. This observation o

further suggests that some FMN may remain bound at high
temperatures, consistent with the slight difference in the

convergent post-transition far-UV CD spectra. . 4: Multimerizat iored by MS. NanoESKLMS )
Ny : . IGURE 4: Multimerization monitored by MS. NanoESI-MS spectra
Fixed-wavelength measurements were carried out with aat increasing concentrations of apoWrbA. The main peak of each

heating rate of 2C/min, monitoring the unfolding transition  nyzenvelope is labeled by charge state (number of positive charges
at 375 and at 206 nm, the wavelength of maximal change in assigned to the main peak of each envelope) and by oligomeric
far-UV ellipticity. The results are shown in Figure 2e. The state (each black circle represents one protein subunit).

Tm of the transition monitored at 206 nm-isb1 °C for the

apoprotein and~72 °C for the holoprotein. This result the data are normalized only to reflect the fractional change
confirms the stabilizing effect of FMN toward thermal in intensity and not the fraction unfolded, the fact that the
denaturation, although the shiftTy, is less remarkable than  post-transition plateaus are flat indicates that no protein
that measured by FT-IR at higher protein concentrations. The precipitation takes place during the experiment. Nevertheless,
profile of the transition monitored at 375 nm is superim- the transition remains poorly reversible. After heating to 100
posable with the unfolding profile of the holoprotein obtained °C, protein precipitation occurs during recooling to room
at 206 nm, confirming that unfolding is accompanied by the temperature with the loss of the CD signal at all wavelengths
loss of the native configuration of the active-site. Because (data not shown).

1000 2400 3800 5200
m/z (Da)
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Chemical denaturation of WrbA by guanidinium chloride thermal stability was further investigated by mass spectrom-
(GuHCI) was monitored using the CD signals of both protein etry. The mild ionization/desolvation conditions offered by
and FMN (Figure 3a). The induced CD signals of FMN at nanoESI-MS enable the detection of intact noncovalent
375 nm are lost between 0t M GuHCI, before the onset  complexes 39). The high specificity of the MS signal for
of the unfolding transition monitored at 222 nm (the distinct molecular components can then be exploited to
wavelength of maximum spectral change in the far-UV analyze supramolecular structure in complex mixtures and
region under these conditions). Nevertheless, the profiles ofto detect intermediates of assembly and dissociatOri().
protein unfolding are different for apo and holoWrbA, Furthermore, because charge-state distribution (CSD) also
indicating that the species undergoing unfolding differ in the reports on conformation, protein ESI-MS provides combined
two cases. Thus, the loss of the induced CD signal at 375information about folding and bindingl®, 43).
nm may not correspond to the complete dissociation of FMN,  Buffer conditions were first tested to optimize the detection
as already suggested by the results of thermal unfolding. Theand signal intensity of noncovalent assemblies. The experi-
retention of FMN by unfoldedesulfaibrio desulfuricans ments described below were carried out at 1 mM ammonium
flavodoxin has also been reported, in which case residualacetate at pH 4 because increasing the buffer concentration
interactions between FMN and the GuHCI-unfolded protein or the pH led to a dramatic loss of total signal intensity (data
could be probed by calorimetr®). not shown). The top panel of Figure 4 shows the mass

No overall stabilizing effect of the cofactor against spectrum of apoWrbA at 2 &M total protein. The spectrum
chemical denaturation is observed in Figure 3a. Rather, thereveals one peak envelope for the monomer and one for the
holoprotein is apparently less stable toward GuHCI than the dimer. The CSD of the monomer is dominated by the peak
apoprotein at intermediate denaturant concentrations. Al-of the 9+ ion with a shoulder centered around the+12
though both unfolding transitions are essentially complete charge state. The latter is ascribed to a partially folded form
by 2 M GuHCI, the holoprotein unfolds in a single, relatively of the protein because the fully unfolded form in 10% acetic
steep transition with a midpoint arodnl M GuHCI. acid displays a single CSD centered around-X8ata not
Apoprotein unfolding is co-incident with the first half of the shown) and because the CSDs are known to shift toward
holoprotein transition but then displays a well-defined higher charge states upon unfoldirt®). Thus, the apopro-
intermediate plateau followed by a second transition with a tein is not fully native under the employed experimental
midpoint around 1.6 M GuHCI. This biphasic profile implies conditions. The mass of the protein calculated by the
that partially folded forms of apoWrbA accumulate at deconvolution of spectra obtained in 10% acetic acid is
intermediate concentrations of GUHCI, whereas chemical 20715.3 £1) Da. The isotope-averaged mass calculated from
denaturation of the holoprotein appears to proceed withoutthe amino acid sequence is 20714.4 Da.
the accumulation of equilibrium folding intermediates. The  Mass spectra of apoWrbA display strong concentration
distinct behaviors of apo and holoWrbA are not explained dependence (Figure 4). As the protein concentration increases
by the differences in their pre-transition oligomeric states from 2.5 to 30uM, the species distribution shifts from a
because gel filtration generates similar elution profiles for prevalence of the monomer-specific envelope to a prevalence
the two proteins in 0.5 M GuHCI (apparent molecular weight of the dimer-specific one. Already at 2:8M the apparent
55, data not shown). The intermediate structures formed in fractions of monomeric and dimeric species are approxi-
the presence and absence of FMN must also differ. This canmately equal, as can be seen in Figure 4 and as confirmed
be inferred because if the structures were the same, therby measuring peak intensities (data not shown). At the
FMN binding should stabilize holoWrbA relative to apoWrba highest concentration tested (@®1), considerable amounts
rather than destabilizing it as observed here. of the tetramer are also detectable. These results agree with

The far-UV CD spectrum of the apoWrbA intermediate the tetrameric crystal structure Bf radioduranswWrbA (21)
at 1.4 M GuHCI (Figure 3b) is almost identical to that of and with ultracentrifugation analysis showing that WrbA
the thermally induced partially folded form, with a loss of undergoes a monomedimer—tetramer equilibrium &).
intensity above 220 nm relative to the native protein and Over the examined range of protein concentrations, the
the maintenance of a broad minimum below 220 nm. Thus, proportion of denatured protein relative to the folded
both thermal and chemical denaturation generate similarmonomer is approximately constant, but it progressively
partially folded forms that retain substantial secondary decreases relative to the total protein. This result suggests
structure. ApoWrbA unfolding by GuHCI is only partially that oligomers are more stable than monomers.
reversible. Spectra obtained after a 10-fold dilution from 6  Concentration-dependent mass spectra indicate that the
M GuHCI solutions indicate 8685% recovery of the signal  observed species distribution is sensitive to the pre-existing
at 222 nm compared to that of fresh WrbA solutions in 0.6 equilibrium in solution. In contrast, when monomers are
M GuHCI (data not shown). generated from complexes that dissociate during electrospray,

Oligomerization and Ligand Binding by ESI-MShe their relative amounts are nearly independent of the original
evidence reported above suggests that FMN may affect theprotein concentration4@). The data in Figure 4 indicate
oligomeric state of WrbA and that oligomerization may be that the monomerdimer transition has a midpoint between
a mechanism by which FMN confers enhanced thermore- 2.5 and 10uM, and the dimertetramer transition has a
sistance to the protein. Previous experiments at low protein midpoint above 3Q:M. The value for the dimertetramer
concentrations@) did not detect an effect of FMN on the equilibrium constant determined by analytical ultracentrifu-
hydrodynamic size of WrbA. However, excess cofactor was gation in 50 mM Tris HCI at pH 7.9, 0.1 M NaCl, and 10
found to increase the apparent molecular weight of:BD mM MgCl, at 4°C is approximately 1.4M (6). However,
WrbA in gel filtration (data not shown). Thus, the effect of the present results cannot be directly compared with previ-
FMN on the assembly of WrbA oligomers and their relative ously reported equilibrium data because the experiments
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a N b 17+ FMN. It is known that the compactness of 3D protein
- 1004 2 structures counteracts ionization during electrospray for both
z 2 504 single molecules and noncovalent complex&s.(Thus, the
E § 0 15 1M shift in CSD suggests that the holotetramer is more compact
] E 401 and/or less dynamic than the apotetramer, consistent with
8 2 50 the FT-IR results.
0 Fr T T T T The fine structure of the tetramer peaks at different FMN
1007 & concentrations is shown in the enlarged portion in Figure
£ 80 oo 20 uM £ 801 25 5b. Mass heterogeneity is evident within each charge state.
= n = M X
£ 00 - £ 607 The averageAm/z between adjacent peaks for the+17
< 40 ; 407 charge state is 26.4.7), implying a mass difference of
20 207 455.3 (£12) Da between adducts. This value closely matches
R RO~ the mass of FMN (last panel of Figure 5a; calculated
g '8%0 g 80 monoisotopic mass of neutral FMN is 456.1 Da). Thus, all
£ - oo SouM- 5 ) 50 pM peaks differing by this mass increment presumably differ
i o1 @ LL =:= 40 by one bound FMN. Complexes of the WrbA tetramer with
20 -Vm ]"4 90 0, 1, 2, 3, and 4 molecules of FMN bound can be identified
0 —— 0 T in Figure 5b, in agreement with the reported stoichiometry
1000 3800 5200 8000 4500 4800 5100 5400 5700 6000 of 1 FMN per protein subunit6 21). The characteristic
Lo T [;”szgﬁm+1q,r 2 80 m/z (Da) stoichior_netry of the C(_)m_plex revealed by the_ ESI-M_S study
2 o ] g bl emphasizes the specificity of the WrbAMN interaction.
Z zg | g %] 2 Very small amounts of the 1:5 complex are also detected,
ﬁ 20 1 ‘e 407 >4 consistent with CD evidence that FMN can also bind to the
2 50 g 20 1 = protein as a dimer. As shown in the lawz region of the
0 € o - spectrum at the bottom of Figure 5a, free FMN is also
457.2483.6 920 960 1000 0 10 20 30 40 50

detected both as the monomer and dimer, with predominance

of the monomer by a factor of-8 at a total FMN
Ficure 5: Protein-FMN interactions monitored by MS. NanoESI- . . .
MS spectra at 1@M WrbA with increasing concentrations of FMN. cpncgntratlon of 5M. This |s_a much larger fracuo_n of
Peaks are labeled as in Figure 4. All protein peaks are shown indimeric FMN than that predicted from the previously

the upper three panels of (a). The bottom panel of (a) shows thereported dimerization equilibrium constant of approximately
peaks of free FMN taken from the spectrum with 8@ cofactor. 10 mM in water at 25°C (44). This discrepancy is

In (b), the upper three panels show enlargements of the main ,re5maply due to the difference in conditions.
tetramer peaks with the FMN occupancy state indicated on the main Th d f the hol . ith
peak O, subunit with bound FMN). The bottom panel of (b) shows e expected mass of the holoprotein tetramer with no

the population distribution of occupancy states for WrbA tetramers FMN bound, calculated as 4 times the experimental mass of
with 0—4 FMN molecules bound, as measured from the intensity the monomer, is~82861 Da. In Figure 5b, however, the
of adduct peaks in mass-deconvoluted spectra atMQrotein. first peak in the series of adducts, assigned to the protein
] o with no FMN bound, has a mass 684796 Da. The mass
were performed at different ionic strengths, pH, and of the tetramer in the apoprotein sample is also larger than
temperatures. expected,~83322 Da. Discrepancies in the mass of non-
Ligand binding was investigated by the titration of a fixed covalent complexes relative to masses of their constituents
protein concentration (10M) with increasing concentrations  can be attributed to solvent trapping at intermolecular
of FMN. As shown in Figure 5a, the addition of FMN interfaces 89). The solvent thus accounts for an increase in
induces dramatic spectral changes that indicate progressivehe apparent molecular weight of the tetramer of 1935 and
tetramer formation at the expense of the dimer and monomer.461 Da in the presence and absence of FMN, respectively.
At 25 uM FMN and above, the tetramer represents almost This result indicates that the amount of solvent trapped within
100% of the molecular population, whereas, in the absencethe protein structure is considerably greater for the holo-
of FMN, 10uM WrbA presents no tetrameric species (Figure protein than for the apoprotein, consistent with a less dynamic
4 middle). The results indicate that FMN binding to WrbA holoprotein structure.
promotes tetramer formation. Figure 5a also shows that the Quantitation of the peak intensities of FMN adducts from
amount of monomer relative to the dimer remains ap- deconvoluted mass spectra (mass-asis) is shown in the
proximately constant, whereas the amount of tetramer relativepottom panel of Figure 5b. The species distribution is
to the total protein changes from 0%+tdl00%. This result  consistent with a multistep binding process that is not
indicates that FMN affects mainly the dimetetramer  strongly cooperative, in agreement with the equilibrium
equilibrium and not the monomedimer equilibrium. binding isotherm determined using fluorescence quenching
The comparison of the spectra reported in Figure 4 in 10 mM sodium phosphate buffer at pH 7.8).(The
(bottom) and in Figure 5a also shows that the main charge midpoint for disappearance of the unoccupied tetramer occurs
state (most intense peak) of the tetramer is shifted frorh 20 at approximately %M, in the same order of magnitude as
to 17+ upon the addition of FMN. This shift in CSD the value measured by fluorescene€(uM). These results
indicates that the holoprotein tetramer is less ionized during suggest that the ESI process accurately samples the pre-
electrospray than the apoprotein tetramer. This shift is not existing solution equilibrium of FMN binding to WrbA.
observed in the comparison of apo and holodimers, and Measurements at increasing nozzle temperature were
therefore, it cannot be ascribed to the negative charges ofperformed to evaluate the relative thermostability of WrbA

m/z (Da) Total FMN concentration (nM)
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unfolding. For WrbA, unfolding of monomers and dimers
is observed but tetramer dissociation is not. The unique
responses of the two systems reinforce the conclusion that
the ESI-MS measurements capture protein-specific features
despite the experimental conditions.

The envelope of the tetramer CSD shifts slightly toward
higher charge states at increasing temperature, indicating an
increasingly dynamic and/or less compact tetramer structure.
At nozzle temperatures of 13@ and above, small peaks
corresponding to WrbA octamers become detectable. This
result could reflect nonspecific effects such as an enhanced
signal yield of high molecular weight species due to
improved desolvation at high temperatudé)(and/or heat-
promoted aggregation. Nonspecific effects can be largely
ruled out, however, because these should also give rise to
pentamers, hexamers, and heptamers. Thus, the presence of
octamers suggests the possibility of specific interactions
between WrbA tetramers. Finally, enlargement of the low-
nVz regions of the spectra (not shown) indicates that the
amount of apoWrbA relative to that of the holoWrbA
monomer decreases slightly with increasing temperature.
Assuming that the main factor affecting peak intensity is the
loss of the analyte in insoluble aggregates, this result suggests
a minor stabilizing effect of FMN on the WrbA monomer
itself.

DISCUSSION

Complementary spectroscopic methods have been em-
ployed in this work to investigate the effect of FMN on

m/z (Da) . . . 21
FicURe 6: Thermal unfolding monitored by MS. NanoESI-MS WrbA oligomerization and stability. Because WrbA thermal

spectra of 1QuM WibA with 15 xM FMN at increasing nozzle unfolding is accompanied by the irreversible formation of

temperature. The main peak of each envelope is labeled by charge2dgregates, this study also focuses on protein aggregation.
state and oligomeric state as in Figure 4. In this regard, it is instructive to compare results obtained

by CD and IR. The CD signal is restricted to the contribution

oligomers. Although no control on the actual droplet tem- of molecules in solution, whereas IR also detects insoluble
perature can be achieved by this method, the observedaggregates. However, CD is compatible with lower protein
molecular species can be compared under identical condi-concentrations than with those required for IR. An analysis
tions. Control experiments indicate that the bulk sample in of WrbA thermal unfolding by IR spectroscopy in the
the electrospray capillary is unaffected by the nozzle tem- temperature range 2000 °C reveals a highly cooperative
perature (data not shown), implying that the observed spectraltransition from the native state to insoluble aggregates
changes are due to events taking place after droplet forma-without a detectable accumulation of intermediates. In
tion. Figure 6 shows results obtained with &M protein contrast, a soluble, partially folded form of the protein is
and 154M FMN, a condition that allows the detection of detectable by CD even at 10@. Thus, WrbA thermal
WrbA monomers, dimers, and tetramers. unfolding seems to proceed via the formation of an aggrega-

The distinct multimeric Species respond unique'y to tion-prone intermediate (Figure 7) that can be detected under
increasing the nozzle temperature from 85 to 1BD the conditions of CD measurements but is too short-lived to
Monomers and dimers are selectively depleted, resulting in Pe detected at the concentrations employed for IR spectros-
the detection of almost exclusively tetrameric WrbA at the COPY.
highest tested temperature. This result indicates that tetramer As judged by CD, similar intermediates accumulate during
dissociation is slow relative to the ionization/desolvation WrbA denaturation by either heat or GUHCI, indicating a
process, which occurs on the microsecond time scale.propensity of the protein to populate partially folded states
Selective depletion of monomers and dimers suggests thatduring conformational transitions. The intermediate state is
at higher nozzle temperatures these species unfold andcharacterized by substantial native-like secondary structure,
aggregate and that tetramers have a higher temperaturgeminiscent of equilibrium thermal unfolding intermediates
resistance than lower-order species. The intensity of tetramer+eported for some homologous flavodoxid&{48). Thus,
specific peaks remains almost constant in the exploredthe formation of metastable, native-like states may be a
temperature range. The behavior of the WrbA system during property of the twisted, opew/s3 fold. In the case of WrbA,
thermal treatment in ESI-MS is opposite to that observed in the intermediate state may be responsible for the nucleation
a similar study on bovine betalactoglobulin. In that case, of protein aggregates, making thermal unfolding irreversible.
dimers dissociate into folded monomers, indicating that It is generally believed that partially folded forms are
elevated temperatures promote dissociation without inducingresponsible for protein aggregation and that features of
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Temperature 2 the data reported here show that FMN dramatically shifts

A PMNE & the dimer-tetramer equilibrium but leaves the monomer
e= i (jz i dimer equilibrium almost unaffected. FMN may also exert
Native ?
N

a small influence on the thermal stability of WrbA mono-
Intermediates l mers, similar to its effect on the thermal stability of the
monomeric homologu®. desulfuricansflavodoxin (4).
8 Kt Modulation of thermoresistance by oligomerization is also
Tl B implied by the numerous cases in which the proteins of
thermophilic organisms display higher-order quaternary
structures than their mesophilic counterpafs)(

In contrast to its effect on thermal denaturation, FMN has

E 7. Model for the oligomerization and thermal aggregation no overall stabilizing effect against chemical unfolding. The
IGURE 7: i izati i ; ;
pathways of WrbA. Monomeric native WrbA can assemble into results with GUHCI suggest that the proteligand complex

dimers and tetramers. Tetramer formation is favored by the presencdS Sensitive to lower concentrations of the denaturant than
of FMN. Thermal denaturation partially unfolds the protein to an to those that elicit unfolding, leading to similar unfolding

aggregation-prone intermediate that has lost the native configurationmidpoints for the apo and holoproteins. Nevertheless, only
of the binding site but retains some interaction with FMN. At high  he apoprotein unfolds with a biphasic profile that indicates

protein concentrations, the intermediate undergoes further unfolding, . S - .
complete dissociation from FMN, and aggregation. The intermediate the accumulation of an equilibrium intermediate. Thus, FMN

is depicted as monomeric for simplicity, although no direct evidence Probably maintains some interactions with the protein at
is available on its assembly state. FMN is depicted as a triangle. intermediate GUHCI concentrations rather than being com-

_ _ _ _ pletely released. Nevertheless, the ordered orientation of the
|n_termed|ates can direct protein _as;embly pathways towardligand at the active site is lost at intermediate GUHCI
disordered aggregates or amyloid fibri#9¢-51). Thermal  concentrations, as judged from the loss of its CD signal.

aggregates often form via accumulation of intermolecular The crystal structures of WrbA proteins show that each
antiparallelf-sheets 22, 30-32), as observed here for apo of the three moieties of FMN, the isoalloxazine ring, the

?nd |h0|OV\LrbAt' In this Cas?’ tnlatmghehtcefs an?hmt][gmlo— ribityl tail, and the phosphate group, is contacted by residues
ecular j-sheets are completely absent from the final ag- jn a contiguous chain segmen®lj. These sites may,

gregat.es that accumulate during IR measuremgnts. It Sh.OUI herefore, present similar contact sites in folded and unfolded
t_)e pointed out that IR Spe_c”?‘ can reveal re_S|duaI natlVe'states. To produce the observed difference in stability
like secondary structures in m_soluble protein aggregatesy, .\ aq apo and holoWrbA, FMN must have lower affinity
when these are present, as in the inclusion bodies Nfor the unfolded state than for the folded state. Residual
recombinant bacteriz, 52, 53). . cofactor binding in the denatured state is observed in proteins
The presence of the FMN cpfactor hasoa dramatic effect of several fold classes including some flavodoxibg, 38).

on (tjh(_a Tm Off WIbA, shifting Ilot by.'m.ol c unde;f the To date only flavodoxins with relatively low FMN affinities
conditions of IR spectroscopy but with little or no effect on in their folded states, similar to that of native WrbA, show

the structure, two results that seem contradictory. CD oo ; ;
. ' S FMN binding to their denatured states6). Most flavodoxins
confirms both the thermostabilizing effect of FMN and the have much higher FMN affinities than WrbA, and not one

gblsence of rr;(ajglr st;acotgral changesb,laléhoutgh'lt'trf\slhift of them is yet reported to bind FMN in the unfolded state.
is less remarkable-{ ), presumably due to the lower Thus, high affinity is apparently neither a necessary nor a

concentrations of both protein ano! FMN. Analyss of WrbA sufficient condition to promote FMN binding in the unfolded
protein—protein and proteirtligand interactions by ESI-MS state

provides results that rationalize the mechanism of action of '

FMN inlenhancing the protein’s thermostapility. The_sg results REEERENCES
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