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MfpA from Mycobacterium tuberculosis is a founding member of the pentapeptide repeat class of proteins
(PRP) that is believed to confer bacterial resistance to the drug fluoroquinolone by mimicking the size, shape
and surface charge of duplex DNA. We show that phenylalanine side chain stacking stabilizes the N-terminus
of MfpA's pentapeptide thus extending the DNA mimicry analogy. The Lumry–Eyring model was applied to
multiple spectral measures of MfpA denaturation revealing that the MfpA dimer dissociates to monomers
which undergo a structural transition that leads to aggregation. MfpA retains high secondary and tertiary
structure content under denaturing conditions. Dimerization stabilizes MfpA's pentapeptide repeat fold. The
high Arrhenius activation energy of the barrier to aggregate formation rationalizes its stability. The me-
chanism of MfpA denaturation and refolding is a ‘double funnel’ energy landscape where the ‘native’ and
‘aggregate’ funnels are separated by the high barrier that is not overcome during in vitro refolding.
: +1 718 430 8565.
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1. Introduction

The Mycobacterium tuberculosis protein MfpA is a founding mem-
ber of the pentapeptide repeat class of proteins (PRP). MfpA confers
resistance to the antibiotic fluoroquinolone. Recent studies have
shown that the size, shape, and electrostatic surface potential of MfpA
are sufficiently similar to B-form DNA to suggest that these properties
mimic those of DNA [1,2]. Competition for DNA binding via mimicry is
proposed to explain inhibition of DNA gyrase activity by MfpA with
the resultant resistance to the antibiotic fluoroquinolone [3–5].

MfpA has the propensity to denature in vitro into a nonnative
structure that irreversibly aggregates upondenaturation [6]. Irreversible
protein denaturation and the formation of aggregates is not just an in
vitro artifact; it has been implicated in human pathology [7] and can
complicate bacterial over expression of proteins [8]. Unlike the well-
developed thermodynamic theory of the reversible denaturation and
refoldingproteins [9,10], a general theorydescribing irreversible folding
has not been developed. Clearly, the character of protein denaturation
and refolding reactions depends on the structure and stability of the
intermediates formed. Long-range ordering can precede formation of a
native protein conformation under highly denaturing conditions [11] or
in the ‘molten globule’ state [12,13]. Residual secondary and/or ter-
tiary structure in denatured protein can create structural nuclei pro-
moting formation both native and non-nativemonomeric or oligomeric
structures.
The novelty of the PRP fold hasmotivated our investigations into the
structure and stability of MfpA and its irreversible denaturation re-
action. In addition, the conjecture that MfpA mimics a deformed rather
than straight DNAduplexwhen binding to DNA gyrase [4] suggests that
the structure and/or the dynamics of the N-terminus of the protein that
include the dimerization interface may play a unique functional role. In
the present paper we explore the relationships betweenMfpA stability,
dimerization and the propensity of the denatured protein to aggregate.
2. Materials and methods

2.1. Protein and buffer preparation

The expression andpurification ofM. tuberculosisMfpA inEscherichia
coli is described elsewhere [1,6]. All experiments were conducted at pH
7.6 and 22.0 °C (except for the temperature induced transitions).
Temperature induced denaturation was conducted in buffer containing
10 mM KH2PO4, 25 mM KCl and 2 mM DTT. Sodium dodecyl sulfate
(SDS) induced denaturation was conducted in 5 mM Tris–HCl, 5 mM
KCl and2 mMDTT.Urea induceddenaturationwas conducted in 25 mM
Tris–HCl, 25 mMKCl, 4 mMMgCl2, 0.1 mMEDTA, 6%Glycerol and2 mM
DTT. Since theMfpA stock solution contains glycerol and NaCl andmost
experimental samples were prepared by dilution, trace amounts of
those components are present in the experimental samples. Control
experiments were conducted to confirm that identical MfpA fluores-
cence and CD spectral parameters were observed in all of the buff-
ers. MfpA concentration was determined by absorption using ε280=
17,070 M−1×cm−1 (MfpA monomer).
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mailto:khraps@einstein.yu.edu
mailto:michael.brenowitz@einstein.yu.edu
http://dx.doi.org/10.1016/j.bpc.2011.04.015
http://www.sciencedirect.com/science/journal/03014622


34 S. Khrapunov, M. Brenowitz / Biophysical Chemistry 159 (2011) 33–40
2.2. Circular dichroism (CD) spectroscopy

Far-UV CD spectra were recorded in either a 1 or 2 mm quartz
cuvette on a J-810 spectropolarimeter (Jasco Inc., Easton,MD) equipped
with a PTC-423S Peltier temperature control unit. Scans of 1–4 μM
solutions ofMfpAwere recorded from 240 to 190 nmat a bandwidth of
1 nm and scanning speed of 50 nm/min. Three spectral accumulations
were averaged. Near-UV CD spectra were recorded from 320 to 260 nm
as described above. The MfpA concentrations are reported in the figure
legends. The buffer contribution was subtracted from CD spectra ex-
pressed as the molar ellipticity, [θ], in deg⋅cm2⋅dmol−1. Background
was not subtracted from CD spectra expressed as a relative change in
ellipticity (θ in millidegrees).

2.3. Fluorescence and light scattering spectroscopy

Fluorescence measurements were made using a Fluoromax-3
spectrofluorometer (Jobin Yvon Inc., USA). Intrinsic fluorescence spectra
were obtained by excitation at 280 nm with the emission monitored
from 300 to 450 nm. The spectra are routinely corrected for the spectral
sensitivity of the instrument. Measurements were made at the magic
angle of 55° between the excitation and emission polarization vectors.
The buffer contribution was subtracted in all of the experiments. The
intensity of theRamanscatteringbandofwater is the internal standardof
spectrofluorometer sensitivity. Fluorescence anisotropy was calculated
by

Aλ =
Iv−GIh

Iv + 2GIh
ð1Þ

where Aλ is the fluorescence anisotropymeasured at a combination of
the excitation and emission wavelengths with the excitation polarizer
in the vertical position, Iv and Ih are the fluorescence intensities mea-
sured at the vertical and horizontal position of the emission polarizer,
and G is the instrumental factor accounting for the bias of the
detection system for vertically versus horizontally polarized light.

The ratio F1
F2= is a sensitive parameter reflecting a shift of fluo-

rescence λmax with an accuracy not less than±0.2 nm [14] where F1
and F2 are the fluorescence intensities at the half-width of fluorescence
spectra obtained at an experimental condition. Elastic Light Scattering
(ELS) was also recorded using the Fluoromax-3 spectrofluorometer.
Scattered light (350 nm)was collected at an angle of 90° to the incident
light.

2.4. MfpA denaturation and refolding by temperature

CD and fluorescence thermal stability experiments were per-
formed in buffer (section 2.1) between 10 and 90 °C with a constant
heating rate of 1 °C/min. The Lumry–Erying model of protein
denaturation [15] that invokes a rate limiting stage leading to an
irreversible structural transition of the protein was used to fit the
experimental temperature denaturation data of MfpA. We derived a
convenient expression for calculation of the integral of the Arrhenius
function based on the asymptotic expansion of the rational approx-
imations (see Supplement). This expression can be applied to any
biologically relevant process with an accuracy of 1.7 to 0.07% for a
value of Ea/RT between 10 and 50. The equation

fN = expð−1=
v
exp a

=Tk
� � T2

aðexpða= TÞ Þ ð2Þ

was derived from this expression where fN is the molar fraction of
native state, v=dT/dt is the scanning rate, a=Ea/R where Ea is the
Arrhenius activation energy and R is the gas constant and Tk is the
temperature at which the first-order rate constant given by the
Arrhenius equation, k=1 min−1, The denaturation transitions were
fit to Eq. (2) using Origin v6.1 (MicroCal). The basis for applying the
Lumry–Eyring model to this analysis and the development of Eq. (2)
are described in the Supplement.

The melting temperature was determined by fitting to transitions
to

fN =
1

1 + exp T−T1=2
� �

= sT
� �� ð3Þ

where fN is the molar fraction of native state, T is the temperature, T1/2
is themid-point of the transition and sT is the slope of the transition at
T1/2. Analysis using Eqs. (2) and (3) assumes that the pre- and post-
denaturation base lines are linear and can be extrapolated into the
transition. Accordingly, fN=(Yobs−YD)/(YN−YD), where Yobs is the
measured parameter. YN=k1*x+YN0 and YD=k2*x+YD0 where YN
and YD are the pre- and post-transition base lines, k1 and k2 are the
fitted parameters and YN0 and YD0 are initial and final values of the
measured parameters at T=0 K. The assumption of linear base lines is
supported by the fluorescence change that occurs upon denaturation
[16] and by the slight perturbation in the pre- and post-transition
regions (Fig. 2) that is consistent with temperature-dependent
changes in protein fluorescence [17].

2.5. MfpA denaturation and refolding by urea

Aliquots of MfpA to be analyzed spectrally were dissolved in buffer
containing 10 mMKH2PO4, 25 mMKCl and 2 mMDTTwithout or with
6.5 M urea and then passed into solution containing indicated
concentration of urea. Sample solutions were incubated at the
experimental temperature for 24 h prior to taking measurements.
The MfpA concentrations are provided in the legends to the figures.

2.6. MfpA denaturation and refolding by SDS

Aliquots from 2.0 and 100.0 mM SDS stock solutions prepared in
buffer containing 5 mMTris–HCl, 5 mMKCl and 2 mMDTT were added
stepwise to the protein dissolved in the same buffer. The samples were
incubated 3 h at the experimental temperature before measurements
were taken. Time course measurements demonstrated that this incu-
bation time is sufficient to reachequilibrium(data arenot shown).MfpA
denaturation titrations as a function of SDS concentration were fit to

Yobs = Yo + Y max−Yoð Þ⁎ xn
.

kd + xn
� �� �

ð4Þ

where Yobs; Ymax and Yo represent the observed, infinite and initial
values of the measured parameter, n is the number of binding sites
occupied by SDS per MfpA monomer, x is the unbound concentration
of SDS and kd is the apparent dissociation constant [18].

2.7. Ultracentrifugation

High speed centrifugation was performed using a TLA-120.2 rotor
in a Beckman Optima TLX ultracentrifuge at 80,000 rpm and 4 °C for
15 min.

3. Results

3.1. Thermal denaturation and refolding of MfpA

Temperature-induced denaturation and refolding of MfpA was
monitored by CD to follow changes in backbone conformation, intrinsic
fluorescence to follow oligomerization changes and exposure of the core
of the PRP fold and light scattering to follow aggregation. The char-
acteristic far UV CD spectrumof dimericMfpA [6] is evident at 20 °Cwith
negativepeaks at 195and218 nm(Fig. 1A, solid line). As the temperature
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is increased, the 195 nm negative peak becomes positive, the 218 nm
peak smoothes and a new peak at 208 nm appears. The native structure
vanishes by 70 °C afterwhich the spectrum is unchanged up to 90 °C, the
highest temperature analyzed (Fig. 1A, dashed line). The CD spectrum at
90 °C does not resemble a denatured protein but rather that of α/β
proteins [19]. The difference far-UV CD spectrum calculated between 90
and 20 °C shows two bands at 195 and 205 nm (Fig. 1A, inset); the
temperature-dependent transition followed using the 205 nm band is
highly concerted (Fig. 2A; Table 1).

Coupled oscillator interactions between aromatic side chains are
the source of the signal for the near-UV CD spectrum of MfpA. The
coupled oscillator interactions are distance dependent with shorter
distances normally leading to a stronger CD signal [20,21]. Although
the wavelength assignment of aromatic CD bands is not precise, the
assigned ranges [22] indicate that phenylalanine is the greatest
contributor to the MfpA near-UV CD spectrum with the 290 nm peak
reflecting tryptophan.

Together the high temperature CD spectra indicate a highly struc-
tured protein lacking the ordering around the aromatic residues
characteristic of native MfpA. The presence of appreciable structure at
high temperature is corroborated by MfpA's tryptophan fluorescence;
the high temperature emission λmax is intermediate to the emission
λmax values characteristic of native and denatured by urea proteins,
respectively (332b340b356 nm; Fig. 3A).

While fluorescence intensity and quantum yield are directly re-
lated to the mole fraction of states of the protein, emission λmax and
anisotropy are not [16]. However, the ratio F1/F2 (done at the half-
width for convenience; Fig. 2B, inset) is a state function since it
normalizes for quantum yield differences as λmax changes [14].
Temperature-induced denaturation of MfpA monitored by F1/F2 is
highly concerted with a lower Tm and higher activation energy than
that deduced from the CD transitions (Fig. 2B; Table 1).
MfpA aggregation during denaturation was followed by Elastic
Light Scattering (ELS). The ELS signal increases ten-fold as the
temperature is elevated (Fig. 2C). The ELS, CD and fluorescence
intensity transitions have identical values of Tm within experimental
error (Fig. 2, Table 1; Supplementary Fig. 1S). We fit these transitions
to the Lumry–Eyring model that describes this irreversible reaction as
a two step kinetic model N↔ I→F. Since the rate-limiting step is



Table 1
Energetic parameters characterizing the temperature dependent unfolding of M.
tuberculosis MfpA.

Methodd Ea (kcal/mol)a Tk (°C)b Tm (°C)c

CD205 44.8±4.0 65.3±1.3 55.4±0.4
F1/F2 69.5±6.9 55.9±0.7 51.3±0.3
ELS 161.1±35.6 55.0±0.4 54.0±0.2
Fint 65.6±5.7 60.6±0.8 55.1±0.3

a Ea, Arrhenius activation energy.
b Tk, temperature at which k (the first-order rate constant given by the Arrhenius

equation) equals one (min−1).
c Tm – melting temperature.
d CD205, ellipticity at 205 nm; F1/F2, the ratio of the fluorescence intensities at the

wings of the fluorescence spectrum; ELS, Elastic Light Scattering; Fint, integral
fluorescence intensity.
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denaturation, the formation of F can be approximated as N→F. (See
the supplement for the complete derivation.) This analysis provides
the Arrhenius activation energy reported by each spectral measure
(Table 1). The ELS transition is very steep resulting in a greater
Arrhenius activation energy than that calculated from the other
spectral measures. Since aggregation is a concentration dependent
process, it does not occur before the concentration of the transformed
MfpA molecules (as reported by CD and fluorescence) is sufficient to
initiate aggregation. The high Arrhenius aggregation activation energy
that is calculated for aggregation rationalizes the stability of the
aggregate and its inability to dissociate upon cooling.

We next sought to partition the CD, F1/F2 fluorescence ratio and
ELS transitions (Figs. 1 & 2) into the relative changes in MfpA se-
condary, tertiary and quaternary structure. Our goal is to determine
whether the changes in these components are independent, sequen-
tial or connected. The two additional fluorescence measures that aid
this analysis are the fluorescence spectrum half-width (Δλ½; defined
in Fig. 2B, insert) and Fint, the integral fluorescence intensity
(Supplementary Fig. 1S). Fint is a direct measure of the fraction of
the different MfpA conformers in solution; its sharp transition at
Tm=55.1±0.3 °C is almost coincident with the secondary structure
change reported by CD (Tm=55.4±0.4 °C).

Since the fluorescence emission spectrum of the protein is a sum of
the spectra of its fluorophores (three tryptophan residues in this
case), Δλ½ is a qualitative parameter that reflects changes in micro-
environment surrounding the fluorophores. We observe that Δλ½

becomes smaller at high temperatures. This decrease reflects greater
homogeneity in the environment surrounding the tryptophan resi-
dues of MfpA within the non-native aggregate compared with native
MfpA. The Δλ½ transition tracks with the other spectral signals
(Supplementary Fig. 1SB). The F1/F2 transition at lower temperature
(Tm=51.3±0.3 °C) reflects dissociation of the MfpA dimer into mo-
nomers which subsequently undergo a structural transition moni-
tored by the other spectral parameters (Table 1).

In summary, these data show that the changes in MfpA secondary,
tertiary and quaternary structure do not occur coincidently during
temperature dependent denaturation. Rather, MfpA dimers first
dissociate intomonomers. Under the denaturing condition of elevated
temperature the monomers undergo a structural transition that pre-
disposes them to aggregation. In order to characterize the denatur-
ation intermediates we extended our analysis to include chemical and
detergent mediated denaturation.

3.2. Urea denaturation and refolding of MfpA

MfpA denaturation, refolding and aggregation were also studied
using the chemical denaturant urea. Thefluorescence spectra obtained
for native, urea denatured and refolded from urea MfpA have distinct
fluorescence intensity and emission λmax values (Fig. 3A). Urea ad-
dition red shifts λmax from ~332 to 356 nm. Urea denaturation iso-
therms were generated for the fluorescence intensity ratio F1/F2, ELS
(Fig. 4A& B) and fluorescence anisotropy (Supplementary Fig. 2S). The
fluorescence data together reflect an increase in the polarity and
mobility of the tryptophan residues. The ELS denaturation transition
differs from the fluorescence titrations by peaking at 2.5–3.0 M urea,
midway through the fluorescence transition, and then decreasing to
the original level (Fig. 4B). The irreversibility of urea denaturation
described below precludes calculation of thermodynamic parameters
by linear extrapolation [23,24].

Refolding by either dialysis or dilution results in a partial blue shift
of the fluorescence spectrum to λmax≈342 nm. The far-UV CD spec-
trum of MfpA refolded from urea is characterized by the 206 nm peak
observed for the temperature refolded protein (Figs. 1A & 3B). This
spectrum is typical of proteins containing the canonical β-sheet
conformation [21], the lack of which characterizes the CD spectrum of
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the native MfpA (Fig. 3B and [6]). Its protein concentration inde-
pendence suggests that the MfpA far-UV CD spectrum reports intra-
molecular rather than intermolecular changes. In contrast, the near-
UV CD spectrum of MfpA completely disappears upon urea induced
denaturation. Native secondary and tertiary structures are not re-
covered upon refolding (Fig. 3C). Refolding followed by the F1/F2 ratio
(Fig. 4C) is characterized by a plateau in the fluorescence centered on
the aggregation maximum (Fig. 4D).

3.3. Removal of aggregate by centrifugation

We hypothesized that the chemical denaturant, urea denatures
MfpA through two stages. Urea first denatures MfpA through the
structural states observed for thermal denaturation; native molecules,
intermediates and MfpA aggregates are together in solution. Second,
aggregate formed in the first stage dissociate andMfpAmonomers are
completely denatured at high urea concentration. If the exchange
rates between these species are slow, removal of the aggregate would
allow the properties of the soluble protein fraction (native, interme-
diate and completely denatured protein in different ratios) to be
interrogated. We tested this hypothesis by ultracentrifuging urea
containing solutions to remove aggregate. The yield of soluble protein
was inversely related to the aggregate fraction reported by ELS con-
sistent with our hypothesis (Fig. 4B, compare open & closed symbols).

The urea titration monitored by the F1/F2 ratio is unchanged
following centrifugation (Fig. 4A). Since the F1/F2 ratio tracks the shift
from native to the intermediate and denatured species, this constancy
indicates that the intermediate structure is transformed before aggre-
gation. Refolding of the soluble fraction tracked by the F1/F2 ratio is
also unchanged by centrifugation (Fig. 4C). The plateau of the F1/F2
ratio coincident with the ELS peak (Fig. 4C & D) confirms formation of
the intermediate structure preceding aggregation. The ELS signal
reveals aggregates that are stable and remain in solution when urea is
completely removed following refolding (Fig. 4D).

In summary, the urea denaturation and refolding studies together
with the analysis of the soluble fraction following centrifugation are
consistent with the model that rationalizes thermal denaturation and
refolding; Dimer dissociation is followed by the monomers that in
turn undergo a structural transition that predisposes them to ag-
gregation. However, unlike the aggregate formed at high temperature,
the aggregate formed at moderate concentrations of urea is not stable
at high urea concentration. That there is also an energetic barrier that
prevents dissociation of the urea denatured protein is shown by the
residual aggregate present after refolding. The structural similarity
between the thermal and chemically generated aggregate is reflected
in the similarity of their CD spectra (Figs. 2 & 3).

3.4. Sodium dodecyl sulfate (SDS) denaturation and refolding of MfpA

The denaturation of proteins by detergents differs from the process
induced by thermal and chemical denaturation. Ionic detergents can
denatureproteins atmillimolar concentrations. They typically dissociate
oligomers before denaturing monomers which may retain significant
structure [25–28]. We have used the detergent SDS to stabilize the
intermediate in MfpA denaturation to enable its characterization.

MfpA migrates as a single band corresponding to the protein
monomer upon SDS-PAGE demonstrating that the detergent induces
dissociation without aggregation (data not shown). MfpA's far-UV CD
spectrum in SDS displays peaks that coincide with those of MfpA
refolded from urea (Figs. 3B & 5A). The two negative peaks at
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~206 nm and 222 nm are characteristic of proteins in SDS [26,27], that
typical of α/β proteins [21] and completely different from that of the
native MfpA [4,6]. The fluorescence emission λmax red shifts to
~342 nm indicating increased exposure of the Trp residues, again
recapitulating urea refolded MfpA (Fig. 5B). However the magnitude
of the decreases in fluorescence intensity (Fig. 5B) and anisotropy
(Fig. 5C) of the SDS denatured MfpA indicate greater Trp solvent
exposure than the urea denatured protein. This difference can be
attributed to the small fluorescence change that occurs when the
intermediates aggregate when refolded from urea.

These data show that the MfpA monomer in SDS has high se-
condary and tertiary structure content similar to that observed in urea
refolded MfpA aggregate. The SDS titration mid-point is ~0.5 mM
corresponding to 4–5 detergent molecules bound to each MfpA
monomer (Fig. 6). When SDS denaturation occurs at concentrations
below the critical micelle concentration, protein oligomer dissociation
rather than subunit denaturation is typically observed [26,29]. The
relatively small numbers of SDS molecules that bind to MfpA as well
as the changes in the spectral measures are consistent with this view.
In SDS, the MfpA dimer dissociates to monomers. These monomers
transform to an intermediate conformation, similar to that observed
upon thermal and chemical denaturation, but are prevented from
aggregating by the detergent.

4. Discussion

4.1. Biological significance of protein misfolding and aggregation

The view that protein misfolding followed by aggregation is an
in vitro artifact dissipated with the discovery and understanding of
protein misfolding diseases (amyloidoses) such as Alzheimer's, Par-
kinson's, prion-linked diseases and cataracts [7], inclusion bodies
formation when proteins are over expressed in bacteria [8] and drug
storage and delivery [30]. Protein misfolding and aggregation are part
of the natural folding energy landscape [31] and may be initiated
through thermal fluctuations occurring under physiological condi-
tions [11]. Functional amyloid fibers have been identified in bacteria,
fungi, insects, invertebrates and humans [32]. The discovery of func-
tional amyloid in E. coli[33] and gram-positive bacteria [34] provides
incentive for further study of this phenomenon in highly pathogenic
bacteria such as M. tuberculosis.

4.2. Energetics of MfpA denaturation and refolding

Poor thermal and environmental stability limit the application of
thermodynamic analysis to protein structural and unfolding reactions
that are not freely reversible. Thermodynamic functions, such as
changes in entropy and Gibbs functions [9,10] can not be extracted
from temperature-induced irreversible denaturation reactions. How-
ever in many cases protein irreversible denaturation can be described
by kinetic models such as that of Lumry–Eyring [15,35]. The Lumry–
Eyringmodel postulates that a denaturation process can bemodeled as
a rapid equilibrium between the native structure and an intermediate
(N↔ I) that is followed by a rate limiting conversion of the inter-
mediate to the final denatured state (I→F). Evidence supporting
application of this model is the existence of the “kinetic trap” shown
earlier for MfpA denaturation [6]. We therefore applied the Lumry–
Eyring model to the temperature denaturation transitions of MfpA
(see Supplementary Material for details).

The transition mid-points for the multiple measures of structural
changes used to follow the temperature-induced denaturation and
refolding reactions are almost coincident except for fluorescence
Δλmax (Figs. 2 & 1S, Table 1). The F1/F2 ratio that quantitatively tracks
Δλmax[14] and Δλ½ values measured at high temperature reflect high
polarity and a homogeneous environment surrounding MfpA's three
tryptophan residues. Of these three residues, the only buried
tryptophan (W154) is located at the dimer interface (Fig. 7C). The
observation that F1/F2 transitions at a lower temperature than the
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Fig. 7. Distribution of phenylalanine residues within the N-terminus of MfpA with (A)
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parameters that track global structure and aggregation indicates that
dimer dissociation precedes the structural transformation of mono-
mers that in turn leads to aggregation (Table 1). This transformation is
not reversible because of the high Arrhenius activation energy for
aggregation (Fig. 2, open symbols; Table 1). This conclusion was
validated by the urea denaturation studies.

Three possibilities are considered: i) if a protein aggregates most
strongly under native conditions, then the main species that aggre-
gates will be native in structure; ii) if denatured protein preferentially
aggregates, then the main species that aggregates is denatured in
structure; iii) if aggregation is strongest under conditions that are
intermediate between native and denatured, then the aggregating
species is an intermediate conformation. The maximal aggregation
measured at the mid-points of the denaturation and refolding tran-
sitions clearly favors scenario iii (Fig. 4).

We next asked whether the structural changes precede or follow
aggregation. Since all detectable secondary and tertiary structure is lost
at high urea concentrations the nature of the ‘denatured’ ensemble does
not appear to dictate the structure of refolded MfpA (Fig. 4). The
concentration independence of the secondary structure changes mea-
sured forMfpA refolding is consistencewith intramolecular rather than
intermolecular interactions (Fig. 3B). Lastly, the lack of concordance of
the changes in the F1/F2 ratio and aggregation upon refolding indicates
that the structure of the intermediates does not change upon
aggregation (Fig. 4C & D). This multiple lines of evidence provide
compelling evidence in support scenario iii and points to aggregation of
the intermediate rather than denatured MfpA conformation.

The SDS titration mid-point of ~0.5 mM is below the 3–5 mM
critical micelle concentration [29,36] and corresponds to 4–5
detergent molecules bound to each MfpA monomer (Fig. 6). At sub-
micellular concentrations SDS typically does not influence protein
structure [26]. It preferentially binds to cationic groups on the protein
that are located around hydrophobic clefts within which the
surfactant side chain can be accommodated [37]. The dimer interface
of MfpA fits well these criteria for SDS binding. The hydrophobic
pocket of the dimer interface is formed by two Trp, four Leu and the
hydrophobic side chains of twoα- helices framed by two Arg residues
(Fig. 7C). The anionic group of the SDSmolecule is envisioned to binds
to the cationic group of the Arg residues thus placing the alkyl chain of
SDS in the hydrophobic pocket of the dimer interface (Fig. 7C). That
MfpA's only α-helices are located in this pocket make the dimer
interface the probable binding site for SDS [38].

The spectral data suggests that dissociated MfpA monomers are
unstable and rapidly transform into the intermediate conformation.
Although contemporary calculation methods poorly capture the
secondary structure content of α/β proteins [39], the shape of the
far-UV CD spectra of the SDS denatured MfpA is typically for α/β [21]
and completely different from that of native MfpA (Fig. 5A). Bound
SDS prevents formation of the aggregate observed in thermally and
chemically denatured MfpA; β-sheet proteins are stable in SDS
containing solution [38]. Further support for SDS denatured MfpA
having the same or similar structure as the aggregation prone
intermediate in thermal and chemical denaturation is the correspon-
dence of the CD spectra of MfpA aggregate refolded from urea with
that of the MfpA monomers in SDS (Fig. 3 & 5). Clearly dimerization
plays a critical role in stabilizing the pentapeptide fold of MfpA.

4.3. The energetic landscape of MfpA denaturation and refolding

Protein folding can follow multiple pathways to the final native
structure. Since there is no a single route to the native state, our view
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of folding has evolved to that of a ‘landscape’ in which the unfolded
polypeptide chain searches for the native conformation along an
energy surface until the unique native structure is formed [33]. The
denaturation and refolding of MfpA can be described by the ‘double
funnel’ energy landscape [40] where the ‘native’ and ‘aggregation’
funnels are separated by a high kinetic energy barrier that is not
overcome during equilibrium refolding in vitro. Fig. 8 shows a simp-
lified two-dimensional scheme to represent the landscape that ra-
tionalizes the denaturation and refolding of MfpA induced by the
multiple denaturants studied.

The presence of a high energy barrier but not a difference in the
energy of native and intermediate forms of MfpA defines the pro-
bability of the structural transition. During denaturation, the MfpA
dimer first dissociates. The native-like monomers then undergo a
structural transition making them prone to aggregate. The aggregate
does not precipitate; they are in equilibrium with the transformed
monomeric intermediates. Dissociation of the aggregate and complete
denaturation of the monomers occurs at high detergent concentra-
tion. The structure of intermediates contains the typical β-sheet
conformation absent in the PRP fold of the native MfpA (Fig. 3B and
[6]) and lacks the stabilizing stacking interactions characteristic for
the native PRP fold (see below). The intermediate structure is the
same in the monomeric or aggregate states. The highest energy
barrier is between the aggregates and the native protein.

4.4. DNA mimicry by MfpA; phenylalanine side chain stacking stabilizes
the N-terminus of MfpA

Documented DNA mimicry by proteins typically includes the ne-
gative charge of the phosphate backbone, hydrogen-bonding properties
of the nucleotide bases and the bending and twisting of the DNA double
helix [2]. Native, but not temperature/urea denatured or refoldedMfpA,
has a distinctive near-UV CD spectrum (Fig. 1 & 3) resulting from strong
coupling of the aromatic transitions [20]. Seven of the ten phenylalanine
residues and two of the three tryptophan residues reside in the N-
terminus ofMfpA (Fig. 7). The coils of the pentapeptide repeat fold stack
directly atoponeanother [4]with thephenylalanine side chains forming
two stacks inside the tube formedby thefirst four complete coils (Fig. 7).

The stacks appear to stabilize the PRP fold analogously to nucleo-
tide base-pair stacking inside double-helical DNA. Denatured and
refolded MfpA lack this defining characteristic of the native protein.
Stabilization by phenylalanine side chain stacking of the N-terminal
portion of MfpA's pentapeptide repeat expands the motif of DNA
mimicry beyond size, shape and surface charge. These stacking inter-
actions together with interaction of the MfpA monomer C-termini
upon dimerization are crucial characteristics that stabilize the native
PRP fold of MfpA.
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