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ABSTRACT: To improve our understanding of the contribu-
tions of different stabilizing interactions to protein stability,
including that of residual structure in the unfolded state, the
small sweet protein monellin has been studied in both its two
variant forms, the naturally occurring double-chain variant
(dcMN) and the artificially created single-chain variant
(scMN). Equilibrium guanidine hydrochloride-induced unfold-
ing studies at pH 7 show that the standard free energy of
unfolding, AG°y, of dcMN to unfolded chains A and B and its
dependence on guanidine hydrochloride (GdnHCI) concentra-
tion are both independent of protein concentration, while the
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midpoint of unfolding has an exponential dependence on protein concentration. Hence, the unfolding of dcMN like that of scMN
can be described as two-state unfolding. The free energy of dissociation, AG®4, of the two free chains, A and B, from dcMN, as
measured by equilibrium binding studies, is significantly lower than AG°y, apparently because of the presence of residual structure
in free chain B. The value of AG®y, at the standard concentration of 1 M, is found to be ~5.5 kcal mol " higher for dcMN than for
scMN in the range from pH 4 to 9, over which unfolding appears to be two-state. Hence, dcMN appears to be more stable than
scMN. It seems that unfolded scMN is stabilized by residual structure that is absent in unfolded dcMN and/or that native scMN is
destabilized by strain that is relieved in native dcMN. The value of AG®y for both protein variants decreases with an increase in pH
from 4 to 9, apparently because of the thermodynamic coupling of unfolding to the protonation of a buried carboxylate side chain
whose pK, shifts from 4.5 in the unfolded state to 9 in the native state. Finally, it is shown that although the thermodynamic stabilities
of dcMN and scMN are very different, their kinetic stabilities with respect to unfolding in GdnHCI are very similar.

Proteins seem to be evolutionarily selected to possess marginal
stability, which not only is critical in many aspects of cellular
physiology"” but also allows proteins to respond rapidly to a
change in environmental conditions.” A consequence of the
marginal stability of proteins is that understanding the relative
contributions made by different stabilizing interactions becomes
difficult, especially in the context in which intrachain and chain—
solvent interactions are similar in type and similarly large in
magnitude in the folded and unfolded states. A large body of
work has implicated hydrophobic interactions* ® and the loss
of conformational entropy”” as the predominant determinants of
protein stability, although more recently, the importance of
hydrogen bonding and packing interactions in maintaining the
integrity of protein structure is being recognized again.”” ‘>
Multimeric proteins are stabilized by the same type of intrachain
and chain—solvent interactions as monomeric proteins, but in
addition, interchain interactions contribute significantly to multi-
meric protein stability.'> "¢ Understanding the contribution of
interchain interactions to protein stability is important because
cooperative intersubunit communication plays an important role
in allowing many of the regulatory aspects of protein function
that appear to be unique to multimeric proteins and oligomeric

; 171
protein assemblies.'” '
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Equilibrium unfolding studies of multimeric proteins can
delineate the energetics of the processes of chain association and
folding®>* and are therefore of potential utility in understand-
ing the folding of intrinsically disordered proteins that fold only
upon association with their binding partners.”>”*” Thermody-
namic characterization of the unfolding of multimeric proteins is
often not possible because of the difficulty in finding conditions
under which they unfold reversibly. Nevertheless, many multi-
meric proteins, including homodimeric P22 Arc repressor,13 GCN4,®
Trp repressor”” and YibK,*® heterodimeric leucine zipper AB,>"
histone H2A/H2B,** and mannose-binding lectin,®® as well as
the larger oligomers secB>* and GroES/ cpn10***° have proven
to be amenable to detailed thermodynamic analysis. In particular,
much has been learned from these studies about how enthalpy
and entropy can change in unforeseen ways during subunit
association and folding.

Studies comparing the thermodynamics of unfolding of a
multimeric protein and its monomeric (single-chain) counterpart
with the same sequence can provide insight into the contribution
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to protein stability of the loss in chain entropy that accompanies
folding and association, because the loss will be much greater for
the multimeric protein with the same sequence.”” Such studies
can also provide insight into the contribution to native state
stability of residual structure in the unfolded state®® because the
multimeric protein is less likely to possess such structure than its
single-chain counterpart. Such studies have been restricted either
to monomeric proteins for which heterodimeric countersparts
have been created by chain cleavage and/or fragmentation™ **
or to multimeric proteins for which monomeric variants have
been created by chain fusion at the genetic level.">**** An
attractive model system for understanding the roles that may
be played by chain entropy and residual unfolded state structure
in protein stability is the sweet plant protein monellin.

Naturally occurring monellin (dcMN), isolated originally
from the berry of an African plant, Dioscoreophyllum cuminisii,*°
is heterodimeric. Its two chains, A and B, are held together by
interchain hydrophobic interactions, H-bonds, and salt bridges,47749
and its biological activity (sweetness) is dependent on the
integrity of its secondary, tertiary, and quaternary structure.’*”*°
A sweet single-chain variant of monellin (MNEI or scMN) has
been created through genetic fusion, by joining the C-terminal
end of chain B to the N-terminal end of chain A with a Gly-Phe
linker. Single-chain monellin has been used extensively as a
model protein for folding studies.'**"% There have been
relatively few studies of the folding of dcMN,*®! partly because
of the heterogeneity observed in the commercially available
protein,®%> but the recent availability of a good bacterial
expression system® has made dcMN an attractive model protein
for the study of the folding of a heterodimeric protein. The
structures of dcMN and scMN are nearly identical (Figure 1a),
except at the linker region of scMN (Figure 1b,c), where there
appears to be a rearrangement of hydrogen bonds. The double-
chain and single-chain variants of monellin appear to be an ideal
system for investigating the contributions of intrachain and
interchain contributions to protein stability and folding.

We conducted equilibrium binding and unfolding studies with
dcMN. The GdnHCl-induced unfolding studies indicate that
unfolding is two-state: the fluorescence and far-UV circular
dichroism (CD)-monitored transitions are coincident, and the
free energy of unfolding as well as its dependence on GdnHCI
concentration is independent of protein concentration. It ap-
pears that unbound B chain, but not unbound A chain, possesses
residual structure in isolation. We also conducted equilibrium
unfolding studies with scMN and found that scMN is substan-
tially less stable than dcMN, even though their structures and
spectroscopic properties are very similar. The higher stability of
dcMN over scMN is seen over the entire range from pH 4 to 9
that was studied. The pH dependencies of the stabilities of the
two proteins are found to be similar. It appears that one reason
why dcMN is more stable than scMN could be that the unfolded
state of scMN may be stabilized by residual structure.

B MATERIALS AND METHODS

Reagents. All the reagents used were from Sigma and were of
the highest purity. GAnHCI was purchased from USB and was of
the highest purity. All the experiments were conducted at pH 7
(unless otherwise noted) in S0 mM phosphate buffer containing
0.25 mM EDTA and 1 mM DTT.

Preparation of dcMN, scMN, and the Chains of Monellin.
The method for the purification of single-chain monellin (MNEI,

Figure 1. Structural comparison of double-chain monellin (dcMN) and
single-chain monellin (scMN). Panel a shows the alignment of the main
chain peptide backbones of dcMN (blue and green) and scMN (red). dcMN
has two chains: chain A (blue, 5.4 kDa), comprising three antiparallel /3-
strands, and chain B (green, 6 kDa), comprising one long 0t-helix intersecting
with two antiparallel 3-strands. The five 3-strands form a single sheet. Panels
b and ¢ show the structure adjoining the linker region of scMN in both
proteins. The yellow dotted lines represent hydrogen bonds formed within
the protein molecule. The linker region of scMN appears to be constrained,
with the ¢ and 1 angles of GluS0 falling out of the allowed regions of the
Ramachandran plot, and with Glu48 and ArgS3 appearing to have unfavor-
able contacts. The structures were drawn using PYMOL (http://www.
pymol.org) from Protein Data Bank entries SMON®® and 11V7 (Kato et al,,
manuscript to be published) for dcMN and scMN, respectively.

here called scMN) has been described previously.*® dcMN was
purified by expressing the two subunits of the protein in
Escherichia coli [BL21*(DE3)] using a pET duet vector system.*>
The protein was purified using a protocol similar to that
described in ref S8 for the purification of scMN (MNEI). The
sequences of the expressed proteins have been reported
previously.**®® The purity of each protein was confirmed by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) and mass spectrometry.

The chains of monellin were purified from dcMN by using
reverse phase chromatography (RPC). Separation was per-
formed as described previously.”” For separation, the amount
of protein for each run of RPC was restricted to 4 mg of double-
chain monellin. After separation, methanol was removed by nitro-
gen purging. Briefly, nitrogen gas was blown onto the surface of each
solution, with care being taken to see that no bubbles formed in the
solution. The volume was allowed to reduce from 25 (100 uM) to
S mL by evaporation, increased to 10 mL by the addition of water,
and then reduced again to S mL. The chains were then lyophilized
and stored at —20 °C. Before the chains were used, they were
incubated in 6 M GdnHCI for 2 h, and the solution was then
desalted by the use of a Hi Trap desalting column (GE). Freshly
desalted chains were used for all experiments. It was found that this
procedure resulted in chains whose CD spectra and GdnHCI-
induced unfolding curves did not vary from one preparation to the
next. The purity of each protein or polypeptide was confirmed by
SDS—PAGE and mass spectrometry.

Protein labeling with TNB was conducted using DTNB [5/,5'-
dithiobis(2-nitrobenzoic acid)], as described previously.**

Fluorescence and CD Measurements. Fluorescence spectra
were recorded on a Fluoromax-4 spectrofluorimeter (Horiba) at

2435 dx.doi.org/10.1021/bi101955f |Biochemistry 2011, 50, 2434-2444


http://pubs.acs.org/action/showImage?doi=10.1021/bi101955f&iName=master.img-001.jpg&w=220&h=178

Biochemistry

a protein concentration of 10 #M. The protein was excited at
280 nm with a 0.6 nm bandwidth, and emission was collected
using a 10 nm bandwidth. The spectra of the TNB labeled
proteins were recorded by exciting the protein at 295 nm using
the same bandwidth settings. CD spectra were recorded using a
Jasco J-815 spectropolarimeter. Far-UV spectra were recorded
using a 0.2 cm cuvette at a protein concentration of 10 M, using
a scan speed of S0 nm/min and a DIT of 2 s. Near-UV CD
spectra were recorded at a protein concentration of 100 uM
using a 10 mm path length cuvette with the same instrument
settings that were used for acquiring the far-UV CD spectra. CD
spectra were recorded at a bandwidth of 1 nm.

Equilibrium Binding Study. Chain B (0.25 4M) was mixed
with varying concentrations of chain A, in the range of 0—2 uM.
Each solution was incubated for 3 h, before measurement of its
fluorescence. For fluorescence measurements, the protein was
excited at 280 nm and emission was collected at 340 nm using a
band-pass filter (Asahi spectra). Fluorescence measurements
were taken with the MOS 450 optical system from Biologic.

Equilibrium Unfolding Studies. GdnHCl-induced equilibri-
um unfolding transitions were monitored by measurement of
fluorescence intensity using the MOS 450 optical system. dcMN
was incubated in different concentrations of GAnHCI from 0 to 3
M for 48 h, until equilibrium was established, before measure-
ment of its fluorescence signal. For fluorescence measurements,
the protein sample was excited at 280 nm and emission was
collected at 340 nm using a 10 nm band-pass filter (Asahi
spectra). At pH 7, equilibrium unfolding curves were measured
at dcMN concentrations ranging from 1 to 40 M.

Equilibrium unfolding curves were measured at pH 4—10, at
protein concentrations of 10 and 5—10 uM for dcMN and
scMN, respectively; 50 mM sodium acetate buffer was used at pH
4 and 5, 50 mM sodium phosphate buffer at pH 6 and 7, 50 mM
Tris buffer at pH 8 and 9, and 50 mM sodium borate buffer at pH
10. In addition, the solutions contained 0.25 mM EDTA and
1 mM DTT. The equilibrium unfolding transitions were mon-
itored using fluorescence and far-UV CD as probes. At each pH,
each protein was incubated in different concentrations of
GdnHCI, for 72 h (dcMN) or 6 h (scMN). Fluorescence
measurements were taken as described above. CD measurements
at 222 nm were taken on a Jasco J-720 instrument, using a 0.2 cm
path length cuvette. For each measurement, the CD signal was
averaged for 120 s, using a response time of 4 s.

GdnHCl-induced equilibrium unfolding transitions of chain B
were performed at a concentration of 20 #M and were monitored
by CD at pH 7. Chain B was incubated for 2 h in different
concentrations of GAnHCl from 0 to 3.5 M before CD measure-
ments. CD measurements were taken with the same instrument
settings described above.

Unfolding Kinetics. The kinetics of unfolding of dcMN and
scMN were monitored by measurement of fluorescence at
340 nm upon excitation at 280 nm, using the MOS 450 optical
system. Unfolding kinetic studies were performed by manual
mixing; the dead time of the experiment was 10 s. Unfolding
studies of dcMN and scMN were conducted at protein concen-
trations of 10 and S uM, respectively.

Data Analysis. Two-State Model for the GdnHCl-Induced
Equilibrium Unfolding of scMN. A two-state N <> U model was
used for the analysis of the equilibrium unfolding of scMN, as
described previously.*®%°

Two-State Model for the Dissociation of dcMN into Chains A
and B. The equilibrium data for the binding of chain A (A) to

chain B (B) to form native dcMN (N) were analyzed on the basis
of the following scheme:

Ky
N<A+B (Scheme 1)
The dissociation constant, Ky, is defined as
[A][B]
Ky = (1)
[N]

Under standard conditions where N, A, and B are all present at
concentrations of 1 M, at 25 °C and pH 7, the free energy of
dissociation is equal to the standard free energy and, hence, is given by

AG°; = —RT In Ky (2)

In a binding study in which [Ao] and [By] are the concentra-
tions of chain A and chain B added to each other
([Ao] — [N])([Bo] — [N])

o= N o

Solving eq 3 for [N] gives

[Ao] + [Bo] -+ Ka == [([Ao] + [Bo] + Ka)* — 4[Ao][Bo]]"*

2

[N] =

(4)

If binding is monitored by the measurement of the change in
fluorescence intensity of chain B that occurs upon addition of
chain A to a fixed concentration of chain B, then the fluorescence
intensity, F, at any concentration of chain A is given by

F = Fp + AF[N] ()

where Fj is the fluorescence intensity of chain B in the absence of
any chain A and AF is change in fluorescence intensity that
occurs upon formation of a unit concentration of N. The
equilibrium binding data were analyzed using eqs 4 and 5.
Equilibrium GdnHCl-Induced Unfolding of dcMN. An equilib-
rium GdnHCl-induced unfolding experiment yields the free energy
of unfolding of N to unfolded chain A (Ay) and unfolded chain B
(By). A two-state model can be used to describe the unfolding of N:

Ky
N<Ay + By (Scheme 2)

The equilibrium constant for unfolding, Ky, is defined as
Ky = — — (6)

The total protein concentration, P, expressed as the total monomer
concentration is given by

[P] = [Au] + [Bu] +2[N] (7)
[Au] + Bu]  2[Ay]

A R o

From eqs 6, 8, and 9

(10)
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Under standard conditions where N, Ay, and By are all present
at concentrations of 1 M at 25 °C and pH 7, the free energy of
unfolding is equal to the standard free energy. The standard free
energy of unfolding is given by

AGOU = —RTIn KU (11)
Combining eqs 10 and 11
2e~AG/RT 2
< _ (12)
2] 1—fu

When the free energy of unfolding is linearly dependent on
denaturant concentration [D]

ki L Ao 0,00 —moD] (13)

2(1~ fu)
where AG°y(H,0) is the free energy of unfolding of N to Ay
and By in water.
At the midpoint (C,,) of the unfolding transition, f; = 0.5
when [D] = C,,,. Hence, from eq 13

_RT [P, AG°U(H;0)

Cin
my 4 my

(14)
Substituting 2e AGVRT /[P ] with s in eq 12 and solving the
resultant quadratic equation result in the following equation:

fu=05[—s+ (52—|—4s)1/2] (15)

For a two-state transition, any spectroscopic signal Y is the
weighted sum of the signals of native (Yy) and unfolded (Yy)
chains. Hence

Y —Yx

fo = Yo—Tx (16)

Equations 15 and 16 were used for analyzing all the equilib-
rium unfolding transitions of dcMN.

When the overall assembly of N from Ay and By can be
represented as

Ay+By <= A+B <N (Scheme 3)

the free energy of unfolding of dcMN is related to the free energy
of dissociation by

AGy = AGy + AGy™ + AGy® (17)

where AGy™ and AG" are the free energies of unfolding of
chains A and B, respectively.

pH Dependence of Stability. When a single titratable group in
a protein has different pK, values in the N and U forms (pKaN
and pK,Y, respectively), then the linkage between folding and
proton binding yields the following expression for the depen-
dence of the apparent free energy of unfolding (AG****;) on
pH:

1+ 10(pK,Y — pH)
1+ 10(pK,N — pH)

AGO’apPU = AGOU — 2.3RT log (18)
where AG®y is the free energy of unfolding of the protein with
the titratable group deprotonated in both N and U states.

Calculation of FRET Efficiency. The efficiency, E, of FRET for
any donor (D)—acceptor (A) pair is given by

F
E=1—--2A (19)
Fp
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Figure 2. Complementation of chains A and B to form native dcMN at pH
7. (a) Fluorescence spectra of 10 uM native dcMN (—) and 10 uM
reconstituted dcMN (---). Reconstituted dcMN was formed via incubation
of a mixture of 10 #M chain A and 10 #M chain B together for 1 h (). (b)
Far-UV CD spectra of 10 #M native dcMN (—) and 10 4M reconstituted
dcMN (--). Also shown in panels a and b are the fluorescence and far-UV
CD spectra, respectively, of 10 uM chain A (—-—) and 10 M chain B
(+++). (c) GdnHCl-induced equilibrium unfolding curves of native dcMN
(O) and reconstituted dcMN (). The solid line through the data was
drawn by inspection only. (d) Binding of chain A to chain B. Chain B (0.25
UM) was incubated with the indicated concentrations of chain A for 3 h.
Binding was monitored by measurement of the change in fluorescence at
340 nm. The solid line through the data is a nonlinear, least-squares fit to eq S.

where Fp, is the fluorescence intensity of the donor in the absence
of the acceptor and is measured in the unlabeled protein and Fpa
is the fluorescence intensity of the donor in the presence of the
acceptor and is measured in the labeled protein.

B RESULTS

Complementation of Chain A and Chain B To Form Native
dcMN. Reconstitution of dcMN from its constituent chains A
and B was conducted via incubation of equimolar concentrations
of the two polypeptide chains for 1 h. Figure 2a shows the
fluorescence spectra of native dcMN and reconstituted dcMN,
obtained upon excitation at 280 nm. Figure 2b shows the far-UV
CD spectra of native and reconstituted dcMN. The overlapping
spectra in each case suggest that reconstituted dcMN obtained by
chain complementation has the same structure as native dcMN.
Figure 2c shows that the stabilities of native and reconstituted
dcMN are the same: their GdnHCl-induced equilibrium unfold-
ing curves are superimposable. Hence, reconstituted dcMN
appears to have not only the same structure but also the same
stability as native dcMN. Figure 2a also shows the fluorescence
spectra of chain A and chain B. dcMN has one Trp residue and
two Tyr residues located in chain B. Hence, chain B shows
maximal emission at 350 nm, while chain A containing five Tyr
residues and no Trp residues shows maximal fluorescence
emission at 305 nm. The binding of chain A to chain B can be
conveniently monitored at 340 nm.
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Figure 3. Dependence on protein concentration of the equilibrium
unfolding transitions of dcMN at pH 7. (a) Representative GdnHCl-
induced equilibrium unfolding transitions at protein concentrations
[[P]/2 (see eq 7)] of 1 (@), 10 (A) and 40 uM (®). The solid lines
through the data are nonlinear, least-squares fits to eq 15. The fits yielded
values for AG°y(H,0) and my that are shown in panels b and c. (b)
Dependence of AG°(H,O) on protein concentration. (c) Dependence
of my on protein concentration. In panels b and ¢, the lines have been
drawn by inspection only. (d) Dependence of C,, on total monomer
protein concentration ([P,]). The inset shows In([P,]/4) vs Cp,. The
lines in panel d are least-squares fits to eq 14. In panels b—d, the error
bars represent standard deviations determined from measurements
taken in three separate experiments.

Figure 2d shows the fluorescence-monitored binding curve
obtained via addition of varying concentrations of chain A to
solutions containing a fixed (0.25 #M) concentration of chain B.
The binding curve is hyperbolic, reaching a saturating fluores-
cence value. The data were analyzed on the basis of a simple two-
state binding model (Scheme 1). The value obtained for the
dissociation constant, Ky, is 0.04 M. The standard free energy of
dissociation of the two chains of dcMN is therefore 10 kcal mol . It
should be noted that because it was possible to titrate chain A
against a very low concentration of chain B, the binding curve
does not yield merely the 1:1 binding stoichiometery but a
reliable value for the dissociation constant.

Determination of the Stability of dcMN Determined from
Equilibrium Unfolding Studies at Different Protein Concen-
trations. GdnHCl-induced equilibrium unfolding studies were
conducted at various protein concentrations ranging from 1 to 40
uM [[P] = 2—80 uM (see eq 7)]. Figure 3a shows the
fluorescence-monitored GdnHCl-induced equilibrium unfold-
ing curves obtained for dcMN at protein concentrations of 1, 10,
and 40 uM. The GdnHCl-induced equilibrium unfolding curve
for 10 uM protein was also monitored by far-UV CD (see
below). The observation that the plots of f; versus GdnHCI
concentration, when determined by the two different probes, are
coincident suggested that the unfolding of dcMN is a two-state
process (Scheme 2). It was also found that the unfolding of
dcMN was completely reversible: when completely unfolded
dcMN was refolded by dilution of GAnHCI, the fluorescence and
far-UV CD properties of native dcMN were fully recovered (data
not shown). Hence, it became possible to conduct a thermodynamic
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Figure 4. Characterization of structure in isolated chains A and B at pH
7. (a) Far-UV CD spectra of chain A (thin solid line), unfolded chain A
in 3 M GdnHCI (thin dashed line), chain B (thick solid line), and
unfolded chain B in 3 M GdnHCI (thick dashed line). All spectra were
recorded at chain concentrations of 20 uM. (b) GdnHCl-induced
equilibrium unfolding curve obtained for chain B. The transition was
monitored by measurement of CD at 222 nm. The solid line through the
data is a nonlinear least-squares fit to the equation for a two-state N <>
U transition,® using values for AG°®, and my® of 2 keal mol 'and

1.1 keal mol ™" M ™", respectively.

analysis of its stability. The values for AG°(H,O) (Figure 3b)
and my, (Figure 3c) do not depend on protein concentration, and
the average values of AG°y(H,0) and my are 11.4 & 0.2 keal
mol ™" and 4.2 £ 0.2 kcal mol ' M ', respectively. The value of
C. increases with an increase in protein concentration
(Figure 3a), which is a characteristic feature of multimeric
proteins. The dependence of C, on protein concentration
expressed as total monomer concentration, [Pt] (eq 7)
(Figure 3d), was analyzed according to eq 14. The intercept
and slope of the plot of C,, versus In([P,]/4) (Figure 3d, inset)
yield values for AG°,(H,0) and my of 11.1 kcal mol ™' and 3.8
kcal mol ' M, respectively. These values are in good agree-
ment with the average AG°(H,0) and my; values determined
from panels b and c of Figure 3, especially given the long
extrapolation that is evident in the inset of Figure 3d.

Residual Structure Is Present in Chain B of dcMN. Figure 4a
shows the far-UV CD spectra of individual chains A and B, in
their native states as well as in the unfolded states. The spectra
indicate that chain B possesses residual structure that disappears
upon addition of 3 M GdnHCI. It should be noted that great care
had to be taken during the isolation of chain B (see Materials and
Methods) to obtain reproducible spectra in the native state.
Figure 4b shows that the far-UV CD-monitored GdnHCI-
induced equilibrium unfolding transition of chain B is broad
but still appears sigmoidal. Two-state ana%}ysis of the transition
yields a value of 2.0 kcal mol™ ' for AG>"(H,0). This value
does not, however, appear to be reliable as other combinations of
values for AG*®,(H,0) and my" also yielded equally satisfac-
tory fits. Nevertheless, the data suggest that chain B does contain
residual structure that is melted out upon addition of denaturant.
It should also be noted that even though chain A displays
significant ellipticity at ~220 nm, it was difficult to establish
the presence of residual structure in chain A, because of its
propensity to aggregate.

pH Dependence of the Equilibrium Unfolding Reactions
of dcMN and scMN. To compare the relative stabilities of dcMN
and scMN, equilibrium unfolding studies of dcMN and scMN
were conducted over pH range of 4—9 and 4—10, respectively.
Both fluorescence at 340 nm and far-UV CD at 222 nm were
used as probes to determine whether unfolding is two-state over
this pH range and then to determine the stabilities of the two
proteins. Figure Sa shows that far-UV CD and fluorescence-
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monitored equilibrium unfolding transitions of 10 M dcMN are
coincident at pH 4, 7, and 9. Figure Sb does likewise for 10 M
scMN at pH 4, 7, and 10. Previous studies of scMN had shown
that the equilibrium unfolding transition was independent of
protein concentration™® as expected for a monomeric protein.
Equilibrium unfolding studies were also conducted at pH <4 for
both proteins, but it was not obvious that the transitions were
two-state for either protein (data not shown).

Two-state analysis of the equilibrium unfolding transitions in
the pH range of 4—10, of the single-chain and double-chain
variants of monellin, as described in Materials and Methods, yielded
values for AG°(H,O), my, and C,, as a function of pH (Figure 6).
Both dcMN and scMN are seen to have maximal stability at
pH 4, which decreases with an increase in pH to pH 9. dcMN
appears to be more stable than scMN, by a AAG®(H,0) of ~5.5 +
0.5 kcal mol ™', over the entire pH range (Figure 6a). The my
values also appear to be independent of pH in the range of 4—10,
with the values for scMN being significantly lower than those for
dcMN (Figure 6b) At each pH value, the C,, value is higher for
scMN than for dcMN, but it should be noted that the C,, for the
dimeric protein increases with protein concentration (Figure 3).

The Spectroscopic Properties of dcMN and scMN Are
Similar. It was important to determine whether the difference
in the stabilities of dcMN and scMN is due to differences in their
structures, in the folded or unfolded states. Figure 7 compares the

o 1 2 3
[GdnHCI] (M)

[GdnHCI] (M)

Figure 5. pH dependencies of the equilibrium unfolding transitions of
dcNM and scMN. (a) Equilibrium unfolding of dcMN. The GdnHCI-
induced transitions were monitored by measurement of the fluorescence
at 340 nm (filled symbols) and far-UV CD at 222 nm (empty symbols)
at pH 9 (@), 7 (A), and 4 (®). The displayed plots of f; vs GAnHCl
concentration were obtained from the raw data using eq 16. The solid
lines through the data are nonlinear least-squares fits to eq 1S. (b)
Equilibrium unfolding of scMN at pH 10 (®), 7 (A), and 4 (®). The
solid lines through the data are nonlinear least-squares fits to the
equation for a two-state N <> U transition.%® The values obtained for
AG°y(H,0) and my, are shown in Figure 6.

far-UV CD (Figure 7a), near-UV CD (Figure 7b), and fluores-
cence (Figure 7c) spectra of the two proteins in their folded and
unfolded states. For the native states of the two proteins, all three
spectra are very similar for both proteins. For the unfolded states,
the far-UV CD and fluorescence spectra are very similar, but the
near-UV CD spectra, while similar in shape, appear to report
reproducibly different values for the mean residue ellipticity (MRE).
The difference in the near-UV CD spectra of the unfolded
proteins is indeed very small but was seen consistently in multiple
acquisitions of the spectra. From the spectroscopic studies, it
therefore appears that the native states of dcMN and scMN are
very similar in structure, while the unfolded states might be
marginally different in conformation.

Measurement of an Intramolecular Distance in dcMN and
SCMN. To determine whether there is indeed a difference in the
unfolded state conformations of dcMN and scMN, a single
intramolecular distance between Trp4 and Cys42 was measured
in both proteins by fluorescence resonance energy transfer
(FRET) between Trp4 (the FRET donor) and a TNB adduct
(the FRET acceptor) covalently attached to Cys42. Both Trp4
and Cys42 are located in chain B of dcMN, and the goal was to
measure whether there is a difference in the efficiency in FRET
from Trp4 to Cys42TNB as a consequence of the distance
separating the donor and acceptor being different in the two
proteins. In previous work with scMN, FRET had been shown to
be powerful tool for measuring conformational change during
unfolding, and the utilitg/ of monellin for FRET measurements
has been established.'"® Figure 8 shows the fluorescence spectra
of the single-chain and double-chain variants of monellin, in the
folded and unfolded states. It is seen that the FRET efficiency' " is
identical for the native states of the two proteins, again indicating
that the native states have very similar structures. The FRET
efficiencies are different for the unfolded states of the two
proteins. The difference is small (see the legend of Figure 8)
but was consistently obtained and indicates that free unfolded
chain B (in unfolded dcMN) may have a conformation different
from that of the chain B segment of unfolded scMN.

dcMN and scMN Unfold at Similar Rates. Both scMN>® and
dcMN (data not shown) unfold with single-exponential kinetics,
when unfolding is monitored by measurement of fluorescence at
340 nm. Figure 9 shows that the apparent rate constants of
unfolding in the range of GAnHCI concentrations from 2 to 6 M
are very similar for the two proteins. This result indicates that
even though the two proteins have very different stabilities, the
free energies of activation for unfolding are very similar in value in
the two cases. Kinetic stabilities are similar even though
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Figure 6. pH dependence of the thermodynamic parameters governing equilibrium unfolding of (®) dcMN and (O) scMN. Panels a—c show the pH
dependencies of AG°(H,0), my;, and C,, respectively. The solid lines through the data in panel a are described by eq 18, with values for pKaU and pKaN
of 4.5 and 9, respectively. The lines through the data in panels b and c have been drawn by inspection only. The error bars represent the standard errors of

measurement obtained from two separate experiments.
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Figure 8. Fluorescence spectra of TNB-labeled and unlabeled proteins at
pH 7. Panels a and b show the spectra for dcMN and wild-type scMN,
respectively. dcMN was labeled at the sole cysteine residue (C42) in chain
B, and scMN was also labeled at the corresponding cysteine residue (C42).
The solid and long-dash lines represent the fluorescence spectra of the
unlabeled and labeled native proteins, respectively, while the short-dash line
and the dotted line represent the fluorescence spectra of unfolded proteins
in 4 M GdnHCI. All spectra were recorded at a protein concentration of
10 uM. The FRET efficiencies were calculated from the fluorescence
spectra, using eq 19; they are 0.95 for native dcMN, 0.23 for unfolded
dcMN, 0.96 for native scMN, and 0.18 for unfolded scMN.

0 2 4 6 8
[GdnHCI] (M)

Figure 9. Unfolding kinetics of dcMN and scMN at pH 7. The apparent
rate constants of unfolding of dcMN (@) and scMN (O) were obtained by
fitting the fluorescence-monitored kinetic traces of unfolding in different
concentrations of GdnHCl to a single-exponential equation. The error bars
reflect the spreads in measurements from two separate experiments.

thermodynamic stabilities are very different. It is unlikely that this
result would have been observed if the two native states differed
significantly in their structures and stabilizing free energies.

W DISCUSSION

Apparent Two-State Unfolding of Monellin. Earlier equi-
librium unfolding studies'*® had shown that scMN undergoes

apparent two-state unfolding at pH 7 and 8. In this study, by the
criterion that the equilibrium unfolding curves monitored by
fluorescence and CD are coincident (Figure S), it is seen that the
equilibrium unfolding of scMN can be described as two-state in
the pH range of 4—10. This study also shows, using the same
criterion of coincident fluorescence and CD-monitored equilib-
rium unfolding curves (Figure S), that equilibrium unfolding of
dcMN can be approximated as two-state unfolding in the pH
range of 4—9.

Several other dimeric proteins also appear to display two-state
unfolding and folding behavior in equilibrium studies.'>**** The
folding of a dimeric protein involves both binding and structure
formation. The probability of both events happening simulta-
neously is negligible, given that both are stochastic events. It is
possible that the binding event is silent to and, hence, cannot be
detected by spectroscopic change, and that the entire fluores-
cence and CD change occurs only during the structure formation
(folding) step. In that case, the structure formation step would
appear to be a two-state step. It is more likely that unfolding or
folding occurs in multiple steps but that partially folded inter-
mediates are unstable and, hence, populated too sparsely at
equilibrium to be detected for some dimeric proteins. Partially
folded intermediates can be seen to accumulate transiently
during the folding of dimeric proteins, whose folding and
unfolding appear to be two-state steps in equilibrium studies.***’

Coupling of Binding and Folding. Denaturant-induced
equilibrium unfolding studies measure the free energy difference
between the native and unfolded states of a protein under
refolding conditions. Thus, for dcMN, the measured free energy
difference is between state N and states Ay and By (Scheme 2). If
chains A and B were to exist in the completely unfolded
conformations, Ay and By, respectively, when free in solution,
then the free energy of unfolding of dcMN, AG°y, would be the
same as the free energy of dissociation of dcMN into chains A and
B, AG°4. The value of AG® is 10 kcal mol ™, similar to that
reported previously.®" This is significantly lower than the value of
11.4 keal mol ™! obtained for AG®y. The difference of 1.4 kcal
mol ' would represent the free energy of unfolding of residual
structure present in free chains A and B (eq 17).

Chain B does indeed appear to possess residual structure that
is lost upon addition of GdnHCI (Figure 4). It is less clear
whether chain A also possesses residual structure. The equilib-
rium unfolding transition of chain B has a broad but sigmoidal
dependence on GdnHCI concentration. Although it can be fit
well to a two-state B <> By model for unfolding, the value of ~2
keal mol ! obtained for AG™®, the free energy of unfolding of
free chain B, is not very robust: other values also fit the data
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equally well. Nevertheless, the data in Figure 4 strongly suggest
that the origin of the difference observed in AG°y and AG®4
must lie in the residual structure present in free chain B. Hence,
the overall assembly of unfolded chains A and B into native
protein can be represented by Scheme 3 (see Materials and
Methods). In Scheme 3, A and B represent monomeric inter-
mediates in the overall assembly—folding reaction starting from
Ay and By, respectively. In the equilibrium unfolding experi-
ments, A and B are populated too sparsely to be detected; hence,
the unfolding of dcMN appears to be a two-state process. It is
expected that kinetic studies, now in progress, will be able to
determine whether A and B do indeed accumulate transiently
during the folding of Ay and By to dcMN.

Monomeric intermediates in the folding of a dimeric protein
are likely to be observable only at a low protein concentration in
the range of the equilibrium constant for the dissociation of the
dimeric protein. Not surprisingly then, instances of monomeric
intermediates being reported to accumulate in the assembly of a
dimeric protein are rare.*” There are more instances reported of
dimeric intermediates populated during the assembly of multi-
meric proteins>>*>% because they are populated at higher protein
concentrations where equilibrium unfolding studies are amenable.
When intermediates in the assembly of multimeric proteins cannot
be directly detected, their presence may manifest itself in measured
AG°y and my values being dependent on protein concentra-
tion.***® In the case of dcMN, the observation (Figure S) that
AG®°y and myy do not change with a change in protein concentration
suggests that any unfolding intermediate present at equilibrium is so
sparsely populated that a single AG° and my; value can adequately
account for the dependence of the midpoint of the unfolding
transition on protein concentration (Figure 3d).

pH Dependence of the Unfolding of dcMN and scMN. A
difference in the pK, values for an ionizable group in the folded
and unfolded states of a protein can contribute to the depen-
dence of its stability on pH.®” In the case of monellin, the
observed decrease in stability with an increase in pH from 4 to 10
(Figure 6) can be ascribed to a linkage of folding to the
protonation of a group whose pK, increases from ~4.5 in U to
~9 in N. Because there is no His residue in monellin, the
ionizable group is likely to be the carboxylate side chain of a
Glu or Asp residue, whose pK, is expected to be ~4.5 in U, and
whose pK, can be expected to be high if it is either buried in a
nonpolar environment or near a negative charge in N. In
monellin, the side chains of Glu26 and Asp27 in chain A and
the side chain of Glu23 in chain B are buried in N: they expose
=<10% of their solvent-accessible surface areas in the native state
of dcMN as well as that of scMN. Of these three residues, only
the side chain of Glu23 in chain B does not have the positively
charged side chain of a Lys or Arg residue in its immediate
proximity that could neutralize its charge, nor does it appear to be
hydrogen-bonded to any other residue. Hence, it is likely that it is
the side chain of Glu23 that has an abnormally high pK, in N;
consequently, its side chain does not deprotonate and become
charged in the pH range of 4—10. Large increases’® ~ as well as
decreases” in the pK, values of buried ionizable side chains have
been reported to account for the pH dependencies of the stabilities
of several other proteins, and factors determining the pK, values of
buried ionizable groups have been described previously.”*

Comparison of the Stabilities of dcMN and scMN. It is of
interest to compare the stabilities of dcMN and scMN. The value
of AG°, for dcMN is ~5.5 keal mol ™+ larger than that for scMN
over the entire pH range from 4 to 9. Both scMN and dcMN have

virtually identical structures; hence, the enthalpic contributions
to stability should be very similar. The entropic contributions
should, however, be very different. In the case of dcMN, the
standard free energy of unfolding, AG®y, is the sum of the
intrinsic stability, AG®, which is generally positive, and an
entropic free energy, AG®s, which is generally negative because of
the gain in translational and rotational entropy as a result of
dissociation.”* The gain in translational entropy upon dissociation
has been estimated as R In $5.5;*7%"” hence, this cratic entropic
contribution of RT In 55.5 to AG® in the case of the unfolding of
dcMN is calculated to be 2.4 kecal mol ™" at 25 °C. Thus, in the case
of monellin, even the intrinsic stability of dcMN is ~3.1 kcal mol '
greater than that of scMN. This result suggests that when stability is
measured as AG®y at a standard concentration of 1 M, which is
usually done, it is not possible to exclude the possibility that single-
chain variants of other proteins may also be less intrinsically stable
than their multichain counterparts.

Nevertheless, this possibility rarely appears to manifest itself
when stability is measured as AG®y at the standard concentra-
tion of 1 M. For example, the artificially created single-chain
variants of gene V protein, bacteriophage f1** and GroES'® are
more stable than their naturally occurring multimeric forms, the
disulfide-bridged coil —coil domain of laminin is more stable than
its unbridged counterpart,78 and ribonuclease A is more stable
than its artificially created two-chain variant, ribonuclease S.””*°
In the case of thioredoxin, while one artificially created two-chain
variant is nearly as stable as the naturally occurring single-chain
variant,” another is less stable.®" Clearly, for a multimeric protein
whose chains are connected covalently, the decrease in entropy
when the unfolded chains of the multichain variant are joined
together in a single unfolded chain of the single chain variant
usually leads to AG®y for the multichain variant being smaller
than that for the single-chain variant. It is therefore surprising
that the unfolding of dcMN is seen to be accompanied by a larger
standard free energy change than the unfolding of scMN.

One reason why AG°y for scMN is less than that for dceMN
could be that the native state of scMN is strained, and the strain in
the native state® **is released when there is a break in the chain
as in dcMN. The increased entropy in the native state of dcMN
would lower its free energy relative to that of scMN. The
structure of scMN indicates that at least one residue in the
region of the linker joining chain A to chain B is constrained
(Figure 1). The observations that the observed unfolding rate
constants of dcMN and scMN are similar and that their
dependencies on denaturant concentration are not very different
suggest that the greater stability of dcMN is not derived from a
slower unfolding rate constant. The rate constants of unfolding
are expected to be similar when the specific interactions main-
taining the native state structure are identical in dcMN and
scMN. Hence, the structure of scMN is unlikely to be strained in
a manner in which the structure of dcMN is not. Alternatively,
there could be strain in scMN, and that strain could be relieved
before the rate-limiting step of unfolding. It is known that the
unfolding of scMN begins with the formation of a dry molten
globule'" in which packing interactions become looser, and it is
possible that strain in the structure of scMN is absent in the dry
molten globule.

Another reason could be that the unfolded state of scMN is
stabilized with respect to that of dcMN because of the presence
of residual stabilizing structure in the former but not in the latter.
For example, stabilizing structure in the unfolded form of barstar
has been shown to reduce its stability.**There is some evidence
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of residual structure in the unfolded state of scMN. One indicator
is that the value of my is significantly larger for dcMN than for
scMN (Figure S), indicating that much more surface area
becomes solvent-accessible when dcMN unfolds than when
scMN unfolds. Another indicator is that the near-UV CD spectrum
of unfolded dcMN is different from that of scMN, albeit to a small
extent (Figure 7). A third pointer is that several intramolecular
distances in scMN are shorter than the distances expected for a
random coil.'' In this study, it is seen that an intramolecular
distance measured by FRET is different in By, (from dcMN) and U
(from scMN) (Figure 8), albeit to a small extent. Although the data
indicate that the distance is shorter in Byy than in U, it also suggests
that the conformation of the By is different from that of the B chain
segment in U. At present, it is not possible to determine why the
unfolding of dcMN is accompanied by a larger free energy change
than the unfolding of scMN, but it appears that monellin may have
evolved to exist in a two-chain form in nature because the two-chain
form is more stable than the one-chain form.

Finally, it is important to understand the meaning of the
difference in the standard free energies of unfolding of dcMN and
scMN. At pH 7, the value of AG®, for scMN (6.2 kcal mol ")
indicates that the value of f; is 3 X 10 °. For a dimeric protein,
the value of f; depends on the value of [P,] (eq 12). For dcMN at
pH 7, the value of AG°y (11.4 kcal mol ") indicates that the
value of fi; is 0.07 when [P,] = 1 uM, 0.02 when [P,] = 10 uM,
and 0.008 when [P,] = 100 4M. The value of fi; for dcMN
becomes smaller than that for scMN only for protein concentra-
tions in the molar range. It is important to remember that the
stabilities that are being compared are standard free energies that
are determined under the arbitrarily chosen standard conditions
when reactants and products are all present at concentrations of 1 M
at 25 °C and pH 7 (see Data Analysis). In this context, two points
need to be considered when comparing the stabilities of the single-
chain and two-chain variants of the same protein. (1) The free
energy of unfolding of the double-chain protein decreases with an
increase in concentration. The stability of dcMN becomes lower
than that of scMN at micromolar protein concentrations, when
[P] < 100 uM. (2) The value of the free energy of unfolding of a
double-chain grotein depends on the choice of the standard
concentration.” For example, if 1 #M had been chosen as the
standard concentration instead of the conventional value of 1 M,
then the standard free energy of unfolding of double-chain monellin
would have been found to be lower than that of its single-chain
counterpart. Clearly, comparing the stabilities of the two-chain and
single-chain variants of a protein is not straightforward.
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