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ABSTRACT: Although the majority of natural proteins exist as protein—protein complexes, the molecular
basis for the formation and regulation of such interactions and the evolution of protein interfaces remain
poorly understood. We have investigated these phenomena by characterizing the thermal and chemical
denaturation of thermophilic DsrEFH proteins that have a common subunit fold but distinct quaternary
structures: homodimeric Tm0979 and homotrimeric Mth1491. Tm0979 forms a moderate affinity dimer,
and a monomeric intermediate is readily populated at equilibrium and during folding kinetics. In contrast,
the Mth1491 trimer has extremely high stability, so that a monomeric form is not measurably populated
at equilibrium, although it may be during folding kinetics. A common mechanism for evolution of
quaternary structures may be facile formation of a relatively stable monomeric species, with stabilizing
intermolecular interactions centering on alternative environments for a -strand at the edge of the monomer,
augmented by malleable hydrophobic interactions. The exceptional trimer stability arises from a remarkably
slow unfolding rate constant, 6.5 x 1073 s™!, which is a common characteristic of highly stable thermophilic
and/or oligomeric proteins. The folding characteristics of Tm0979 and Mth1491 have interesting

implications for assembly and regulation of homo- and heterooligomeric proteins in vivo.

The large majority of proteins in nature exist as protein—protein
complexes, and complex formation is central to protein
function and regulation (/, 2). Current understanding of the
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formation of protein complexes is very limited, however, at
a quantitative predictive level and at an experimental
mechanistic level (3, 4). In recent years, the field of protein
folding has advanced from mainly studies of simple mon-
omeric proteins to analyses of protein complexes, ususally
homomeric and especially homodimeric proteins (5, 6). Only
a handful of trimers have been characterized in detail (7—17).
Analyses of the folding of related oligomeric proteins can
provide important insights into the molecular basis of protein
assembly, regulation, and evolution. Two interesting ex-
amples are Cro monomers and dimers (/8) and monomeric,
dimeric, and tetrameric mutants of immunoglobulin-binding
domain B1 of streptococcal protein G (/9). For both sets of
proteins, the mechanisms by which alternative quaternary
structures arise appear to involve the formation of fluctuating
monomeric species, which are further stabilized by the
formation of variable intermolecular interactions. A common
feature in these and many other natural and disease-related
protein complexes is variable intermolecular interactions
involving S-strands at the edge of a monomer (20, 21).

Here we report quantitative analysis of the folding of two
thermophilic members of the DsrEFH protein superfamily:
homodimeric DsrH protein, Tm0979 from Thermotoga mar-
itima, and homotrimeric DsrE/F protein, Mth1491 from Metha-
nobacterium thermoautotrophicum. Interestingly, different qua-
ternary structures are often observed for different members of
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FIGURE 1: Structures of Tm0979 dimer and Mth1491 trimer in ribbon representation (A, B) and primary amino acid sequence alignment
(C). (A) The two Tm0979 subunits are represented as red and yellow ribbons with side chains shown in blue and black, respectively.
Subunit interfaces include hydrophobic interactions between the fourth o-helices (Phe75, Ile76, Leu79) of both subunits and between the
fourth a-helix of one subunit (Ile76, Leu79) and first S-strand (Leu3, Leu5) of the other. (B) The three Mth1491 subunits are represented
as cyan, yellow, and green ribbons. Subunit interfaces include hydrophobic interactions between subunits shown in black (Leu28, Leu32
from one subunit and Val97, Vall01 from the other) as well as ionic interactions among acidic (Aspl1, Glul2) and basic (Argl7, Argl12)
residues shown in red and blue, respectively. Ribbon diagrams were generated using MolMol (74) and PDB codes 1x9a and 111s for
Tm0979 and Mth1491, respectively. (C) Primary sequence alignment is based on Dali structural alignment. Residues in fS-strands and
a-helices are colored blue and red, respectively. The chain length for Tm0979 and Mth1491 is 87 and 112 amino acids, respectively.

Sequence identity is 17%.

a given superfamily; however, little is known about the
molecular basis for these variations (4, 22). Tm0979 and
Mth1491 have very different primary sequences but share a
common subunit fold consisting of four S/o units that form a
parallel 3-sheet with strand order 1234 and the first three helices
packing on the opposite face of the sheet to the fourth helix
(Figure 1). Mth1491 contains an additional C-terminal 3-strand,
located at the edge of the subunit parallel to the first strand and
at the center of the trimeric structure; in contrast, the C-terminus
of Tm0979 is somewhat shorter and poorly structured on the
protein surface. Tm0979 can form a monomeric or a dimeric
structure of moderate (micromolar) affinity (23, 24); no other
stability or subunit affinity data are available for DsrEFH
proteins. Other family members exhibit additional quaternary
structure variations: homohexameric or heterohexameric, which
are dimers of homo- or heterotrimers with central C-terminal
p-strands (25—27). The functions of DsrEFH proteins are not
well characterized but are involved in various aspects of sulfur
metabolism (23, 25, 28—32).

We report here that the TmO0979 dimer dissociates
relatively easily to form a monomer that is moderately stable
and is populated readily during equilibrium and kinetic
folding experiments. In contrast, Mth1491 forms a remark-
ably stable trimer, so that a monomer is not measurably
populated at equilibrium but may be populated during folding
kinetics. The results have specific and general implications

for understanding and modeling the assembly and regulation
of homo- and heterooligomeric proteins. The findings are
also discussed in terms of evolution of quaternary structure
via monomeric species and variations in interactions of edge
[-strands.

MATERIALS AND METHODS

Protein Expression and Purification. Tm0979 and Mth1491
were prepared using pET15b/BL21(GoldADE3) expression
systems, as described previously (23, 28), with the following
modifications. For Mth1491, 1 mM ethylenediaminetetraace-
tic acid (EDTA), 10 mM dithiothreitol (DTT), and 10%
(v/v) glycerol were added after elution of the protein from
the Ni affinity column to minimize aggregation. Purified
proteins were concentrated and exchanged by ultrafiltration
(YM3 membrane, Millipore) into phosphate buffer (450 mM
NaCl, 25 mM NaH,PO4/Na,HPO,, pH 6.5) for Tm0979 or
into citrate buffer (450 mM NaCl, 1 mM EDTA, 10 mM
DTT, 10% (v/v) glycerol, 20 mM Na,CsHcO7/Na;CsHs507,
pH 6.0) for Mth1491. All further experiments were conducted
in these buffers unless otherwise indicated. Protein concen-
trations were determined from solution absorbance at 280
nm, A,g, using experimentally determined extinction coef-
ficients and calculated molecular weights (M), His tag
included, for the monomeric subunits of 11167.53 M ! cm™!
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Table 1: Equations for Equilibrium Unfolding of Dimeric and Trimeric Proteins®

Dimer-2-state model

Dimer-3-state monomer intermediate model

Dimer-3-state dimer intermediate model
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Trimer-2-state model

Trimer-3-state monomer intermediate model

Trimer-3-state trimer intermediate model
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“N, I, and U refer to the native, intermediate and unfolded subunits, with the subscript indicating the number of associated subunits (e.g., N, is native
dimer, etc). Ky is the equilibrium constant of unfolding for a dimer (trimer) two-state mechanism. For the dimer (trimer) 3-state with monomer
intermediate mechanism: Ky is the equilibrium constant for dissociation of N, (N3) to 2 (3) 1, and Ky, is the equilibrium constant of unfolding from 7 to
U. For the dimer (trimer) 3-state with dimer (trimer) intermediate mechanism: Ky, is the equilibrium constant for N, (Ns) unfolding to 7 (/3), and Ky is
the equilibrium constant for dissociation and unfolding of I, (/5) to 2 (3) U. For each state of the protein, i, [i], fi, and Y; are the concentration, mol
fraction and corresponding optical signal, respectively. Yo is the total observed signal. Pt is the total protein concentration expressed in dimer or trimer
equivalents. ® Analytical solution of the cubic Equations 5—7.4 were obtained using Cardano’s methods. ¢ p = (Ku,Ky*)/[27P2(1 + Ku1)’l; q = [Kui/(1

+ Ku)M(Kuo/27PP).

and 12040 g mol !, respectively, for Tm0979 and 12058 M
cm™! and 14720 g mol™! for Mth1491. The extinction
coefficients were determined using the method of Gill and
von Hippel (33).

Size Exclusion Chromatography. SEC was performed on
a Biocad Sprint system with a prepacked Superose 12 10/
300 GL (GE Healthcare) analytical gel filtration column
equilibrated in the corresponding buffer for each protein (see
above). All sample injection volumes were 25 uL. For each
buffer, highly linear calibration curves of elution time versus
log M were obtained using as standards: bovine serum
albumin (66 kDa), ovalbumin (43.0 kDa), myoglobin (16.9
kDa), and cytochrome ¢ (12.6 kDa). The apparent M of the
eluted protein was determined from comparison with the
standard curve, and the concentration of the protein during
elution was calculated from the A,gy at half-height of the
elution peak (see above). For Tm0979, the dimer dissociation
constant was determined using the method of Manning and
co-workers (34). Briefly, percent of protein as dimer was
calculated as a function of protein concentrations according
to

% dimer = 100(2"V»~V/Va=Va) _ 1) (1)

where V,,, Vg4, and V are the elution times for the monomer,
dimer, and mixture of species, respectively. The value of

the dissociation constant, Ky, was then determined using a
linear fit of log(% dimer/(0.04(100 — % dimer)?)) versus
log[dimer], when % dimer/(0.04(100 — % dimer)?) =
[dimer] = K.

Equilibrium GdmCI Curve Analysis. Tm0979 (Mth1491)
GdmCl curves were fit to dimer (trimer) two-state and three-
state models with monomer, I, or dimer (trimer) I, (I5)
intermediate using MATLAB 2007b, according to the
numerical expressions (eqs 2.1—7.6), given in Table 1.

First, the curves measured at different protein concentra-
tions were scaled to align the native protein and the unfolded
protein signals. The observed change in signal (Ys) upon
protein unfolding is related to the fraction (f;) and signal (Y;)
of each species, 1, involved in the unfolding process as given
by

= 2, ®)

Y; were taken to vary linearly with GdmCl concentration
according to

Y, =Y, +s, [GdmCl] ©)

where Y is the signal of the species, i, in 0 M GdmCl, and
si, 1s the dependence of ¥; on GdmCI concentration. The
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Stock unfolded Mth1491 was prepared by incubating the
protein in 5.8—6 M buffered GdmCl for at least 1 h and
then diluting the stock into different final concentrations of
GdmCl. Manual mixing experiments were performed in
analogous fashion to Tm0979. CD stopped-flow measure-
ments were made using a SFM-20 apparatus (Molecular
Kinetics, Pullman, WA) interfaced to a Jasco 815. All
solutions for Mth1491 experiments were degassed prior to
using and were kept under reducing conditions by adding
DTT and EDTA to final concentrations of 10 and 1 mM,
respectively.

Kinetic Data Analysis. Monomer folding and unfolding
kinetics, as well as dimer and trimer unfolding kinetics, are
generally first order (eq 12), while two-state dimer and trimer
folding are second and third order (eqs 13.1 and 13.2),
respectively:

Yoo =Yy + (Yo = Yp)(1 —e ") (12)
Y =Y+(Y—Y)kat (13.1)
obs 70 T e O] + 2Ptk t '
1
Yo = Yo+ (Y=Yl - ————| (13.2)
V1 + 18Pk,

where t is time, Yo is the observed signal, Y, and Y.. are
the signals at t = 0 and ¢ = infinity, respectively, k,p, is the
apparent folding rate constant, and k,,, = k, + k¢, where k,
is the unfolding rate constant and k; is the folding rate
constant. When obtained by fitting to the correct model, k,
and k¢ are generally linearly proportional to the concentration
of GdmCl:

Ink, =1n ko +m" [GAMCIVRT ~ (14.1)

Inkp=1In ke o — mif[deCI]/RT (14.2)

where m*, and m*; are the dependencies of the unfolding
and folding rate constants in water (ky,o and kiy,0),
respectively, on GdmCI concentration.

For a two-state monomer transition, the natural logarithm
of the rate constants can be plotted as a Chevron plot
according to

m[GdmClI]
In(k,,) =In kazO 2 +
m,[GdmCl]
kquo exp T (15

Furthermore, equilibrium constants can be calculated from
the kinetic constants using the equations:

Ky=-" (16.1)

my=m",+m' (16.2)
Tm0979 and Mth1491 refolding kinetic traces were fit to
equations corresponding to a first-, second-, or third-order
transition using eqs 12, 13.1, and 13.2, respectively, while
unfolding kinetics were fit to a first-order transition using
eq 12. First-order kinetics were fit using Biokine 32
(Biologic), whereas second- and third-order kinetics were
fit using OriginPro7.5 (OriginLab).

RESULTS

Size Analysis. The oligomerization of Tm0979 and Mth1491
was investigated by SEC as a function of protein concentra-
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FIGURE 2: Determination of oligomeric state for Tm0979 and
Mth1491 by size exclusion chromatography. (A) Elution profile
for Tm0979 at total dimer concentrations of 21.1 uM (solid), 1.46
uM (long dash), 0.55 uM (short dash), and 0.11 uM (dotted).
Expected retention times for Tm(0979 dimer and monomer are
indicated by arrows. Inset: % dimer versus total dimer concentration
(eq 1). The line shows that the data are well described by a Ky
value of 5 uM, determined as described in Materials and Methods.
(B) Elution profile of Mth1491 measured at total trimer concentra-
tions of 1.4 uM (solid), 0.12 uM (long dash), 9 nM (dotted dash),
and 8 nM (short dash).

tion (Figure 2). For Tm0979, a single elution peak was
observed at all protein concentrations, with the elution time
at higher protein concentrations approaching that expected
for the dimeric form of the protein and shifting toward that
expected for the monomeric form at lower protein concentra-
tions (Figure 2A). The peak shapes are indicative of rapid
equilibrium between the dimeric and monomeric forms of
the protein, with the elution time being determined by the
relative proportions of the two species (34).This allows the
SEC data to be fit to a dimer dissociation model, which gives
a Ky value of (5 & 2) x 107® M as the average of two
independent determinations (Figure 2A). Analysis of the
monomer—dimer equilibrium using dynamic light scattering
as a function of protein concentration gave a similar value
for K. In contrast, for Mth1491, although a single peak was
observed at all protein concentrations (Figure 2B), the elution
times did not vary and were consistent with the protein
remaining trimeric. An upper limit of Ky < 4 x 107! M?
can be estimated, assuming less than 10% dissociation of
the trimer to monomers at the lowest protein concentration
(3 nM trimer).
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Calorimetry. Since both Tm0979 and Mth1491 are from
thermophilic organisms, it was expected that they would be
relatively stable toward thermal denaturation. DSC measure-
ments showed that both proteins remain folded up to
relatively high temperatures, but Tm0979 thermal unfolding
is highly reversible, whereas Mth1491 unfolding is highly
irreversible (Figure S1 of the Supporting Information).
Various solution conditions were tested for Mth1491;
however, at increased temperature (~76 °C) the data were
characterized by an exotherm due to protein aggregation.
Although the irreversible aggregation prohibits thermody-
namic analysis of the data, it is likely that Mth1491 is
sufficiently thermostable to remain folded under biological
conditions, since the optimal growth temperature of M.
thermoautotrophicum is 65 °C (36). In contrast, Tm0979
exhibits an endotherm at ~85 °C, with minimal aggregation.
Thus, this protein also remains folded in vivo, as the optimal
growth temperature of 7. maritima is 80 °C (37).

DSC data for Tm0979 were also obtained as a function
of protein concentration, and the apparent melting temper-
ature did not vary, suggesting dimer dissociation largely
occurs below this temperature. The data were not well fit
by either a monomer two-state or a dimer two-state model
(Table S1 of Supporting Information), indicating more
complex behavior, such as monomer formation. ITC experi-
ments revealed that dimer association is weakened as
temperature is increased but is still significant at 75 °C
(Figure S1C,D of the Supporting Information). Fits of the
DSC data to a dimer three-state model with monomer
intermediate corresponded well to the data but did not give
well-defined thermodynamic parameters, particularly for the
dimer dissociation step. Since the van’t Hoff to calorimetric
enthalpy ratios for the dimer two-state fits are somewhat
higher than 1, aggregation may also be occurring to some
extent. Thus, the fitted values may provide an estimate of
thermodynamic properties but must be considered with
caution.

Reversibility and Equilibrium of GdmCl Denaturation. The
folding energetics and mechanisms for Tm0979 and Mth1491
were investigated further using chemical denaturation by
GdmClI monitored by fluorescence and CD. A prerequisite
for quantitative thermodynamic analysis is that chemically
induced unfolding be reversible and at equilibrium. GdmCl
denaturation of both proteins is highly reversible; however,
the time to reach equilibrium is much shorter for Tm0979
(within 1 day for denaturation and renaturation) than for
Mth1491 (more than 23 days for denaturation and 4 days
for renaturation). Due to the shorter time required to reach
equilibrium, further curves for Mth1491 were obtained by
renaturation.

Equilibrium GdmCl Curve Analysis. (A) Tm0979 Popu-
lates a Monomer Intermediate at Equilibrium. Tm0979
GdmCl curves (Figure 3) were fit to various dimer folding
models (Table 1, Schemes I—III) by global fitting of the
curves obtained at protein concentrations ranging from 0.5
to 25 uM dimer. The two-state model (Table 1, Scheme I)
could not account for the data, since the fitted lines for
different protein concentrations were much more spread out
than the experimental curves (not shown). Similarly, the
dimer three-state model with dimeric intermediate (Table 1,
Scheme III) gave very poor fits. The very minimal change
in the curves with Tm0979 concentration (Figure 3) suggests
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FIGURE 3: Tm0979 denaturation curves as a function of protein
concentration fit to a dimer three-state model with monomer
intermediate. (A) Tm0979 denaturation curves measured by fluo-
rescence at dimer concentrations of 0.5 uM (<), 2.5 uM (O), 5
uM (2), and 25 uM (O). (B) Tm0979 denaturation curves measured
by circular dichroism at dimer concentrations of 5 uM (A) and 25
uM (O). The fitted traces correspond to the fitted constants given
in Table 2, with corresponding equations given in Table 1.

unfolding of a monomeric species, as might be expected to
become populated in GdmCI based on the moderate affinity
Ky value of 5 x 107% M obtained for Tm0979 by SEC
(Figure 2A). Initial fits to a dimer three-state model with
monomer intermediate (Table 1, Scheme II) that allowed the
thermodynamics constants of both steps to all vary did not
converge. However, fixing the free energy for dimer dis-
sociation, AGy, to 7.2 kcal mol ™!, corresponding to the K,
obtained by SEC (eq 10), and allowing the other parameters
to vary resulted in good fits (Figure 3, Table 2). The fitted
values obtained by fluorescence and CD are in agreement
within error, providing further support for the applicability
of the three-state monomer intermediate mechanism. The
total free energy for unfolding of native Tm0979 dimer to
unfolded monomers, AGy, is 19.0 kcal mol ™!, indicating
that Tm0979 is relatively stable compared to other dimers
(6). Relatively high stability is commonly observed for
thermophilic proteins (38—40). Also, the Tm0979 monomer
intermediate has significant stability, AGy, of ~6 kcal mol !,
comparable to various other naturally monomeric proteins
(5). It should be noted, however, that at low concentrations
favoring monomer formation Tm0979 tends to precipitate,
probably as a consequence of exposure of the interface
region.

(B) Mth1491 Populates Low Levels of Trimer Intermediate
at Equilibrium. Mth1491 GdmCl curves monitored by
fluorescence and CD, at protein concentrations ranging from
0.1 to 3 uM trimer, were globally fit to trimer folding models
(Table 1, Schemes IV-VI). As shown in Figure 4, the trimer
two-state model fits the data quite well. Also, the fitted values
obtained for the fluorescence and CD data (Table 2) are in
reasonable agreement. The CD values appear to be slightly
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FIGURE 4: Mth1491 equilibrium renaturation. Renaturation curves measured by fluorescence (A, C) and circular dichroism (B, D) fit to
trimer two-state model (A, B) or three-state model with trimer intermediate (C, D). Total trimer concentrations are 0.1 uM (<), 0.3 uM
@), 1 uM (»), and 3 uM (x). Lines correspond to best fit values given in Table 2, with corresponding equations given in Table 1.

lower, however, and there is a small systematic deviation
between the experimental data and the lines of best fit for
GdmCl concentrations higher than 2.2 M, where the experi-
mental data have a higher fluorescence signal than predicted
by the fit and this is more pronounced at increased protein
concentration. This behavior suggests increased formation
of a trimer intermediate at increased protein concentration;
analogous behavior has been reported for native protein
dimers that form dimer intermediates (4/—44). The Mth1491
curves were therefore also fit to trimer three-state models
with trimer or monomer intermediate (Table 1, Schemes VI
and V, respectively). The fit for the trimer three-state model
with monomer intermediate was comparable to the trimer
two-state fit for the last part of the transition; i.e., there was
still systematic deviation between the data and the fits (not
shown); however, the trimer three-state with trimer inter-
mediate model accounted for the data very well throughout
the transitions for all protein concentrations (Figure 4C,D).

From these analyses, the values obtained from the fluo-
rescence and CD data agree within experimental error,
supporting the applicability of three-state trimer intermediate
model. The average of the fluorescence and CD values for
trimer dissociation and monomer unfolding, AGy; and AGy,,
are 17 and 27 kcal (mol of trimer)~!, respectively, corre-
sponding to an overall Gibbs free energy of unfolding,
AGuiou, of 44 kcal (mol of trimer)~!. This value is very
similar to the AGy value of 45 kcal (mol of trimer)™!
obtained from the fluorescence two-state fits, which is
reasonable given that the population of the trimer intermedi-
ate is very low in the fluorescence curves except at the
highest protein concentration of 3 uM trimer, where its
population reaches a maximum level of only ~14% (Figure §;
see Discussion). The difference is higher for the two-state
CD values, likely due to the intermediate being significantly
populated at the higher protein concentrations required for
the CD measurements; increased population of intermediate
would cause the transition to be broadened resulting in

decreased my and AGy values. The fluorescence and CD
average values of my; and my, are 7.2 and 5.8 kcal (mol of
trimer) ! M™!, respectively, corresponding to an overall
My Of 13.0 kcal (mol of trimer)”! M™!, which is again
very close to that obtained for the two-state fit of the
fluorescence data. These fitted m values are comparable to
the expected value calculated using an empirical equation
derived from observed m values for many other proteins (45),
11.5 kcal (mol of trimer)”' M~'. The AGym value of 44
kcal (mol of trimer)~! is relatively high, corresponding to a
very low Ky (using AGyw = —RT In Ky) of 5 x 10733 M2,
for which protein is half-dissociated at 6 pM total trimer
concentration This Ky is very low compared to the K,
deduced from the AGy of other trimeric proteins (Table 3),
probably owing to the particularly high stability of thermo-
philic proteins (see Discussion).

Kinetics of Unfolding and Folding. In order to investigate
the relationship between kinetic and equilibrium folding
mechanisms, the kinetics of unfolding and folding for
Tm0979 and Mth1491 were measured by fluorescence and
CD at different denaturant and protein concentrations.

(A) Tm0979 Kinetics Are Dominated by Rate-Limiting
Monomer Transitions. Tm0979 unfolding kinetics by fluo-
rescence and CD are well fit by a single exponential equation,
as is generally observed for protein unfolding reactions under
highly denaturing conditions (Figure 5A,D). The amplitudes
for the unfolding kinetics correspond to the amplitudes
expected based on equilibrium curve measurements which
reflect unfolding of monomer intermediate (Figure 5C,F).
The unfolding rates measured by fluorescence and CD are
also very similar (Figure 7A). This suggests that the observed
kinetics are dominated by the unfolding of the monomer
intermediate, with rapid dimer dissociation occurring in the
dead time. Similar behavior has been reported for other
dimers (46—48). The natural logarithm of the k, varies
linearly with GdmCl concentration (eq 14.1, Figure 7A). The
magnitude of m*, is smaller than expected for a dimer of
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FIGURE 5: Unfolding and folding kinetics of Tm0979 monitored by fluorescence (A—C) and CD (D—F). Manual mixing unfolding kinetics
monitored by (A) fluorescence in 4.6 M GdmCl, k, = 5.5 x 107257, and (D) CD in 3.9 M GdmCl, k, = 3.6 x 1072 s~!. Refolding kinetics
monitored by (B) stopped-flow fluorescence in 0.60 M GdmCl, ks = 1.8 s™!, and (E) manual mixing CD in 2.8 M GdmCl, k; = 2.5 x 1072
s~L. Insets in panels A, B, D, and E show random residuals for fitting data to single exponential functions with a drift (fluorescence) or
without drift (CD). The protein concentrations for fluorescence and CD experiments are 1.5 and 25 uM (dimer equivalents), respectively.
(C) and (F) show the kinetic data relative to equilibrium curve fluorescence and CD signals (®), respectively. Unfolding kinetic initial (O)
and final (M) signals and refolding initial (A) and final (A) signals are shown in the main panels, and stopped-flow initial (O) and final (®)

signals are shown as insets.

this size and close to that expected for a single subunit of
Tm0979 (5), supporting the interpretation that Tm0979
monomer unfolding is the observed step. Further evidence
for this comes from comparison of kinetic data with
equilibrium stabilities, described below.

TmO0979 folding kinetics measured by fluorescence and
CD at different protein concentrations are well fit by a single
exponential equation (Figure 5B,E) and have very similar
rate constants (Figure 7A); these observations suggest that
the observed transition corresponds to monomer refolding.
Systematic deviations were observed upon fitting the data
to a second-order equation for simultaneous folding and
association of monomers to form the native dimer. Moreover,
if dimer association is the observed step, the kinetics should
occur faster at higher protein concentration. Thus, the

observed kinetics are inconsistent with a second-order folding
process and appear to represent monomer folding.

Since both folding and unfolding kinetics of Tm0979 have
characteristics of monomer transitions, the unfolding and
refolding rate constants were fit to a monomer kinetic model
using eq 15. The values obtained for the fitted constants are
as follows: kyu,0 of 6.5 x 107* 5715 m*, of 0.61 kcal (mol of
monomer) ' M™; kg0 of 60 s™!; and m*; of 1.8 kcal (mol
of monomer) ! M. These values were used in eqs 10, 16.1,
and 16.2 to calculate equilibrium values, AGy = 6.8 kcal
(mol of monomer)~! and my = 2.4 kcal (mol of monomer) ™!
M™!, which are very similar to the values of AGy, and my,
obtained for monomer unfolding from equilibrium curve
measurements (Table 2). Together, the above observations
provide strong evidence that the kinetic measurements for
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FIGURE 6: Unfolding and folding kinetic traces for Mth1491 monitored by fluorescence (A—C) and CD (D—F). Manual mixing unfolding
kinetics monitored by (A) fluorescence in 6.1 M GdmCl, k, = 1.2 x 1072 s7!, and (D) CD in 5.8 M GdmCl, k, = 4.5 x 1073 s,
Stopped-flow refolding kinetics monitored by (B) fluorescence in 0.60 M GdmCl, k¢ = 2.7 s!, and (E) CD in 0.9 M GdmCl, k¢ = 3.5 s~ 1.
Insets in panels A, B, D, and E show random residuals for fitting data to single exponential functions. The protein concentration for
fluorescence and CD experiments is 1.0 and 3.0 uM, respectively (trimer equivalents). (C) and (F) show the kinetic data relative to equilibrium
curve fluorescence and CD signals (®), respectively. Manual mixing unfolding kinetic initial (O) and final (M) signals and manual mixing
refolding initial (A) and final (A) signals are shown in the main panels, and stopped-flow initial (O) and final (®) signals are shown as inset
in (C) and in main panel in (F). The stopped-flow CD signals could be shown in this way because the signal was constant with time,
whereas the stopped-flow fluorescence offset drifted over the course of the experiment.

TmO0979 correspond to rate-limiting folding and unfolding
of the monomer intermediate that is also observed in
equilibrium measurements.

(B) Mthi1491 Kinetics Are Complex. Mth1491 unfolding
kinetics monitored by fluorescence and CD are also well fit
by a single exponential equation (Figure 6A,D), and the
amplitudes are as expected based on equilibrium measure-
ments for unfolding of native trimer to unfolded monomers
(Figure 6C,F). The unfolding rate constants vary linearly with
GdmCl concentration (Figure 7B); a linear fit of the data
gives k0 of 6.5 x 107 s7! and m*, of 2.3 kcal (mol of
trimer)”! M~!. Comparing with values obtained for other
proteins (5), this value of m*, is considerably larger than
would be expected for a single subunit of Mth1491. These

observations indicate that the observed unfolding kinetics
for Mth1491 correspond to the native trimer unfolding.

Mth1491 refolding kinetics are more complex and
clearly multiphasic (Figures 6 and 7). The multiphasic
nature is evident from the time dependence of renaturation
curves, which require days to reach equilibrium in the
transition region, where there is an initial change in optical
signal followed by additional changes that occur over
hours to days. The initial changes were monitored by
stopped-flow fluorescence and CD (Figures 6B,C,E,F and
7B). The stopped-flow data are well fit by a single
exponential equation (Figure 6B,E), the observed rates are
very similar for both optical probes (Figure 7B), and the
fitted apparent rate constants vary linearly with GdmCl
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FIGURE 7: GdmCl dependence of the refolding and unfolding rate
constants for Tm0979 and Mth1491. Rate constants were obtained
by fluorescence/CD manual mixing for unfolding (M/x), manual
mixing for refolding (®<>/+), and stopped flow for refolding (@0O/
*). (A) Tm0979 unfolding rates were measured at 1.5 uM (H) and
refolding rates were measured at 1.5 uM (@) and 3 uM (CO)
protein (dimer equivalents). (B) Mth1491 unfolding rates were
measured at 1 uM (M) and 3 uM (x), and refolding rates were
measured at 1 uM (@), 2 uM (O), and 3 uM (+*4®) protein (trimer
equivalents). Values of ko are for fitting to single exponential
equations. The dashed line in panel A corresponds to fitting the
data to a two-state monomer unfolding transition, as described in
Results and Materials and Methods. The fitted values are as follows:
kim0, 60 8715 m¥;, 1.8 keal (mol of monomer)™ M ky,0, 6.5 X
107* 571 m*,, 0.61 kcal (mol of monomer)~™' M~'. The solid lines
in panel B were obtained by fitting the 1.5 uM data to a straight
line using linear regression, which gives the following: ki,0, 6.2
s7's m*;, 1.1 keal (mol of monomer)™' M™"; kyu,0, 6.5 x 10713 71
m*,, 2.3 kecal (mol of monomer)™' M~

concentration and do not increase with increasing protein
concentration (Figure 7B). These results are contrary to
the expected behavior for a third- or second-order as-
sociation reaction and strongly suggest that the observed
kinetics correspond to a process that does not involve a
change in molecularity, i.e., monomer folding (U — I).
Comparing with monomeric proteins (5), the m*; for
Mth1491 is quite close to what may be expected for a
protein the size of the Mth1491 monomer.

At least two additional slower kinetic phases are apparent
from manual mixing refolding experiments and comparison
with equilibrium curves (Figures 6F and 7B). An intermediate
time scale phase is observed by both CD and fluorescence,
and this phase has a much larger denaturant dependence than
the fast phase (Figure 7B). This suggests larger scale
conformational changes associated with larger species. Note
that at low denaturant the full signal is regained very quickly
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by both CD and fluorescence, suggesting a switch from rate-
limiting monomer folding at low denaturant to processes
involving higher order species at high denaturant. It is not
possible at this time to interpret the kinetic phases for
Mth1491 in detail, as this would require considerable
additional study (such as double jump experiments). How-
ever, we note that complex folding behavior has been
reported for a number of other trimeric proteins (see
Discussion).

DISCUSSION

Observed Folding Mechanisms for Tm0979 and Mth1491.
Protein superfamilies often include members with different
quaternary structure (4, 22), and as sequence similarity
decreases among proteins that adopt the same fold, different
subunit associations are commonly observed (49). The dsr
family is interesting because it includes many different
quaternary structures: monomeric, homodimeric, homotri-
meric, and homo- and heterohexameric. Changes in quater-
nary structure may occur due to happenstance or be
associated with the evolution of new functions and regulation
of function (discussed further below).

In this study, we have characterized the equilibrium and
kinetic folding properties of two members of the DsrEFH-
like superfamily, homodimeric Tm0979 and homotrimeric
Mth1491. These proteins have similar subunit folds (Figure
1) but very different sequences (17% identity), quaternary
structures (Figure 1), and folding characteristics. Previous
NMR and preliminary SEC and light scattering data had
indicated that Tm0979 can form a micromolar affinity dimer
(23) or a monomer (24) in solution. In order to investigate
this further, we analyzed the characteristics of the dimer
solution structure by interface analysis programs, DiMoVo
(50), PISA (51), and NOXclass (52). All three programs
confirm, with high confidence limits, that the dimeric
structure is physically reasonable, with interface character-
istics that are typical of and consistent with the observed
affinity. The monomeric Tm0979 structure was determined
using a slightly different construct, in a different buffer, and
the secondary structural elements were less well defined than
for the dimer structure; no additional biochemical data were
reported (24). Since we also find that Tm0979 can populate
a monomer at decreased protein concentration, the difference
in the results is not very pronounced and may reasonably
arise from the somewhat different experimental conditions.
For Mth1491, previous SEC data also found evidence for
trimer formation, but no other details were reported (28).
To our knowledge, the only other reported folding studies
on proteins with the same fold that form both dimers and
trimers are for designed coiled-coil systems (9, 10, 12, 53).
The coiled-coil proteins have simple helical interfaces; hence
no comparable natural proteins with differing quaternary
structures and complex interfaces have been characterized.

(A) Distinct Equilibrium Folding Mechanisms. A central
difference in the equilibrium folding mechanisms of Tm0979
and Mth1491 is the population of a monomeric state, which
occurs readily for Tm0979 but not for Mth1491. All the
experimental data for Tm0979 (SEC, DSC, GdmCl curves,
Figures 2A and 3 and Figure S1 of the Supporting Informa-
tion) support a three-state folding mechanism with prominent
formation of monomer intermediate. In contrast, no monomer
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FIGURE 8: Fractional population of native, intermediate, and
unfolded species in GAmCI curves for Tm0979 and Mth1491 as a
function of protein concentration. (A) The fraction of protein
existing as native dimer (dotted line), monomer intermediate (solid
line), and unfolded monomer (dashed line) as a function of GdmCl
concentration for total dimer concentrations of 0.5 uM (black), 2.5
uM (blue), and 25 uM (red). (B) The fraction of protein existing
as native trimer (dotted line), trimer intermediate (solid line), and
unfolded monomer (dashed line) as a function of GdmCI concentra-
tion for total trimer concentrations of 0.1 uM (black), 1 uM (blue),
and 3 uM (red). The fractions of each species were calculated using
the parameters for the three-state models given in Table 3 (native
dimer with monomer intermediate for Tm0979 and native trimer
with trimer intermediate for Mth1491) and the corresponding
equations in Table 2.

intermediate is detected for Mth1491 by SEC or in GdmCl
curves (Figures 2B and 4), although folding kinetics may
suggest monomer formation (Figures 6C,D and 7B). The
folding behavior of the proteins can be further illuminated
by using the equilibrium parameters to calculate the popula-
tions of different species of Tm0979 and Mth1491 under
different conditions (Table 2, Figure 8). The monomer for
Tm0979 is very highly populated, particularly at low protein
concentrations, so that the dominant observed transition in
GdmCl curves is monomer unfolding, which is protein
concentration independent. The high population of monomer
occurs because the Kj is relatively large, favoring dissociation
at low concentrations of protein or denaturant, while the
monomer stability is relatively high (Table 2). In contrast,
for Mth1491 the native trimer is the dominant species well
into the folding transition, with some formation of a trimer
intermediate at high protein concentrations (Figure 8). This
occurs because trimer association is extremely strong (Figure
2, Table 2), so that at the relatively high GdmClI concentra-
tions where the native trimer starts to unfold to trimer
intermediate, the conditions may be too destabilizing for a
monomer intermediate to be highly populated. In fact, the
trimer intermediate has relatively high stability, comparable
to various other native trimers (vide infra and Table 3).
(B) Distinct Kinetic Folding Mechanisms. The kinetic
mechanisms for Tm0979 and Mth1491 also have very
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marked differences, which can be understood as a conse-
quence of trimer formation being inherently more difficult
than dimer formation, due to the higher order and increased
size and complexity of the trimer. For Tm0979, the kinetic
mechanism is consistent with the equilibrium mechanism:
dimer three-state with formation of monomer intermediate.
The observed kinetics are dominated by relatively slow
unfolding and folding of the monomer intermediate, while
dissociation and association of monomers is not apparent,
probably because these are relatively rapid processes (Figure
7A). Similar observations have been reported for the folding
of other dimeric proteins (46—48), but a wide range of
folding rates and mechanisms have been reported for dimeric
proteins in general (6) and prediction of specific folding
behavior for a given dimer is not yet possible.

The kinetics for Mth1491 are more complex than for
Tm0979. The observed unfolding process appears to
correspond to native trimer unfolding, while the observed
refolding kinetics are multiphasic and include a fast phase
that may correspond to monomer folding, as well as slower
phases that may involve higher order species (see Results
and Figure 7). Assignment of the kinetic phases for
Mth1491 is not possible based on the available data, and
we note that various sequential or parallel kinetic schemes
may apply. Additional states are frequently observed in
kinetic compared to equilibrium experiments because
species that do not have sufficient relative stability to be
populated at equilibrium may nevertheless accumulate
transiently during kinetic transitions. For homotrimeric
proteins, kinetics have been reported to be two-state, e.g.,
for simple coiled-coil interfaces (9, 16), but they tend to
be more complex for more complex interfaces, with
various unimolecular and bimolecular steps resulting in
population of not only monomeric but also sometimes
dimeric and trimeric intermediates (/3, 54, 55).

Characteristics and Determinants of Stability and Binding.
Inherently linked with the differences in the folding
mechanisms of Tm0979 and Mth1491 are the very
different subunit affinities. SEC experiments revealed that
Tm0979 forms a moderate affinity dimer with K4 of 5 uM,
whereas Mth1491 monomer association is much stronger,
with a K4 of 5.4 x 1073 M2, as determined by GdmCl
curve analysis (Table 2), considerably smaller than has
been reported for other trimers (Table 3). There is some
uncertainty in this low Ky, and corresponding high AGy,
due to the extrapolation from higher denaturant concentra-
tion. The values are highly dependent on the my of
unfolding, which is somewhat higher than expected for a
protein of this size (45). However, it is nevertheless clear
that Mth1491 is a very high affinity trimer.

(A) High Equilibrium and Kinetic Stability of Proteins from
Thermophilic Organisms. The relatively high AGy values
for Mth1491 and Tm0979 (Table 2) are most likely related
to their origin from thermophilic organisms. The stability
measurements here were made at 25 °C; however, both
proteins must function biologically at considerably higher
temperature, since the optimal growth temperature for M.
thermoautotrophicum is 65 °C (36), while that of T. maritima
is 80 °C (37). Thermophilic proteins have been found, in
general, to have higher stability against thermal and chemical
denaturation than their mesophilic counterparts; most often
this is simply due to an increase in AGy for the thermophilic
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proteins (39, 40, 56). Thus, thermophilic proteins have
comparable, moderate stability under biological conditions
as their mesophilic relatives and higher stability at lower
temperatures. Very high stability and strong association have
been reported for dihydrofolate reductase (DHFR) from T.
maritima (57): at 15 °C this dimeric protein has AGy of 33.9
kcal (mol of dimer) !, corresponding to K4 of 1.88 x 1072
M. Thus, the DHFR dimer is half-dissociated at a protein
concentration equal to Ky, which is much lower than the ~6
pM for half-dissociation of the Mth1491 trimer. As another
example, dimeric ORF56 from the hyperthermophile Sul-
folobus islandicus has AGy of 20.3 kcal (mol of dimer)™!
corresponding to Ky of 2.15 x 107" M at 25 °C (58).

The increased equilibrium stability for thermophilic pro-
teins implies changes in kinetics, i.e., increased folding rates
and/or decreased unfolding rates. Folding is quite fast for
both Mth1491 and Tm0979, being complete within seconds
in the absence of denaturant (Figure 7), but is not particularly
fast compared with mesophilic proteins. Unfolding is fairly
slow for Tm0979, with kyn,o of 7.0 x 107* s7!, and it is
remarkably slow for Mth1491, with k0 of 6.5 x 107"
s~!. The relative rates for Mth1491 and Tm0979 are also
consistent with the times required for denaturation and
renaturation curves to reach equilibrium; this was particularly
long (23 days) for denaturation of Mth1491. Thus, for the
two DsrEFH proteins increasing stability is associated with
decreasing unfolding rate.

Although there is relatively little kinetic folding data
available for thermophilic proteins, increased stability of
some other thermophilic, highly stable proteins has also been
attributed to extremely slow unfolding rates. In particular,
ka0 for dimeric DHFR from T. maritima is 4.6 x 107"
s~!, 108 fold slower compared to kyu,0 for monomeric DHFR
from Escherichia coli (57). Also, monomeric pyrrolidone
carboxyl peptidase from the hyperthermophile Pyrococcus
furiosus has kys,o of 1.6 x 107 s7!, 107-fold slower than
for the homologous enzyme from Bacillus amyloliquefaciens
(59). Similar, though less pronounced, slowed unfolding rates
were also associated with increased stability from mesophilic
to thermophilic and hyperthermophilic histone dimers and
for several other monomeric proteins from thermophiles
compared to mesophiles (60). It is reasonable that disruption
of the larger, more complex, and more stable interface of
the Mth1491 trimer compared to the Tm0979 dimer should
occur more slowly. Similarly, the homotrimeric nonthermo-
philic coiled-coil Lpp-56 from E. coli also unfolds very
slowly, with rate constants of 107°—10~!! s~!; however, other
trimers unfold much faster (Table 3). The folding rates and
mechanisms for these trimers are also variable and stabilities
are moderate (Table 3). Thus, as has been found for dimers
(6), it is emerging that in general the folding behavior of
trimeric proteins is very diverse.

(B) Stability and Interface Characteristics. An important
question is what molecular mechanism(s) may underly the
very high stability and slow unfolding of Mth1491. The high
stability of thermophilic proteins has been attributed to many
different mechanisms: two common ones are oligomerization
and increased salt bridges (38, 40, 61). The increased number
of subunits and a network of salt bridges in the interface for
homotrimeric Mth1491 (28) may be related to its increased
stability relative to dimeric Tm0979 and other proteins.
Binding affinity tends to increase also with interface
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size (62, 63) and percentage of monomer buried (64, 65).
Consistent with this, total interface areas for Mth1491 and
Tm0979 are ~4400 and ~2200 A, respectively, while
percentage buried values are ~25% and 20% (calculated
using Getarea (66); see also Table 3). From both an
equilibrium and kinetic standpoint, disruption of the larger
interface is likely to require more energy. More detailed
molecular interpretations are currently difficult. Although
there is a great deal of research into prediction of subunit
affinities, as illustrated in results of CAPRI, accurate predic-
tions remain elusive (3). The data obtained for Tm0979 and
Mth1491 will be valuable for testing and further refining
prediction algorithms. Additional clues regarding the relative
stabilities may be gleaned from consideration of protein
biological function.

Biological Significance of Folding Mechanisms. Recent
structural analyses for heterohexameric proteins from the
DsrEFH superfamily, TusBCD from E. coli (26) and DstEFH
from Allochromatium vinosum (25), strongly suggest that
Tm0979 is involved in formation of an analogous, functional
DsrEFH structure in 7. maritima.

Furthermore, only DsrE/F proteins have been reported to
form homotrimers (28) and homohexamers (27), while DsrH
proteins have been observed as monomer, homodimer, and
heterohexamers (23—26). C-Terminal f-strands from each
subunit form the central core of all the trimer-based
structures, including homotrimer and homo- and heterohex-
amer. Based on our biochemical data, it appears that Tm0979
cannot form a stable homotrimer or homohexamer. This is
probably a consequence of Tm(0979’s shorter secondary
structure elements compared to DsrE/F proteins, in particular
shorter first and fourth helices and lack of a fifth strand,
which are involved in forming the trimer interface (Figure
1). Although the Dsr E, F, and H proteins have related
sequences (32), they are quite divergent, and the DsrH
proteins (such as Tm0979) tend to be slightly shorter and
have been classified into a different Pfam than the DsrE/F
proteins (such as Mth1491). To date, activity has only been
demonstrated for the heterohexameric complexes (29—32),
while Mth1491 has been proposed to have a related activity
distinct from DsrEFH, whose genes are nearby in the M.
thermoautotrophicum genome (29).

The preceding considerations suggest that the homodimeric
form of Tm0979 may be involved in assembly and regula-
tion. Formation of homodimer may be important for protect-
ing Tm0979 monomers with exposed heterooligomerization
interfaces against undesired aggregation. This is supported
by the observation that Tm0979 aggregates in vitro at low
protein concentration where the protein is monomeric. The
relatively weak Tm0979 homodimer association and rapid
association/dissociation rates could facilitate assembly and
disassembly of higher order complexes and regulation of
function. Many proteins that assemble into complexes may
behave in an analogous fashion (67). This could be particu-
larly common for proteins that form heterocomplexes of
homologous subunits; for example, homo- and heterooligo-
mer formation has been observed for chaperones such as
Tim9/Tim10 (68) and for S100 EF-hand signaling proteins
(69). Also, formation of both homodimers and homotrimers
is involved in regulation of human glucocorticoid-induced
receptor ligand (70) and phospholipase A2 (71).
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A major mechanism in the evolution of protein function
and regulation is the formation or disruption of interactions
between identical or related subunits. In depth analyses of
the folding and assembly of related protein complexes can
shine a light on both evolution and the general principles of
protein—protein interactions (4, 18, 19). An interesting
emerging mechanism involves -strands at the subunit edges
mediating protein—protein interactions. For example, in the
DNA binding Cro proteins a dramatic evolutionary switch
from a monomeric helical protein to a dimeric mixed o/
protein is based on conversion of an o-helix at the edge of
the subunit to S-sheet, which forms the dimer interface (/8).
Also, simple mutations in the hydrophobic core of mono-
meric immunoglobulin-binding domain B1 of streptococcal
protein G cause remarkable changes in quaternary structure,
generating various dimers as well as tetramer (/9). Here also
edge [(3-strands mediate protein—protein interactions, stabi-
lized by additional hydrophobic interactions. For the Dsr
proteins, a monomeric ancestor appears likely, given the
reasonably high stability of the Tm0979 monomer. Homot-
rimer followed by homohexamer (a dimer of trimers) (27, 28)
could logically arise from such a monomer (4). The C-
terminus of monomeric and dimeric Tm0979 structures is
poorly ordered (23), but this region forms a well-ordered
[-strand in the center of the trimer-based structures (25—28).
The first and fourth helices have hydrophobic faces that form
adjacent parts of the subunit interfaces in the trimer.
However, the hydrophobic face of the fourth helix also forms
the center of the dimer interface for Tm0979. Thus, it is easy
to envision a switch between the monomer, dimer, and trimer
complexes through mutations in the common interface
elements. Again, a key aspect of these protein—protein
interactions is variable formation and interactions of an edge
[-strand.

Recent studies have highlighted that interchain f-strand
interactions occur widely in protein quaternary structures,
interactions between proteins, and protein aggregation and
that they play a central role in many biological processes
and in diseases (20). Quantitative analyses of the energetics
of folding and assembly for related proteins with different
quaternary structures provide important insights into the
molecular basis for protein—protein interactions and the
evolution of structure and function. They also provide
valuable data for testing models of protein folding, assembly,
and evolution, in order to reach the ultimate goal of accurate
and detailed prediction of protein complexes.
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