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Abstract: The full or partial unfolding of proteins is widely believed to play an essential role in
three-dimensional domain swapping. However, there is little research that has rigorously evaluated
the association between domain swapping and protein folding/unfolding. Here, we examined a
kinetic model in which domain swapping occurred via the denatured state produced by the
complete unfolding of proteins. The relationships between swapping kinetics and folding/unfolding
thermodynamics were established, which were further adopted as criteria to show that the
proposed mechanism dominates in three representative proteins: Cyanovirin-N (CV-N), the
C-terminal domain of SARS-CoV main protease (MP"°-C), and a single mutant of oxidized

thioredoxin (Trx_W28A°%).
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Introduction

Three-dimensional domain swapping is a special
form of protein oligomerization, where monomers
exchange one or more identical structural elements
(ranging from secondary structure elements to whole
structural domains) to form complexes.! Currently,
more than 500 domain-swapped structures have
been solved.? An analysis in the protein structural
space suggested that domain swapping is a general
property of proteins.? Domain swapping possesses
many potential biological implications.'® It acts as a
mechanism for regulating protein function, and as
an evolutionary strategy to create protein complexes.
This process is also involved in protein misfolding
and aggregation.

Additional Supporting Information may be found in the online
version of this article.
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In comparison with conventional protein—pro-
tein interactions,? domain swapping has two distinct
kinetic features. First, the interconversion between
the monomer and the domain-swapped dimer is gen-
erally very slow.’” The equilibrium process may
take days or even months. Second, the interconver-
sion rate is very sensitive to temperature.>%%° An
increase in temperature by 3—4°C is sufficient to
produce an overall increase of the conversion rate by
10-fold.®® The extracted enthalpy component of the
activation barrier is larger than 100 kcal/mol. These
behaviors are closely related to the folding/unfolding
process of proteins. In an extreme model (the unfold-
ing mechanism for domain swapping),®®1° it was
proposed that domain swapping proceeds via com-
plete unfolding, so the swapping kinetics can be
explained in terms of the equilibrium folding/unfold-
ing properties of proteins. Very recently, a study on
Cyanovirin-N indeed verified that the energy barrier
of domain swapping is very close to the equilibrium
unfolding enthalpy of the protein.® However, there
were also some doubts on the feasibility of the
unfolding mechanism of domain swapping.®!! The
main concern is that the population of the fully
unfolded state is too low to account for the observed
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swapping rate.>!! In addition, careful examination
with rigorous formalism is necessary to distinguish
domain-swapping via fully unfolded states from do-
main-swapping via partially unfolded states. For
example, the rigorous derivation of the unfolding
mechanism for domain swapping predicts that the
enthalpy barrier of domain swapping is two times
that of the equilibrium unfolding enthalpy of the
protein monomer (will be given below), and not one-
fold as that defined previously.®

Here, we examined the kinetic properties of do-
main swapping under the unfolding mechanism and
analyzed the experimental swapping data in combi-
nation with the folding/unfolding data of three pro-
teins: Cyanovirin-N (CV-N), the C-terminal domain
of SARS-CoV main protease (MP™-C), and a single
mutant of oxidized thioredoxin (Trx_W28A°%). The

results showed that domain swapping in all three
systems are well described by the unfolding mecha-
nism when the heat capacity difference between the
native and denatured states in protein folding/
unfolding is appropriately addressed.

Results

Formalism of the unfolding mechanism for
domain swapping

In general, domain swapping is described by a dime-
rization reaction:

oM X p 1)

-

koft
with the equilibrium dissociation constant Kq = Eog/kon.
The time evolution of monomer and dimer concentra-
tions is given as (see Supporting Information):
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where [Mliota1 and [Dliota1 are the total molar
concentrations (irrespective of whether they are
present as monomer or dimer) with [Mlia =
2[Dliota1, and [Mleq and [D]eq are the corresponding
equilibrium concentrations:
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Equation (2) is generally applicable to various domain
swapping processes no matter whether they proceed
via complete or partial unfolding. It can be used to fit
the experimental kinetic data of domain swapping to
extract the constants &, ko, and Ky. It is noted that

when |[M],_, — [M],,| << 7W, the denomina-

tor on the right side of Eq. (2) is approximately a
constant independent on time ¢, and thus, the
kinetics can be described by a single exponential as
observed previously.®®

When domain swapping occurs by the unfolding
mechanism, i.e., swapping proceeds via complete
unfolding, the process is subdivided as:
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where k, and k¢ are the unfolding and folding rate
constants, respectively, and the superscripts “M)”
and “(D)” denote the monomer and dimer proteins. U
is the denatured monomer and U*U is an encounter
complex where two monomers come close to each
other but do not essentially interact. The equilib-
rium dissociation constant of the global domain
swapping process is thus:

(%)

u

where KflM> = kflM)/k(fm and Kf,D) = kle)/kED) are the
unfolding equilibrium constants for monomer and
dimer, respectively, while KflU) is the dissociation
constant for the step 2U < U*U . Under the steady-
state assumption and the condition that folding
rates are fast (which operates when the denatured
states are highly unstable), the time evolution of
process (4) can be reduced into process (1) with the
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corresponding parameters (see Supporting Informa-
tion):

hon = [KEV] 2

(6)
koft = Kl(lD)kf)?

This is the main results for the unfolding mechanism
of domain swapping. It relates the kinetics of domain
swapping to the equilibrium of protein folding/unfold-
ing. By introducing variations (e.g., temperature,
denaturant, and mutation) that change the protein
stability, Eq. (6) can be critically assessed by examin-
ing the quantitative relation between the swapping
kinetics and the unfolding thermodynamics. For
example, when the temperature is raised to change
the domain-swapping rate, Eq. (6) gives that:

{ AHE, = 2AHM 4+ AHY @

f _ ApggD) ()
AH? = AHy" + AH

where AH“(IE)n is the enthalpy barrier of k., and AHzff
is the enthalpy barrier of k. AHEIM) and AHEID) are
the equilibrium unfolding enthalpy of the monomer
and the dimer, respectively. AHS)H)'JF and AH(()IfJf)i are
the enthalpy barrier of the transition between 2U
and U*U. Considering that U*U is an encounter
complex with no essential interaction between two
completely unfolded monomers, AH(()E)i and AH(()If']f)i
can be ignored. So we have

{ AHE ~ 2AHM

(8)
AH: ~ AHP)

On the other hand, the temperature dependence of
K4 is usually much smaller than that of k., and kg,
so it is derived from Ky = kow'k,o, that:

AH:; ~ AHE,. 9

The relationships can be summarized as:

AHE ~ AH? ~ 2AH™ ~ AHD). (10)
Therefore, the kinetic barrier of domain swapping is
two times the equilibrium unfolding enthalpy of the
monomer and one time the equilibrium unfolding en-
thalpy change of the dimer. This provides a criterion
for the unfolding mechanism of domain swapping.
The kf)g) and kf}f? can also be extracted from Eq. (6)
to see whether they lie in a reasonable range.
Equations (6) and (10) apply for domain swap-
ping which proceeds via complete unfolding. When
swapping proceeds via partial unfolding, there would

be no correlation between the swapping kinetics and
the global protein stability, and thus Egs. (6) and
(10) are not applicable. Swapping via partial unfold-
ing is still described by Eqgs. (2,3), but the thermody-
namics of partial unfolding should be instead used
to relate to the swapping kinetics of domain swap-
ping. Because the free energy for partial unfolding is
usually not as high as that for complete unfolding
under native conditions, the interconversion rate for
swapping via partial unfolding should be faster and
less sensitive to the temperature.

In the following sections, we examined three
domain-swapped proteins whose swapping kinetics
and folding/unfolding thermodynamics are available
in the literature, and showed an agreement between
the predictions and the experimental data.

Case study 1: Cyanovirin-N
The protein CV-N is a potent inhibitor of the human
immunodeficiency virus and many other viruses.'?
CV-N is composed of 101 amino acids and exists in
both a monomer and a domain-swapped dimer.'?
Recently, Liu et al.® found that the swapping en-
thalpy barrier is very large and of similar magnitude
to the equilibrium unfolding enthalpy of the mono-
mer and dimer, and concluded that domain swap-
ping proceeds via the unfolding mechanism. How-
ever, although AH* ~ AHE,D) was verified, a relation
of AH* ~ AHSM) was observed in their work rather
than the predicted AH* ~ ZAHEIM> presented in Eq.
(10). In addition, they observed that the domain
swapping reaction exhibited a single exponential
time dependence, which was then used to support
the suggestion that the rate-limiting step is M—U.
Consequently, we decided to re-examine their data.
In fact, the kinetic data of Liu et al.® can be well
described by Eq. (2). In Figure 1, we refit the conver-
sion data of Liu et al.® from the wild-type (wt) CV-N
domain-swapped dimer to the monomer using Eq.
(2) and the enthalpy barrier relation:

1 1
kon(T) = ko, (To) exp {fAHﬁn [ﬁ - R—To] } . (1D

where T is a reference temperature. It can be seen
from Figure 1 that the agreement between the ex-
perimental data and Eq. (2) is excellent even if only
four parameters were used to globally fit six curves.
The discrepancy of Eq. (2) from single exponential
behaviors is reflected in the factor

K3 + 16K4[D] 1

0=

4 . (12)
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Figure 1. The conversion from the wt CV-N domain-
swapped dimer to the monomer at various temperatures:
(from top to bottom) 322.5, 323, 323.5, 324, 324.5, and
325.5 K. Scatters are experimental data extracted from Fig.
4(A) of Liu et al.® Solid lines are the theoretical fits using
Egs. (2,11) with the resulting parameters: [Dliota = 0.167
mM, Kgq = 25.7 mM, ko (322.5 K) = 6.0 x 107* M~ " s,
AH: = 151 kcal/mol. The inset shows the factor 0 as given
in Eq. (12) which reflects the discrepancy from the single
exponential behaviors.

The ratio of ([D]tzo - [D]eq> / 7VK§+H1% is calcu-

lated to be only 0.024, so it is not surprising that the
factor 0 is very close to 1, as shown in the inset of
Figure 1. This explains why the experimental data
can also be fitted by a single exponential in Liu
et al.® Such a property is expected to apply also to
other proteins when experiment conditions strongly
favor the formation of the monomer (Ml =
2[Dliotar < Kg). As a result, the enthalpy barrier
AH* extracted from our fitting (151 kcal/mol) is very
close to that derived from the single exponential fit-
ting (145/153 kcal/mol).®

On the problem why AH* ~ AH&M) instead of
AHF ~ 2AH&M> was observed by Liu et al. .8 we found
that the answer lies in the large heat capacity differ-
ence (AC,) between the denatured and native pro-
teins.’* The equilibrium unfolding enthalpy (AH{IM))
was usually measured from thermal melting curves
so that its value is applicable near the melting tem-
perature (7T',,), while the domain swapping kinetics
was measured at lower temperatures, where, accord-
ing to the equation of:

AH(T) = AHy(Twm) + AC, (T — Tw), (13)
the corresponding AHEIM) should be lower than that at
Tw. By incorporating the effect of AC,, we recovered
the relation of AH* ~ ZAH&M) for CV-N as follows:

1 For the CV-N¥®1% monomer, Table II of Liu et al.®

gave AH(T,,) = 130 kcal/mol, and Ref. *® gave T,
= 71.2°C. We did not find the corresponding AC,
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in the literature, so we made use of the experi-
mental fact'® of AG, (20°C) = 9.8 kcal/mol and the
equation:

AGy(T) = AHy(Tm) + AC,(T — Tw)
T [LI“(T‘“) +AC, 1nT£]

m

(14)

to estimate AC,, to be 2.38 kcal/(mol-K). Therefore,
AHSM) at the temperature of the swapping mea-
surement (~329 K) is determined to be 93.5 kcal/
mol, and thus 2AH£,M> = 187 kcal/mol, which is
close to the observed AH* (162 kcal/mol) for swap-
ping kinetics.®

2 For the wt CV-N monomer, experiments gave T, =
61.3°C and AG, (20°C) = 4.1 keal/mol.'>1® We did
not find the experimental results on AC, and AH,
(T in the literature. If we assume the wt CV-N
has the same AC,, value as CV-NP?1G ghove, we can
estimate AH,, (T,,) = 85 kcal/mol based on Eq. (13).
Then, AHEIM) at the swapping temperature (~325
K) is calculated to be 62.9 kcal/mol, and we have
2AH$1M> = 126 kcal/mol. This value is comparable to
the observed AH* value (145/153 kcal/mol).®

3 For the dimer, AH, (T,) of CV-N"*!¢ and CV-
N2Q%0 were reported by Liu et al.® However, for
dimers which are less stable than monomers, their
unfolding is usually coupled with a dimer-mono-
mer transition and the extracted unfolding ther-
modynamics may be problematic. We have ignored
the less stable CV-NF°1¢ dimer, and only discussed
CV-N290 that exists solely as a domain-swapped
dimer. The T, of CV-N*?*° dimer is 50.2°C, which
is close to the swapping temperature (~325 K) of
wt CV-N. Thus, we directly estimated the AH&D) of
the wt CV-N dimer at the swapping temperature
as the AH, (T, value (142 kcal/mol) of CV-N2Q%0,
which is almost identical to the experimental AH*
value (145/153 kcal/mol)® of wt CV-N.

Case study 2: MP"°-C

MP™, the main protease of the SARS coronavirus
(SARS-CoV), is a key target for structure-based drug
design against SARS.!” The C-terminal domain of
MP™ (MP**-C) was found to exist in both monomeric
and domain-swapped dimeric forms.*® Unlike many
other domain-swapped proteins, the swapped ele-
ment of MP™-C is fully buried inside the hydrophobic
core rather than at the protein surface, which makes
the unfolding mechanism of domain swapping more
probable to occur in this system.!® On the other
hand, Kang et al.® recently measured the swapping
kinetics and the folding/unfolding thermodynamics,
and concluded that it is thermodynamically impossi-
ble for MP™-C to swap through fully unfolded states.

A main reason for this suggestion is that kg,{)
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Figure 2. Correlation between the domain-swapping
association rate (ko) at 37°C and the melting temperature
(Tm) for wt and mutants of MP™-C. The experimental data
were taken from Table | of Kang et al.®° The wild-type is
high-lighted by using an open circle. The solid line is a
linear fit to the data.

calculated from Eq. (6) greatly exceeds the typical
protein association rate constants.’ However, after
considering the influence of AC,, we found that the
conclusion may change. From Kang et al.® we have
Tn = 59.1°C and AH, (T,,) = 430 kJ/mol for the
MP™-C monomer. (AH(Ty,) was estimated from the
data of AG, (25'C) = 44.1 kJ/mol from Kang et al.®
by assuming they did not considered the influence of
AC,. A direct refitting to Figure 2(F) of Kang et al.’
results in a similar value of AH(Ty,).) We are not
aware of any experimental results describing the
AC,, of MP™-C, so we estimated this value from the
general scaling law of AC, with respect to the chain
length,'* which predicts that AC, = —251 + 0.19
(AASA) = —251 + 0.19 x (=907 4+ 93N) (in a unit of
cal/(mol-K)) where AASA is the change in solvent-
accessible surface area upon unfolding and N is the
length of the protein. For MP™-C (N = 120), it is
estimated that AC, = 7.1 kJ/(mol-K). With these
parameters, we re-evaluated the folding/unfolding
thermodynamics at the swapping temperature

(~37°C) to be: AHM = 270 kJ/mol and AG™ = 23.3

kdJ/mol. Thus, 2AH§1M) = 540 kdJ/mol and this value is
comparable to the swapping AH* (374/436 kJ/mol).®

Based on K" = exp [— Agg\.d)} =12x10"* and the
Eon value (11.1 x 1073 M~ s71) at 37°C from Kang

et al.? kgg) is determined from Eq. (6) to be 7.7 x
10> M~! s7%, which is a typical protein association
rate limited by diffusion.* Consequently, the doubt
on the feasibility of the unfolding mechanism may
be dismissed.
Kang et al.
mutants of MP°-C and measured their thermal sta-
bility and domain swapping kinetics.® By redrawing

have also constructed various

284 PROTEINSCIENCE.ORG

their data in Figure 2, it is clearly demonstrated that,
despite some fluctuations, there is a tight correlation
between k., and T,,. This result strongly suggests
that the change in the swapping kinetics of the
mutants is simply because of a change in the protein
thermal stability. A linear fitting to In k., ~ 1/T, gives
an effective enthalpy difference of 388 kd/mol, which
is very similar to the observed swapping AH* value
(873/433 kJ/mol).? The calculated k&f) for the mutants
falls in the range of 1.0-16.9 x 10° M~! s™! (Support-
ing Information Table S1), the majority of which are
close to that for the wide-type. The consistence among
&Y for the wide-type and various mutants of MP™-C
lends support to the unfolding mechanism, i.e., swap-
ping proceeds via complete unfolding.

It is noted that the state U*U in Eq. (4) is not
well established, so the physicochemical meaning of
the parameters such as kég) may depend on the sys-
tem. In the unfolding mechanism we discussed, U*U
is assumed to be made of two completely unfolded
monomers. If swapping proceeds via partial unfold-
ing, then U*U should be composed of partially
unfolded monomers and the derived swapping
kinetics would relate to the thermodynamics of par-
tial unfolding. Thus, there does not exist a tight cor-
relation between the swapping Kkinetics and the
global protein stability for swapping proceeds via
partial unfolding.

Case study 3: Trx_W28A°%*

Thioredoxin (Trx) plays an essential role in many
biological processes, including cellular redox balance,
promotion of cell growth, and inhibition of apoptosis.2’
Garcia-Pino et al. showed that a single active-site
mutation on the oxidized form (Trx_W28A°*) converts
the protein into a biologically inactive domain-swapped
dimer.2! The swapped dimer of Trx_W28A°* is a kineti-
cally trapped species. Its unfolding is not reversible,
i.e., it spontaneously refolds to the monomer after ther-
mal unfolding. (In Garcia-Pino et al.,?* the transition
was written as S,—2I, which is synonymous to our
notation of D—2M here. For the unfolding of monomer,
the van’t Hoff enthalpy instead of the calorimetric en-
thalpy was assigned to AH{IM) since van’t Hoff enthalpy
better reflects the properties of denatured population.)
In other words, the Kj is very large in this system and
the measured swapping kinetics is mainly determined
by ko Based on Table III of Garcia-Pino et al.,?* we
have calculated that AHEJD) = AHp . op + ZAHEIM) =
14.4 + 2 x 47.1 = 109 kcal/mol. (The swapping kinetics
was extracted from the temperature dependence of the
apparent excess heat capacity in Garcia-Pino et al.,?!
so the swapping temperature was close to the melting
temperature and we need not consider AC, in the
calculation). This AH{ID> value is very similar to the
measured swapping kinetic barrier AH* (120 kcal/
mol),?! suggesting the unfolding mechanism to be re-
sponsible for the domain swapping of Trx_ W28A°*.

The Unfolding Mechanism of 3D Domain Swapping



Discussion

Although there is currently no unifying molecular
mechanism describing domain swapping, it is gener-
ally believed that the monomer should be fully or
partially unfolded in swapping. However, criteria
should be developed to rigorously test any proposed
mechanism. In this article, we established the for-
malism of the (fully) unfolding mechanism for
domain swapping and used the obtained criteria to
analyze the properties of three representative pro-
teins. We are not suggesting that the unfolding
mechanism is universal for all swapped proteins
since each protein may behave in a distinct manner;
however, the criteria presented were met in the
examined proteins. Therefore, the unfolding mecha-
nism probably dominates in these example systems.

The developed formalism can be extended to
describe other experiments of domain swapping. For
example, when denaturants are used to increase the
rate of the swapping kinetics, it is predicted from
the unfolding mechanism that the slope of the
logarithmic swapping rate as a function of the dena-
turant concentration is two times as that of the
unfolding equilibrium constants for the monomer.
This remains to be verified in future work.

It should also be interesting to explore the mech-
anism where proteins are partially unfolded in swap-
ping. By measuring the equilibrium of the partially
unfolded forms by techniques such as native-state
hydrogen exchange,?? the connection between swap-
ping kinetics and the partial unfolding thermody-
namics may be established and be tested similarly.

Materials and Methods

Details on the formalism of the unfolding mecha-
nism for domain swapping are described in the Sup-
porting Information.

Conclusions

In conclusion, we have established formulism of do-
main swapping under the unfolding mechanism, and
used the obtained criteria to test a number of pro-
tein systems by combining their swapping kinetics
with available folding/unfolding equilibrium data.
The results suggest that the domain swapping of
CV-N, MP™-C, and Trx_W28A°* is dominated by the
unfolding mechanism.
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