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Summary

Background: Thermodynamic and kinetic studies of
the Protein L B1 domain (Ppl) suggest a folding pathway
in which, during the folding transition, the first g hairpin
is formed while the second B hairpin and the « helix are
largely unstructured. The same mutations in the two
turns have opposite effects on the folding and unfolding
rates. Three of the four residues composing the second
B turn in Ppl have consecutive positive ¢ angles, indicat-
ing strain in the second B turn.

Results: We have determined the crystal structures of
the B turn mutants G55A, K54G, and G15A, as well as a
core mutant, V49A, in order to investigate how backbone
strain affects the overall structure of Ppl. Perturbation
of the hydrophobic interactions at the closed interface
by the V49A mutation triggered the domain swapping
of the C-terminal B strand that relieved the strain in the
second B turn. Interestingly, the asymmetric unit of V49A
contains two monomers and one domain-swapped di-
mer. The G55A mutation escalated the strain in the sec-
ond (3 turn, and this increased strain shifted the equilib-
rium toward the domain-swapped dimer. The K54G
structure revealed that the increased stability is due to
the reduction of strain in the second B turn, while the
G15A structure showed that increased strain alone is
insufficient to trigger domain swapping.

Conclusions: Domain swapping in Ppl is determined
by the balance of two opposing components of the free
energy. One is the strain in the second  turn that favors
the dimer, and the other is the entropic cost of dimer
formation that favors the monomer. A single-site muta-
tion can disrupt this balance and trigger domain swapping.

Introduction

Many proteins have the ability to self assemble into
dimers or oligomers through an exchange of structural
elements. One form of exchange, which is quite often
reversible, is 3D domain-swapping (DS). This event re-
quires the breaking of noncovalent interactions of one
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monomer’s domain or secondary-structural elements,
which are replaced by an identical domain from another
molecule to form a dimer or oligomer [1, 2]. Domain
swapping has been proposed as a possible mechanism
for protein aggregation and amyloid formation [3, 4], as
well as regulation of function or activity [5-7].

A growing number of domain-swapped proteins have
been discovered. These include RNase A [8, 9] and BS-
RNase [10], Cro [11], Spectrin [12], and the bovine odor-
ant binding protein [13], as well as the mammalian cell
cycle regulatory subunit protein CksHs1 [14] and its
yeast homolog p13suc1 [15]. Domain swapping was first
observed on a molecular level by Eisenberg and cowork-
ers in 1994 [16], when they found that acidic conditions
disrupted ionic interactions between two domains in
diphtheria toxin and stabilized a domain-swapped con-
formation. Low pH is a common trigger for domain swap-
ping as well as amyloid formation. Other mechanisms
that are thought to help the transition from monomer
to domain-swapped dimer include mild denaturation,
elevation of protein concentration, and conformational
strain.

The introduction of mutations, additions, or deletions
in the hinge-loop can induce conformational strain and
induce domain swapping. The hinge-loop region is a
short polypeptide segment that links the swapped do-
mains of the dimer and is usually a loop in the mono-
mer. When domain-swapped, the hinge is in a different
conformation than it is in the monomer. The role of a
hinge-loop in controlling protein quaternary structure is
highlighted in domain swapping. For example, a deletion
of six residues in a surface loop of staphylococcal
nuclease transforms the monomeric protein into a do-
main-swapped dimer, in which the carboxy-terminal o
helix is exchanged [17]. The dimeric 3B2-Crystallin dif-
fers from the monomeric yB-Crystallin in having an
acidic residue in the hinge-loop and an Asp residue
located in the main body of the protein. This electrostatic
repulsion prevents B2-Crystallin from forming a closed
monomer and causes it to domain swap [18]. Naturally
occurring backbone conformational strain induced by
two conserved prolines in the hinge-loop region of
p13suci1 has been shown to be the mechanism by which
this protein switches between monomeric and domain-
swapped states [19, 20].

In this paper we explore the role of conformational
strain imposed by B turn residues in the regulation of
domain swapping. We use the 64 residue B1 domain of
Protein L (Ppl) from Peptostreptococcus magnus, which
consists of a central a helix packed against a four-
stranded B sheet formed by two B hairpins [21, 22].
The topology of Ppl appears to be pseudo-symmetrical.
However, the same substitution (G15A and G55A) in the
pseudo-symmetrically disposed firstand second 3 turns
had opposite effects on the folding/unfolding kinetics
of Ppl [23]. Although both substitutions had similar de-
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Table 1. Structure Determination Statistics

Diffraction Data Statistics

Data set V49A G55A K54G G15A
Unit cell (A): A = 53.13 48.01 66.63 66.50
B = 53.13 15.12 66.63 66.50
C= 115.51 60.09 108.83 109.19
Space group P4, C222, P3,21 P3,21
Resolution (A) 1.8 1.8 1.8 2.1
Observations 134,022 58,197 1,330,332 109,046
Unique reflections 29,286 10,272 26,473 16,901
Completeness (%) 98.7 98.6 99.7 99.9
I/sigma 30.9 31.6 16 9.6
Rierge (%)’ 4.7 5.6 6.5 10.9
Refinement Statistics
Resolution 25-1.8 25-1.8 25-1.8 25-2.1
Number of Reflections (F > 0) 28,396 10,255 26,441 16,869
Reyst (Rrree)™® 21.1 (23.9) 18.6 (21.0) 19.9 (20.5) 21.3 (23.0)
Test size (%)° 9.50 4.80 5.10 5.00
Number of molecules in asymetrical unit 4 1 2 2
Number of non-hydrogen atoms:
Protein 1,940 557 1,122 1,138
Zinc 0 3 8 8
Water 122 168 213 171
B factor (A? 31 26.9 23.3 21.5
Rmsd from ideal values:
Bond length (A) 0.0057 0.0041 0.0052 0.0056
Bond angles (°) 1.25 1.26 1.25 1.28
Ramachandran plot*
Residues in most-favored & (disallowed) regions (%)° 96 (0) 98.6 (0) 96 (0) 95 (0)

"Rierge = 22 (Il — U)X (I}, Where [y, is the intensity of an individual measurement of the reflection with Miller indices h, k, and /, and (/)
hkl i Wkl

h
is the mean intensity of that reflection.

2Reyst = 2 (IFpw — Ful/Fha) where Fp, and Ffy are the observed and calculated structure factor amplitudes.
hkl

®Ryee [43] is equivalent to R, but is calculated with reflections omitted from the refinement process. The Ry.. reflections were extracted with

the CCP4 program FreeRflag.
4Calculated with the program CNS [41].
®Calculated with the program PROCHECK [42].

stabilizing effects on Ppl, the G55A substitution in the
second B turn increased the unfolding rate by 15-fold
and had only a minor effect on the folding rate, whereas
the G15A substitution decreased the folding rate by
9-fold and had only minor effects on the unfolding rate.
A systematic thermodynamic and kinetic study of single-
site mutations spanning the entire Ppl revealed the fold-
ing transition state in which B strands 1 and 2 and the
first 8 hairpin turn are largely structured, while 8 strands
3 and 4, the second B hairpin turn, and the « helix are
largely disrupted [24]. The pseudo-wild-type Ppl struc-
ture (WT*) revealed that while the first g turn is a classic
type | turn with only G15 having a positive ¢, the second
B turn has a distorted type I’ conformation in which three
of the four residues (D53, K54, and G55) comprising the
turn have positive ¢ angles [22]. Positive ¢ angles can
induce strain when the C; atom of a residue makes close
contacts with its backbone oxygen. The above results
suggest that the second B turn in WT* is in a strained
conformation.

We have structurally characterized four separate resi-
due substitutions, V49A, G55A, K54G, and G15A. We
found from these structures that two opposing compo-
nents of free energy exist in Ppl between the entropic
cost of dimer formation and the strain in the second 3
turn. When Ppl was mutated to either V49A or G55A,
domain swapping was observed due to dominance of

the strain in the second B turn. The K54G and G15A
mutations showed that the close contact between the C
atom of residues with positive ¢ angle and the backbone
oxygen is a key element that induces strain in 8 turns.

Results

V49A: Equilibrium between the Monomer

and the Dimer

In order to probe the local and global structural changes
of Ppl upon mutations of core residues, we determined
the structure of Ppl with a V49A substitution to a resolu-
tion of 1.8 A (Table 1). The V49A mutation is located in
the hydrophobic core of the protein on the third 8 strand
and destabilizes Ppl by 0.92 kcal/mol [24]. The dominant
and striking feature of the V49A asymmetric unit is that it
contains two monomers and a 3 strand-swapped dimer
(Figure 1a). While the V49A molecules A and C maintain
the wild-type fold, molecules B and D form a dimer
through the exchange of their fourth 3 strands. The elec-
tron density corresponding to the hinge region of the
domain-swapped dimer is unambiguous, as can be seen
from the simulated annealing composite omit maps (Fig-
ures 2a, 2b). The extended fourth g strand integrates
into the dimer partner and creates a buried surface area
of approximately 930 Az, Remarkably, the hydrogen
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Figure 1. The Asymmetric Unit of V49A

(a) The asymmetric unit contains two monomers (cyan/brown) and
a domain-swapped dimer (orange and magenta). The molecules are
labeled Mol A, B, C, and D, respectively. The 8 strands and « helix
are labeled on molecule A. Arrows point to the A49 in each molecule.
The hinge region consists of the residues in the second $ turn
(residues 53-56).

(b) The repacking of side chains near the V49A residues for the
monomer (cyan), dimer (orange/magenta), and WT (green). For the
V49A monomer the side-chain of Y34 has the largest shift, similar
to the V49A domain-swapped dimer. In the V49A domain-swapped
dimer the side chain of Y56 shifts due to the 8 strand extension and
causes further shifts in F26 and a 180° rotation about x1 for L58.

bonding and atomic positions of the domain-swapped
dimer are comparable to WT*.

The deletion of two methyl groups in the V49A muta-
tion triggered a compensatory side-chain movement of
several residues. In the V49A monomer, Y34, adjacent
to A49, rotated to fill in for the loss of two methyl groups
(Figure 1b). However, in the domain-swapped dimer the
extension of the fourth B strand caused several pertur-
bations. The movement of Y56 caused a compensatory
shift in F26, and L58 rotated 180° about x; to make more
satisfying contacts with A49, while Y34 rotated as in the
monomer (Figure 2b).

Domain swapping in V49A caused minimal perturba-
tions on the overall structure except in the hinge region

of the second B turn. Comparisons against the mono-
meric WT* structure [22] showed that the VA9A monomer
has a root mean square difference (rmsd) of 0.65 A
(residues 4-63), while the V49A domain-swapped dimer
has a rmsd of 0.71 A (residues 4-50, 56'-63’). The rmsd
between the V49A monomer and dimer is 0.51 A.

In the WT* structures, the second B turn residues,
D53, K54, and G55, have positive ¢ angles (Table 2).
These angles place this turn into the left-handed a-heli-
cal region of Ramachandran space, which is statistically
less populated and thus energetically less favorable
than other regions [25]. Furthermore, non-glycine resi-
dues with positive ¢ angles tend to be destabilizing
[26-28]. In the V49A structures, residues D53, K54, and
G55 in the monomer formed the second B hairpin turn
and retained the strain as in the WT* Ppl; however, these
residues formed an extended hinge region in the do-
main-swapped dimer and released the strain (Figure 1a).
Interestingly, the hinge region (residues 52-55) of the
dimeric B molecule began its rotation (away from WT*
conformation) at A52 and completed its rotation at G55,
while the hinge of the D molecule began its rotation at
K54 and ended it at G55 (Table 2). This backbone rota-
tion asymmetry left D53 of the B molecule with a nega-
tive ¢ angle while the D53 of molecule D retained the
positive ¢ angle in the same conformation as found in
WT*, although the s angle had moved 12°. This caused
the C atom of D53 in molecule D to make a close contact
with its backbone oxygen (2.7 A), creating WT*-like strain
in that region. This asymmetry of ¢ angles in the domain-
swapped dimers and the residual strain could have been
due to either the internal structural restraint or the crys-
tallographic packing.

Domain Swapping in G55A

The domain swapping in the V49A structure suggests
that there are two opposing components of free energy
exerted on the second {3 turn and the interplay of these
two opposing free energy components dictates the out-
come of the conformational change. The free energy
component that favors domain swapping is the strain in
the second B turn as indicated by the three consecutive
positive ¢ angles. The free energy component that disfa-
vors domain swapping is the loss in entropy upon dimer
formation. Based on the above model, we predicted that
if the strain in the second B turn is increased, a domain
swapped dimer should be observed. The G55A mutation
significantly increased the strain in the second (3 turn
and destabilized Ppl by 2.1 kcal/mol [24] and therefore
was selected to test the above hypothesis.

The crystal structure of G55A, determined to 1.8 A
resolution (Table 1), shows the fourth 8 strand domain-
swapping in a similar manner as in V49A dimer structure
(Figure 2c and 4a). In this case the G55A structure shows
only B strand-swapped dimers with the hinge residues
(53-56) having all negative ¢ angles, unlike molecule D
of V49A (Table 2). This is consistent with the greater
ease with which the G55A molecules can form dimers,
as seen by size exclusion chromatography (SEC; Figure
3). The Cy of A55 and its symmetry mate in the dimer
are 3.9 A apart and tilted toward each other to make
stabilizing van der Waals contacts. Furthermore, the Cg



Structure
1020

Figure 2. Stereo Views of Electron Density from Composite Omit Maps of V49A and G55A at the Second 3 Turn/Hinge Region

The residues near K54, G55, and Y56 are shown.

(a) Second B turn in the V49A monomer.

(b) V49A hinge region in the domain-swapped dimer.

(c) G55A domain-swapped dimer hinge region. The residue from the strand in the domain-swapped pair is denoted as G55, for example.
Non-carbon atoms are color coded with blue for nitrogen and red for oxygen. The electron density around the residue of the hinge region is
contoured at 10.
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Table 2. Dihedral Angles for Residues 53, 54, and 55

V49A-A V49A-B V49A-C V49A-D G55A' WT*-A?

¢ ¥ ¢ ¥ ¢ ¥ ¢ ¥ ¢ ¥ ¢ b
ASP 53 49.73 48.56 -150.7 150.25 48.08 47.14 47.79 61.29 —73.26 152.38 49.01 48.12
LYS 54 56.51 30.86 -120.3 134.64 54.96 30.28 —64.51 136.5 -131.1 —30.08 58.74 28.17
GLY 55 96.27 —2.03 -131.6 155.98 103.76 —5.38 —158.2 168.91 —153.2 148.73 98.95 —7.08

G55 is Ab5.

2G15A and K54G had dihedral angles in line with the A molecule of WT*.

of A55 does not clash with its backbone carbonyl oxy-
gen. The buried surface area for residues 56-64 is 930 Az
per monomer, similar to that in the V49A domain-
swapped dimer. Finally, the overlay of a monomeric unit
of the G55A dimer (residues 4-50 and 56'-63’) with WT*
shows an rmsd of 0.47 A for backbone atoms. This
demonstrates that the domain-swapped dimer main-
tains the essential monomeric contacts.

Concentration Dependence and Slow Kinetics

of G55A Domain Swapping

The G55A protein displays a two-state folding kinetics
similar to the monomeric WT* and thus is modeled as
a monomer in the kinetic analysis [24]. The domain-
swapped dimer revealed by the crystal structure of G55A
prompted us to investigate the validity of the monomeric
G55A model used in the folding kinetics studies. The
G55A protein at 15 wM concentration, as used for the
folding kinetics studies, was denatured and then re-
folded immediately before injection onto SEC. The
freshly refolded G55A was found to be monomeric (Fig-
ure 3d). Refolded G55A protein at 15 WM was then stored
at 4°C and reanalyzed after 8 days. The G55A protein
loaded at 15 uM was found to contain about 20% dimer
(Figure 3c). These SEC studies of the G55A protein dem-
onstrated that the monomeric model of G55A is valid
for the kinetic studies of folding at low concentrations.
It also revealed that a slow equilibrium exists between
the monomeric and dimeric forms, with conversion to
the dimeric form occurring even at low protein concen-
trations. The equilibrium is shifted in favor of the dimer
with the increase of protein concentration (Figure 3a—c).
There is a trace amount of dimer found in the V49A
protein at 3100 M concentration (Figure 3e). In con-
trast, WT remains monomeric even at high protein con-
centrations (Figure 3f).

Acidic pH has been reported to induce domain swap-
ping in systems such as Diphtheria toxin and RNase A.
The acidic conditions could potentially affect the do-
main-swapping state of Ppl since the V49A protein was
crystallized at pH 4.6. To analyze this we compared the
dimer fraction of 600 uM G55A and 1250 pM V49A at
pH 4.6 to the dimer fractions found under these concen-
trations at pH 7.0. We found similar dimerization states
between the acidic and neutral pH for both V49A and
G55A (data not shown), and these findings further indi-
cate that conformational strain and protein concentra-
tion, rather than pH, play a major role in triggering do-
main swapping in both cases.

The Hinge Regions of V49A and G55A

Are not Identical

The hinge angle between the two lobes of the G55A
dimer is nearly 180°. This represents approximately a
58° hinge angle difference between the G55A and V49A
dimers (Figure 4b). This also demonstrates the confor-
mational flexibility of the hinge region. Comparisons of
hydrogen bonding (H bonding) patterns show further
differences. Figure 5 shows comparisons of residues
52-57 from WT*, V49A, and G55A domain-swapped
structures. The asymmetry of the hinge bend in V49A is
reflected in its H bonding pattern. In the B molecule the
H bonding pattern includes N5, and Oss, while in the D
molecule, where D53 has a positive ¢ angle, the H bonds
include N5, and Os, before skipping to G55. Also in V49A,
the G55 residue makes two H bonds to G55’ in the
noncrystallographic symmetry-related molecule, where-
as in G55A the two molecules in the dimer are related
by crystallographic symmetry and the H bonding pattern
is Os4-Ns5 and Ns,-Os;5, allowing A55 to be directly across
from A55'.

K54G Reduces Strain in the Second 3 Hairpin Turn

We hypothesize that strain exists in the second 8 turn
because of its positive ¢ angles inducing close contacts
between the C; of D53 and K54 and their backbone
carbonyl oxygens (distances as seen in WT* structures:
Cy(D53)-0O(D53) = 2.73 + 0.01 A and Cy(K54)-O(K54) =
2.77 = 0.02 A, [22]). Generally, nonbonded Cg atoms are
at least 2.8 A from backbone carbonyl oxygens, and
90% of the time the distance is 3.4 A or greater [29].
We found that strain in the second B turn is partially
abrogated by a K54G substitution but not by a K54A
substitution [24]. Thermodynamic and kinetic measure-
ments showed that the K54G mutant was 0.67 kcal/mol
more stable than WT*, and the K54G mutation increased
the folding rate by 1.9-fold and decreased the unfolding
rate by 0.6-fold. We crystallized the K54G mutant to
see if relieving the strain caused by the Cy-to-carbonyl-
oxygen (C-0) clash in K54 would have any etfect on the
conformation of the second § turn. The 1.8 A structure
(Table 1 and Figure 6) revealed little main-chain move-
ment in the second B turn and confirmed that the in-
creased stability is primarily due to the loss of the C,
of K54 and the consequent elimination of steric clashes.
The overall rmsd between K54G and WT* (A molecules)
is 0.43 A, and the rmsd between the four residues of
the second B turn is 0.41 A. The ¢ angles for D53, G54,
and G55 remained positive, and the C;-O distance for
D53 remained at 2.72 A. This suggests that the stability
gained is primarily due to the removal of the close con-
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Figure 3. The Time and Protein Concentration Dependency of Do-
main Swapping in G55A and V49A Revealed by Size Exclusion Chro-
matography

(a) At the high concentration (1250 WM) G55A is primarily a dimer.
(b) Dilution of 1250 WM G55A protein to a lower concentration (100
M) shifted the equilibrium to the monomer and resulted in an ap-
proximately equal amount of monomer and dimer.

(c) Further dilution to 15 uM resulted in an even higher percentage
of the monomer over the dimer. Experiments (b) and (c) are mea-
sured after reequilibration of diluted G55A from the 1250 uM stock

tact between the Cg atom of K54 and its backbone car-
bonyl oxygen.

G15A Is Strained but not Domain Swapped
Compared to G55, G15 topologically lies in a pseudo-
symmetrical turn. We tested whether increasing the
strain in a B turn region would be sufficient to induce
domain swapping. Unlike the second (3 turn, the first 8
turn is a type | turn, with only residue G15 having a
positive ¢ angle. As is the case for G55, the ¢/ angle
of this glycine places it in a region of ¢/{s space that is
in a disallowed region of the Ramachandran plot, just
outside of the allowed region for the left-handed «
helices.

The Ppl G15A structure was solved at 2.1 A resolution
(Table 1) and was seen to be a monomer. This is sup-
ported by the SEC data, which suggest that G15A is
monomeric in solution (data not shown). The backbone
rmsd between G15A and WT* structures is only 0.41 A,
whereas the backbone rmsd is 0.75 A between the first
B turn residues (residues 13-16). The A15 residue retains
the positive ¢ angle but now is in the allowed area of
the Ramachandran plot. The Cg of A15 clashes with the
carbonyl oxygens of both A15 and N14 (Figure 7) and
is likely to account for the 1.6 kcal/mol destabilization
caused by the G15A mutation. The two molecules in the
asymmetric unit were very similar in that they had a
main-chain rmsd of 0.38 A (residues —7-64) and 0.15 A
for their first B turns (residues 12-17).

Discussion

The structural studies of the Ppl mutants presented here
revealed that single-residue mutations to a protein with
a strained B turn could lead to significant quaternary
structural rearrangements in the form of 3D domain
swapping.

The V49A mutation in Ppl was not expected to have
a significant impact on the overall fold of the B1 domain.
The V49A mutation has only a 0.92 kcal/mol destabilizing
effect and was expected to cause the reorganization of
the side chains in the hydrophobic core to compensate
for the removal of two methyl groups. Furthermore, the
effect of the V49A mutation on the folding and unfolding
rates is modest. However, the structural determination
led to the discovery of a 3D domain-swapping event
where the fourth 3 strand of two Ppl monomers ex-
change and form an intertwined dimer. The V49A struc-
tures helped to uncover a domain-swapping mechanism

after 8 days. Comparing (a), (b), and (c) revealed a shift toward a
higher monomer-to-dimer ratio, with a decrease in protein concen-
tration.

(d) Freshly refolded G55A at 15 ..M runs as a monomer. Comparing
(d) with (c) showed that even at 15 uM there is a slow monomer-
to-dimer conversion that takes days to complete.

(e) A high concentration of V49A (3100 M) is predominantly the
monomer but shows a small amount of the dimer. (f) WT runs as a
monomer at the highest concentration tested. “D” and “M” represent
where the dimer and monomer elute from the column. The vertical
units are ODyg,-relative units that reflect the overall protein concen-
tration. The horizontal units correspond to the elution volume from
the analytical Superdex-75 size exclusion column.
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in which the second B turn acts as a “spring-loaded
trigger.” In the second B turn of Ppl, there are three
consecutive positive phi angles, two of which are non-
glycines. Generally, non-glycine amino acids with posi-
tive ¢ angles are energetically unfavorable. The left-
handed non-glycine residue has a higher conformational
energy (by 1-2 kcal/mol), caused by interactions be-
tween the C; and main-chain atoms, than does the right-
handed structure [26, 27]. Due to this conformational
strain, the fourth g strand of Ppl springs open to release
the strain in the second B turn when the interaction at

V49A

Figure 4. The G55A Domain-Swapped Dimer
(@) The G55A crystal structure reveals a do-
main-swapped dimer related by a crystallo-
graphic 2-fold axis. Red lines represent the
C, of A55. The symmetrically opposed C, of
A55 and its symmetry mate are 3.9 A apart.
(b) An overlay of G55A (blue) and V49A (yel-
low) domain-swapped dimers. The hinge
angle difference is about 58° between the two
monomer lobes.

the closed interface that holds the fourth § strand is
weakened.

Both G55A and V49A fold with two-state kinetics, just
as wild-type Ppl does [24]. The SEC experiments pre-
sented here revealed that freshly refolded G55A exists
as monomer. Therefore, the monomeric model for G55A
used in the analysis of kinetic data is valid. However,
by increasing the concentration of either the V49A or
especially the G55A protein creates conditions that trig-
ger domain swapping. This is consistent with the view
that local high protein concentrations can facilitate do-

Figure 5. The Hydrogen Bonding Pattern in
the Hinge-Loop Region

The hinge-loop includes residues 53-56,
which in WT is the second 8 turn and in V49A
and G55A is the hinge region. The four hydro-
gen bonds (H bonds) in the WT turn are shown
with green dashed lines. The V49A molecule
has six H bonds, whereas G55A has six H
bonds with classical distances plus two long
H bonds (gray dashed line) that are 3.3 A be-
tween donor and acceptor atoms. In the V49A
molecule, D53 has a positive ¢ angle and
D53’ has a negative ¢ angle. This asymmetry
reflects the different H bonding patterns be-
tween the V49A and G55A hinge regions.
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Figure 6. An Overlay of the K54G and WT* Structures

Shown in green are C, representations of the WT crystal structure
overlaid with the K54G structure (magenta). The K54G substitution
removes the Cs-carbonyl oxygen clashing without changing the sec-
ond B turn conformation. Typical distances for O-N-C;; are 3.7-4.2 A,
and those for C3-O are 3.0-3.4 A, whereas in the WT* structure the
Cg and carbonyl oxygen distance is 2.76 A.

main swapping [8]. Thus, the G55A, as well as the V49A,
mutations must destabilize the monomeric form suffi-
ciently to cause partial or complete refolding at high
protein concentrations to form a domain swapped di-
mer. The pH dependence has been reported for several
domain-swapped proteins including Diphtheria toxin
[30], and RNase A [8]. Our SEC data showed that the
domain swapping process in G55A and V49A is not
dependent on acidic pH but rather on concentration.

Thermodynamically, the equilibrium in domain swap-
ping is controlled by the balance between the energy
gain that is due to the strain release in the g turn and
the entropic cost of dimer formation AG$?; V. However,
the kinetic barrier should also be considered. If we as-
sume that the monomer with the extended fourth 8
strand in the domain-swapped dimer mimics the confor-
mation of the transition state, the transition state free
energy can be estimated as the difference between the
energy gain due to the strain release in the 8 turn and
the energy cost of transferring the fourth g strand from
the B sheet to solvent AGf,;. Since the V49A mutation
caused a similar amount of local side-chain rearrange-
ments in both the monomer and domain-swapped di-
mer, it can be assumed that the destabilizing effect of
the V49A mutation to the monomer and to the dimer is
similar (i.e., AG%s " = AGY? " or AAG%ea ™ w: = 0; Table
3). Therefore, it is more likely that the observed higher
tendency for domain swapping in V49A as compared to
the wild-type is due the lowered transition state free
energy (AGisn = AG}y), estimated at about 1 kcal/mol
(Table 3).

The destabilizing effect of the G55A mutation ob-
served in the thermodynamic studies corresponds to
the strain and steric hindrance created by the glycine-
to-alanine mutation in the monomeric form of the G55A
structure. Therefore, we predicted that increasing the
strain in the second B turn through a G55A substitution
would favor a domain-swapped state by increasing the
overall stability of the dimer relative to the monomer
(AGZ:2M < AGHR ~M). The theoretical free-energy differ-

~

2.81A

Cp of G15A

Figure 7. Overlay of G15A and WT* Structures

The G15A substitution (blue) creates unfavorable van der Waals
contacts between the C; atom of A15 and adjacent carbonyl oxy-
gens from A15 and N14. However, despite the additional strain G15A
mutant remains monomeric. WT* is shown in green.

ence is estimated at 2.1 kcal/mol (Table 3), favoring the
dimer.

We found that strain alone in a B turn is insufficient
to trigger domain swapping. This has been tested
through the introduction of strain in the first g turn of
Ppl. Although the G15A mutation increased the strain
due to Cg of A15 clashing with its backbone oxygen,
the N-terminal first 8 strand does not domain swap. This
is reflected in the higher estimated transition state free-
energy barrier (Table 3) since the cost of removing the
first B strand from the B sheet is considerably higher.
Moreover, the free energy of domain swapping for the
first B strand is higher compared to that for the fourth
B strand since the energy gain from the release of strain
in the first B turn is much smaller than that from the
release of strain in the second B turn. The free-energy
difference, AAG22, ", is estimated at —0.6 kcal/mol
(Table 3), favoring the monomeric state.

Relief of the preexisting strain in the second 8 turn
through the K54G mutation is confirmed through ther-
modynamic measurement and structural analysis. In the
WT* structure the C; of K54 is only 2.8 A away from its
carbonyl oxygen, and removal of the side chain in-
creased the stability of the protein by 0.67 kcal/mol.
When the K54G structure is compared with WT*, the
negligible backbone movement in the second B turn
compensates little in terms of backbone motion; there-
fore, the increased stability is likely due to loss of the
C;-0 clashing. Furthermore, a K54A mutation [24] does
notincrease the stability like the K54G substitution does,
and thus the entropic effect of the lysine side chain can
be ruled out. Since the C; of D53 also makes a close
contact to its carbonyl oxygen because of its positive
¢ angle, we expect that D53 contributes to the strain
in the second B turn.

Residues with positive ¢ angles are frequently located
in turn structures [31, 32]. Takkano et al. have shown that
mutations of glycines with positive ¢ angles in human
lysozyme sometimes result in a main-chain reconfigura-
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Table 3. Estimated Transition State Free Energy for Domain Swapping

AGgﬂlvaﬁon AGa-bonds/salt bridges Athrain AAGR/IEL’I;*MWE
Protein Swapped domain (kcal/mol)’ (kcal/mol)? (kcal/mol)® AG* (kcal/mol)* (kcal/mol)’
WT model® 4t g strand 15 17 2.2 29.8 -
V49A 4" 3 strand 14 17 2.2 28.8 0
G55A 4" g strand 14 16 4.3 25.7 21
G15A model® 1t 3 strand 1 26 1.6 35.4 - 0.6
DT® R domain 13 14 0 27 -

Solvation energy was estimated with HYDROPHOBIC_ENERGY [44].

2The energy of breaking hydrogen bonds and salt bridges was estimated by the assignment of 1 kcal/mol for each hydrogen bond and salt
bridge according to Schlunegger et al. [2]. The number of hydrogen bonds and salt bridges was calculated with CONTACT [45].

3The energy of strain was based on the change of thermodynamic stability between the mutant and wild-type for G55A, K54G, and G15A
when the thermodynamic data were available. Since there was no thermodynamic data available for D53G, it was estimated as the average
of the above three mutants.

“The transition state free energy was estimated as the sum of the solvation energy and the energy cost of breaking hydrogen bonds and salt
bridges minus the energy of strain, AG* = AGSation + AGH bonds/satt bridges — AGain-

SWhen only a monomer structure was available, the transition state of the hypothetical dimer was modeled by rotation of the g strand out of

the B sheet through the change of dihedral angles of hinge-loop residues.

6Data taken from Schlunegger et al. [2].

"The free energy of domain swapping can be estimated as the difference between the energy gain in strain release and the entropic cost of
dimer formation, AG,; ¥ = AGM, — AGZM4,,. The free-energy difference for domain swapping between the wild-type and the mutant can be
estimated as the difference between the strain energies, AAGR, My = AGi M — AGiR M = AGIM — AGYM,, since the entropic cost of dimer
formation should be very similar between the wild-type and various mutants.

tion to compensate for the additional strain [28]. How-
ever, in both the G15A and K54G structures we saw
little backbone movement with either the addition or
removal of conformational strain. This suggests that in
B turn structures that cannot readjust to mutations, the
protein may be more prone to domain swapping.

Consecutive positive ¢ angles in a turn may be a
useful indicator of a strain that could potentially induce
domain swapping, such as in Ppl. For example, the HIV-
inactivating protein, Cyanovirin-N, can domain swap un-
der low pH or mild denaturing conditions [33]. The crys-
tal structure of Cyanovirin-N showed that all the ¢
angles in the domain-swapped hinge region are nega-
tive, whereas in the NMR-derived monomeric Cyanovi-
rin-N structure the loop region contains two positive ¢
angles at S52 and N53 [34]. Like those in G55A and
K54G, the C; atoms of residues 52 and 53 in the mono-
meric Cyanovirin-N are making close contacts with adja-
cent backbone oxygens. This may lead to the domain
swapping of Cyanovirin-N. However, this does not sug-
gest that every domain-swapped oligomer has residues
with positive ¢ angles in the monomeric form.

Other types of strained conformations in loop regions
may also be good indicators of domain-swapping poten-
tial. Members of the cyclin-dependent kinase subunit
family of proteins, including fission yeast p13Suc1 and
human CKS1, exist in monomeric and domain-swapped
forms. Bergdoll et al. [35] observed that prolines fre-
quently exist in domain-swapped proteins. Experiments
with p13Suc1 have revealed that two conserved prolines
induce conformational strain in a hinge-loop and that,
when these prolines are mutated to either alanines or
glycines, p13Suc1 fails to domain swap [19].

Oligomerization through domain swapping has been
implicated as a mechanism by which proteins may form
amyloidal fibrils. A modeling paper by Sinha et al. [4]
suggests that a B turn can act as a hinge-loop linking
two amyloidal partners through domain swapping. For
example, the amyloid-forming human Cystatin C protein

(hCC), which reversibly inhibits cysteine proteases, ex-
ists as a monomer under physiological conditions. How-
ever, when hCC was crystallized, a domain-swapped
dimer was observed with its second (3 turn as the hinge-
loop, as was the case with Ppl V49A. It is thought that
this is the basic unit by which the hCC amyloidal fibril
forms. Also, the hCC L68Q mutation, located in the third
B strand, causes a more severe incidence of amyloidal
formation and can be isolated under physiological con-
ditions as a dimer. The L68Q may lead to an increased
likelihood of domain swapping by disrupting favorable
hydrophobic interactions in the hydrophobic core. Inter-
estingly, RNase A has been found to form both N-termi-
nal [8] and C-terminal [9] domain-swapped dimers, giv-
ing it the ability to form higher-order oligomers. These
findings and our own studies support domain swapping
as a general mechanism for amyloid-fibril formation.
The Ppl mutant structures showed a role that hinge-
loops play in the regulation of domain swapping. In many
cases shortened turns or hinges restrict the access to
conformations that would allow secondary-structure el-
ements to make contacts in the same molecule. We
have found that single-site mutations in the hinge-loop
region also trigger domain swapping. The mild destabili-
zation of the V49A mutation decreases the fourth B
strand interactions enough that under high protein con-
centrations the protein domain swaps. The G55A muta-
tion greatly increases the strain in the second 8 turn
and creates conditions that allow the protein to first fold
as a monomer, then slowly equilibrate toward a dimer.
The G15A mutation did not trigger domain swapping
because of the higher transition state barrier and smaller
free-energy difference between the monomer and do-
main-swapped dimer as compared to those of G55A.
The overall picture suggests that conversion of almost
any protein to a domain-swapped dimer is a possibility
if a sufficient amount of strain can be produced to either
an N- or C-terminal « helix or  strand in a turn region.
Lessons learned from our studies could be used for
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designing mutants that can trigger the swapping of a
specified domain in a protein.

Biological Implications

Single-site mutations are generally thought to have only
local effects on a protein structure and to primarily affect
local interactions and stability. We have identified condi-
tions in which single-site mutations in a protein can lead
to significant quaternary-structural rearrangements in
the form of 3D domain swapping. Domain swapping is
a suitable strategy for evolving oligomers from mono-
mers in a stepwise manner, and it also provides a plausi-
ble mechanism for the evolution of functional sites lo-
cated between the monomeric units of oligomers. The
formation of B-amyloid fibrils and the propagation of
prion diseases are proposed to involve the process of
domain swapping. However, the mechanism that con-
trols the monomer-to-dimer conversion in domain swap-
ping is not well understood.

The length of the hinge-loop is one of the factors
that control domain swapping. Here we found another
important factor that controls the monomer-dimer tran-
sition: the strain in the B turn as shown in a series of
mutants of the B1 domain of Protein L. The wild-type
structure showed that the second  turn contains three
consecutive residues with positive ¢ angles that sug-
gest this  turn is strained and perhaps “spring loaded.”
The preexisting strain in the second B turn is critical for
inducing domain swapping either when the interactions
at the closed interface that stabilize the fourth g strand
are weakened (V49A) or when the strain in the  turn is
furtherincreased (G55A). Removal of a side chain (K54G)
showed that the strain in the turn could be partially
relieved. The thermodynamic equilibrium of domain
swapping is controlled by the balance of two opposing
free-energy components, the strain in the 3 turn versus
the entropic cost of dimer formation. The kinetic barrier
formed by the interactions that hold the B strand in the
B sheet also affects the outcome of domain swapping.
When the interactions at the closed interface are suffi-
ciently strong, they can prevent domain swapping even
when strainin the g turnis induced (G15A). The combina-
tion of single-site mutations and the preexisting strain in
the second 3 turn demonstrates how easily any protein
might form an oligomer.

Experimental Procedures

Protein Purification and Size Exclusion Chromatography

The cloning, expression, and purification of the tryptophan-con-
taining B1 domain of Protein L mutant V49A was previously de-
scribed [36]. The mutants G55A, K54G, and G15A were cloned and
purified in a manner consistent with that presented in the study by
Kim et al. [24], and references therein. The protein contains a leader
His tag (numbered —7 MHHHHHHA 0), making the total length of
the proteins 72 residues.

Size exclusion chromatography data were measured by the use
of an analytical Superdex-75 (S75) column (Pharmacia). Sizing infor-
mation for the G55A protein was obtained in the following manner:
150 1M of unfolded G55A, or WT* protein in 3 M guanidinium hydro-
chloride (GuHCI), was diluted 1:10 into 50 mM NaH,PO, (pH 7.0) and
then immediately injected onto a preequilibrated S75 column with
0.3 M GuHCI and 50 mM NaH,PO,. The S75 was further used for
characterizing how the G55A protein equilibrates to a dimer over

time. Here the protein was allowed to sit in 15 mM NaH,PO, (pH
7.0) for 8 days at 4°C, at either 15 uM, 100 pM, or 1250 uM, and
was injected onto the S75 column. Treatment of WT, V49A, and
G55A under acidic conditions was as above, except that the buffer
was composed of 50 mM NaOAc (pH 4.5), 150 mM NaCl, and 2 mM
EDTA.

Data Collection

All crystals were grown by the hanging-drop diffusion method. The
V49A crystals were grown in 18% PEG 3350 and 0.2 M (NH,),SO,,
100 mM citrate (pH 4.5). The G55A crystals were grown in 225 mM
ZnOAc, 2% PEG 8000, and 50 mM cacodylate (pH 6.5). The addition
of 25% glycerol was utilized as a cryo-preservative for these two
cases. The G15A crystals were grown in 225 mM ZnOAc and 50
mM cacodylate (pH 6.5), the K54G crystals were grown in 120 mM
ZnOAc and 50 mM cacodylate (pH 6.5), and the cryo-preservative
included 25% glycerol plus 5% PEG 400. All diffraction data were
collected on the RAXIS-IV image plate by the use of Cu Ka radiation
(N = 1.5418 A) generated by a RIGAKU rotating-anode generator
operating at 50 kW. The data collection statistics for the crystals
are summarized in Table 1.

Structure Solution and Refinement

The programs O [37] and Xfit [38] were used for manipulations of
the molecular-replacement solutions and model building. The WT*
[22] structure was used as a search model for molecular replacement
for all four of the mutant structures. The program EPMR [39] was
utilized for molecular-replacement solutions.

During the initial model building of the V49A molecules, there were
densities that lead the third B strand of B molecule into the fourth
B strand of D molecules, and a conformation not consistent with WT*
[22]. Following those density features in the simulated-annealing
composite omit maps (Figures 2a and 2b), a model of a 3 strand
swapped dimer was built in.

The automatic model-building features of wARP [40] were utilized
for building the initial models of G55A, K54G, and G15A starting
from their molecular-replacement solutions. After 100 refinement
rounds and 10 building cycles, the majority of the polypeptide chains
had been built for all of the molecules. The zinc ions (not included
in the initial model) that were coordinated to the His tag [22] had
clear electron density features on the wARP-generated 2F, — F,
map (G55A, K54G, and G15A).

The program package CNS [41] was used for structural refine-
ment, which included iterative cycles of positional, simulated-
annealing, and individual B factor refinement as well as automatic
water picking. The generation of a simulated-annealing composite
omit 2F, — F. map after each cycle of refinement verified atomic
positions and aided model rebuilding. Crystallographic refinement
statistics are summarized in Table 1.

The stereochemical properties of all the mutant structures were
examined by PROCHECK [42]. The quality of the main-chain and
side-chain parameters were judged as mostly “better” and some-
times “inside” the normal range of comparable structures at the
same resolution. The Ramachandran plot showed that the molecules
in all mutant structures had at least 95% of the residues in the most-
favored region (Table 1).
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