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ABSTRACT:. Bovine pancreatic ribonuclease (RNase A) deserves a special place among the numerous proteins
that form oligomers by three-dimensional domain swapping. In fact, under destabilizing conditions and
at high protein concentrations, it can swap two different domains, the N-teronelix or the C-terminal
p-strand, leading to dimers with different quaternary structures. With the change in the unfolding conditions,
the relative abundance of the two dimers varies, and the prevalence of one dimer over the other is inverted.
To investigate the dynamic behavior of the termini, four independent 10 ns high-temperature molecular
dynamics simulations of RNase A were carried out at two different pH values in an attempt to reproduce
the experimental conditions of neutral and very low pH that favor the formation of the N- and C-terminal
domain-swapped dimers, respectively. In agreement with experimental data, under mild unfolding
conditions, a partial or complete opening of the N-terminal arm is observed, whereas the dislocation of
the C-terminus away from the core of the structure occurs only during the low-pH simulations. Furthermore,
the picture emerging from this study indicates that the same protein can have different pathways for
domain swapping. Indeed, in RNase A the C-terminal swapping requires a substantial unfolding of the
monomers, whereas the N-terminal swapping can occur through only partial unfolding.

The functional state of many proteins is an oligomeric ~ The first report of dimer formation by intertwining of
assembly that has evolved to provide new properties with domains dates back to 1962 when Crestfield et al. observed
respect to the monomeric state. Domain swapping (DS) is athat RNase A (Figure 1A) forms dimers and higher-order
recently recognized mechanism for oligomerization, involv- aggregates after lyophilization in a 460% acetic acid
ing the mutual exchange of an identical domain (either an solution (5). On the basis of an elegant biochemical
entire tertiary domain or a short segment) between polypep-€experiment, they proposed that the dimer was formed by
tide chains in the oligomerl( 2). This association mode €xchanging the N-terminal-helix (Figure 1B). Later studies
results in the formation of an intersubunit interface (closed showed that, under those conditions, two types of dimers
interface) that is identical to the intrasubunit interface in the are formed (a major and a minor component) that exhibit
monomer and an additional interface (open interface) that is different biochemical and biophysical properties as well as
unique to the domain-swapped form. Since Eisenberg anddifferent quaternary structured§ 17). Both dimers are
colleagues first described the domain-swapped form of the Metastable and spontaneously and irreversibly dissociate ipto
diphtheria toxin 8), more than 40 domain-swapped protein monomers. The crystal structures showed that the major
structures have been reportet] §). The growing number dimer forms by _exchang_mg the C-termirtabtrand (re5|d_ues
and the large diversity of proteins that adopt a domain- 116-124) (C-dimer) (Figure 1C)10), whereas the minor
swapped form as a native or a non-native structure hasComponent is a dimer formed by the intertwining of the
stimulated many questions with respect to the role, if any, N-terminala-helix (residues +13) (9), just as hypothesized
of domain swapping 4—6). It has been proposed as a PY Crestfield et al. 15) (N-dimer) (Figure 1B).
possible step in the evolutionary pathway from monomer to ~ Given its ability to swap two different regions of the
oligomer (L—3, 7), as a mechanism for protein misfolding Molecule, RNase A represents a peculiar and interesting
and aggregation, eventually leading to amyloid fibril forma- €xample of domain swapping. The combination of the two
tion (8—12), and also as a means of endowing proteins with modes of swapping in the same molecule can indeed lead to

regulatory or other biological functiond 3, 14). a variety of oligomers18, 19), among which there are also
cyclic structures such as the one of a trimer recently

determined by X-ray diffraction?2Q). The two dimeric forms
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Ficure 1: Ribbon schematic representations of (A) RNase A (PDB entry 1KF5), (B) the N-dimer (PDB entry 1AW?2), and (C) the C-dimer
(PDB entry 1F0V). Disulfide bonds, secondary structure elements, and the two arms of the V-Sksipst motif (see Materials and
Methods) are labeled on monomeric RNase A. The secondary structure elements defined in the PDB entries are used. The monomeric
structures are colored from red at the N-terminus to blue at the C-terminus. In the dimers, one of the two chains is depicted in white. This
figure was drawn with Molscript55) and Raster3D56).

of RNase A have received recent attention not only as alography, even at very high resolutio26 27). MD
model for studying protein aggregation but also for their unfolding simulations were performed on the oxidized protein
antitumor activity 21). A deeper understanding of the at 498 K at neutral pH and at very low pH to mimic the
properties of these dimers has been gained from bothexperimental conditions that favor the formation of either
molecular dynamics (MD) studies of the dimeric structures the N- or C-terminal domain-swapped dimer.
(22; L. Vitagliano, personal communication) and a more
complete biochemical characterization of the experimental MATERIALS AND METHODS
conditions that promote dimer formatio23). The latter The SystemThe RNase A structure consists of two
studies have revealed a rather complex picture for RNase Aantiparalle|s-sheets that form a characteristic V-shaped motif
oligomerization. As described above, the very low pH of [the two arms of the V are denoted as V1 and V2; Y1,
acetic acid solutions (pH 1:61.5) together with the lyo-  (residues 4347), 54 (residues 7986), andf$5 (residues
philization process yields20% dimeric aggregates with the  97—104); V2, 52 (residues 6163), 53 (residues 7274),
C-dimer prevailing over the N-dimer in a 4:1 ratio. Lyo- 6 (residues 106111), andS7 (residues 116123)] and
philization of RNase A in water, however, gave no oligo- three helicesdl (residues 313),a2 (residues 2433), and
meric products. Recent studies have shown that appreciablex3 (residues 5660)] packed against the centr@sheets.
amounts of dimers can be formed even without the lyo- The C-terminal segment (residues #1¥4) contains a
philization step, but they required high protein concentrations g-strand and is connected to the body of the molecule by a
(~200 mg/mL) and incubations at a high temperature (60 type VI g-turn (residues 112115) which acts as a hinge.
°C) (23). The authors illustrated that in some media (40% The N-terminal segment (residues14) contains au-helix
TFE or ethanol) the total amount of dimers is comparable and is connected ta2 by a hinge loop (residues 122),
to that obtained from the lyophilization procedure with a net which shows different conformations in the N-dimer sub-
prevalence of the C-dimer over the N-dimer (ratio of 2:1). units, adopting am-helical structure in one of the two. The
However, lower amounts result in milder media (borate protein contains four disulfide bridges (from residue 58 to
buffer at pH 8.5 or 10, bidistilled water, etc.) with an 110, residue 26 to 84, residue 40 to 95, and residue 65 to
inversion of the relative proportions of the dimers. The 72). The part of the protein structure not made up of the
authors suggested that harsh unfolding conditions favor theterminal segments is termed the “body” of the molecule
C-terminal swapping, whereas milder denaturing conditions throughout the paper.
favor the swapping of the N-terminal helix. MD Simulations.MD simulations in the presence of
Here we describe MD simulations of the temperature- explicit water molecules were performed using ENCAIB)(
induced unfolding of monomeric RNase A in an effort to The potential energy functions and MD protocols have been
obtain clues about the dynamic behavior of the terminal described 29, 30). The phosphate-free X-ray structure of
segments of the protein. MD denaturing simulations at high RNase A determined at pH 7.1 and 1.15 A resolution was
temperatures have become a well-established tool for makingused as the starting model (PDB entry 1KFZj)( Residues
predictions about the behavior of proteins under unfolding with alternative conformations in the crystal structure were
conditions 24). Previous MD unfolding simulations have included in the model using the highest-occupancy con-
been reported for a monomeric protein, p13sucl, which formsformer. The crystal structure contains neutral histidine
a domain-swapped dime2%). The p13sucl study suggested residues. In the low-pH simulation, the ionization state of
that the protein must undergo extensive unfolding for the the charged residue was set to mimic the pH of the 40
swapping to occur. 50% acetic acid solutions (pH £@.5) used in lyophilization
Here we investigate RNase A, another small monomeric experiments. Namely, all His, Lys, and Arg residues of the
protein (124 residues and four disulfide bridges) whose crystal structure were positively charged, and the acidic
structure has been extensively studied by X-ray crystal- groups and the terminal carboxylate group were protonated.
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Residual strain in the structure was relieved using 1000 25
steps of conjugate gradient minimization in vacuo. The
protein was then solvated using a rectangular box extending
at least 8, 10, or 12 A in all directions (Wbox). Periodic
boundary conditions were employed to reduce edge effects.
The number of water molecules ranged from 3813 to 6276.

A temperature of 498 K was used for the unfolding
simulations, and the water density was set to the correspond-2 10
ing experimental value of 0.829 mg/mli3%). Before the o
system was heated to 498 K, a preparatory stage was carriec /M
out which included the following steps in order: energy 57/
minimization steps (Ev) of the solvent water, molecular
dynamics steps of the water (MDw), and finally energy
minimization steps of the solvent {&), the protein (&p), o 1 2 3 4_5 6 7 8 9 10
and the proteirsolvent system (Ep+ w). Four high- Time (ns)
temperature classical MD simulations were performed at FIGURE 2: C, rmsd from the starting structure as a function of
neutral (N498_MD#%*4) and low (L498_MDZ*4) pH. A simulation time averaged over 20 ps intervals. The 498 K neutral
slightly different preparatory protocol was used for the four and low-pH simulations are depicted with blue or green and red or

. . . . . . yellow colors, respectively.
simulations to yield independent trajectories (N498_MD1,

Whbox =10 A, Ew = MDw = E;w = Ep=Ep+ w =

1000; N498_MD2, Whox= 8 A, E;\w = E;w = Ep=Ep + 4
w = 1000, MDw = 11 000; N498 MD3, Whox= 12 A,
E;w = MDw = E;w = Ep= Ep + w = 1000; N498_MD4,
Whbox = 12 A, Ew = E;w = 1000, MDw = 9000, Ep=
Ep+ w = 500; L498_MD1, Whox= 12 A, E;w = E;w =
1000, Ep= Ep + w = 500, MDw = 6000; L498 MD2,
Whbox = 8 A, Eyw = E,w = 1000, Ep= Ep + w = 1000,
MDw = 5000; L498 MD3, Whox= 8 A, Eiw = E;w =
Ep= Ep+ w = 1000, MDw= 10 000; L498_MD4, Wbox
=12 A, Ew = E.w = Ep = Ep + w = 1000, MDw =
10 000). In one of the four low-pH simulations (L498 MD3),
we tested the effect of adding counterions (chloride ions) to 10 20 30 40 S0 €60 70 80 90 100110120
balance thet+19 net charge of the protein molecule. The Residue Number

counterions were added by replacing water molecules with Ficure 3: C, rms fluctuation from the average position calculated

the highest electrostatic potentials. No significant variations for the 4-10 ns interval of the neutral (black) and low-pH (gray)
were found. native (298 K) simulation.

Each simulation was carried out for 10 ns usia 2 fs
integration time step. A8 A force-shifted nonbonding cutoff |
distance was used, and the nonbonded list was updated everﬁ]

five cycles. Control simulations at 298 K were performed at o - : :
. the equilibrated region of the trajectory (50 ns), is the
:zvzr?ndcgegtrgl %‘ ,(&Nﬁggggﬂn%%ndc%gf?}hﬂEt)ér:izpe;nvewéa same for the two 298 K simulations (2430.3 A for N298
. 'Sﬂe SSA lue vielded Itgbl ut X Its ; was us 8'and 2.3+ 0.2 A for L298). The rms fluctuations for ,C
since value yielded unstable trajectories (using an atoms, calculated over the-4.0 ns time period, exhibit low

A cutoff, after 10 ns the Crmsd from the starting structure :
was as high as-3.5 and~6 A for the neutral and low-pH \é;:llues for most of the secondary structural elements (Figure

simulations, respectively). The preparatory protocols for both
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Both trajectories were found to be stable as reflected in the
ateau reached by the,@msd of the MD structures from
e starting structure (Figure 2). Theg €nsd, calculated in

the room-temperature simulations were as follows: Wbox Analysis of the main interactions that anchor the terminal
=10 A, Ew = Esw = Ep = Ep + w = 1000 MDW= segments to the rest of the molecule reveals that both
5000 ' ' segments are well fixed within the structure at the two

. , different pHs. Indeed, in the native structure, the N-terminus

Our past studies and a recent analysg C”_?‘VE demon- is anchored by strong hydrogen bonds involving residues
s_trateo_l that nonbond_ed spherical .CUtOff. radii of 8 ano_l 10 A 12—14, at the end of helixc1, and residues 4547, which
Yl St esls i ot orc eld ot SXCEPLCNSbelong t0small et S (., NHAT- 012,12~

) . o> 045, and NH14047). These three H-bonds are well

the high-temperature simulations. We have found comparable
results using 8 and 10 A cutoffs at high temperatures given
the reduced density of the system, which decreases th
number of short electrostatic interactions.

preserved during the MD trajectories. Similarly, the C-
terminusf7 strand is paired with thg6 strand by H-bonds
Swhich are very stable during the simulations.
An overall analysis of the main motions of the protein
RESULTS indicates that there is an “opening” of the two arms of the
V-shapeds-sheet motif (Figure 1A). The distance between
Control Simulations at 298 KSimulations (10 ns) were the nitrogen atoms of Thr45 and Phe120 was used previously
carried out at neutral (N298) and low pH (L298) at 298 K. to measure the magnitude of this breathing moti&8).(In
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our N298 simulation, this distance fluctuates around a mean 160
value of 9.0+ 0.8 A. Interestingly, the opening is more
pronounced at low pH, L298 (104 0.7 A).
High-Temperature MD Simulations at Neutral and Low 120
pH: Global Unfolding Behaior. Four independent MD
unfolding simulations were carried out at 498 K for 10 ns at
both neutral (N498_MD%4) and low pH (L498_MD*4).
At each pH, RNase A reaches a similar degree of unfolding,
as is evident from some global parameters plotted as a
function of time (Figure 2). At neutral pH, the,@nsd from
the starting structure increases rapidly, reachine 82
around 1 ns. After this initial abrupt change, thg ithsd
slowly increases over the following 4 ns and then stabilizes 0 ‘ ‘ ‘ ‘

) - 0 03 06 0.9 12 15
at a final value of~12 A. A similar trend for other global Time (ns)

properties, such as the number of native contacts and thergure 4: Solvent accessible surface area (SASA) for the Phe8
surface accessibility area, is observed; i.e., the earliestside chain calculated in the-@.5 ns interval by averaging over
hundreds of picoseconds of the unfolding process accountstructures each 20 ps.

for the largest change in the structural properties. For

instance, the percentage of native contacts, averaged ovefnd tightly packed into the more extensive hydrophobic core.

the four simulations, drops to 54% after 600 ps, to 48% at After an initial increase, the first relevant peak in the SASA
1 ns, and to about 42% at the end of the simulation. curve is observed at200 ps when the helix loses most of

At low pH, the unfolding is more rapid and leads to higher its native contacts with the two lobes of the V-shaped motif
C, rmsd values (Figure 2). The,Gmsd from the starting  (Figure 4). By this time, the two stable H-bonds (£24&rNH
structure is~13 A at 1 ns and increases tol7 A at the ~ and 12N;H—450) anchoringal to residues 4547 are
end of the simulation. The percentage of native contacts isdisrupted. The helix moves toward the V2 lobe of the
43% after 600 ps and 41% at 1 ns and stabilizes to a molecule and fluctuates, but remains close todRehelix.
minimum value of 36%. Little change is observed at both Meanwhile, the C-terminal segment displays non-native
pHs in the average values of the global properties aftér charged interactions between Asp121 and Lys66 and between
ns, which we take as an indication that an unfolded state the terminal carboxylate group of Val124 and both Lys104
has been reached. and Arg85. The latter residue retains its native ionic pair

A common feature of the neutral and low-pH unfolding interaction with Asp83, thus forming a cluster of four
simulations is the rapid loss of most of tifestructure in ~ charges, which restricts the mobility of the C-terminal
the first nanosecond. Indeed, using an average over thisSégment.
period, the neutral and low-pH simulation structures contain From 200 to 1200 ps, the N-terminus experiences move-
17 and 12%/p-structure, respectively, with the central ments toward and away from the rest of the molecule, leading
B-strands of both V1 and VB-sheets §4 andf6, respec-  to alternating minimum and maximum values in Phe8 SASA
tively) as the most stable strands. On the other hand, the(Figure 4). For instance, after an increase in the Phe8 SASA
stability of the three helices is remarkable, and residual (~400-500 ps),al is partially repacked to the V1 lobe of
helical structure is present in the denatured state after 10 nsthe molecule with Phe8 establishing hydrophobic interactions
The average order of stability in the simulations is as With residues Val47 and Leu51 and with Val116 and Pro114
follows: a2 > ol > o3. of the C-terminal region. Again, the minimum of Phe8 SASA

High-Temperature MD Simulations at Neutral and Low at 600 ps is followed by a substantial increas&§0 ps)
pH: Dynamic Behaior of the Terminal Segments. Neutral ~corresponding to the loss of the contacts betwegrand
pH. The analysis of MD trajectories here focuses on the the C-terminus, and to a movement of the N-terminus toward
behavior of the N- and C-terminal segments that swap to @2 and the “back” of the molecule (i.e., the side of the
form the C- and N-dimers, respectively. There is no molecule opposite the side of the active site cleft) (Figure
significant displacement of the C-terminus (residues-116 5A). Helix 1 also unwinds at its N-terminus and in its
124) in any of the neutral pH simulations; a partial or fluctuation displays interaction with the hinge region (resi-
complete opening of the N-terminus (residueslB) from dues 14-22) and with residues 4347. At ~880 ps, when
the body of the molecule is found in N498 MD1 and these interactions are weakened, the N-terminus separates
N498 MD4 simulations. Therefore, a more detailed analysis from the body of the molecule and only interacts with the
of the latter events will be presented. solvent (Figure 5A).

N498 MD1.The beginning of the N498_ MD1 simulation This opening lasts-140 ps until the N-terminus collapses
is characterized by an expansion of the molecule and aonto the molecule. In fact, due to a large fluctuation of the
displacement of the chain terminal segments. Helbmoves completely unwinded N-terminal region of the helix, Lys1
away from the rest of the molecule, and tfé segment  establishes an electrostatic interaction with Asp53. This initial
moves away from its adjacep6 strand. There is also a link drives the formation of a new contact interface formed
separation of thex1 and the C-termingB-hairpin (Figure by evolving hydrophobic patches which involve the nonpolar
1A), which leads to loosening of the main hydrophobic core. side chains of Ala4, Ala5, Phe8, Leu54, and Leu51.

A guantitative measure of the exposureodfto solvent has To better visualize the N-terminal opening, heavy atom
been derived by following the solvent accessible surface areacontact maps are calculated for the time interval of -880
(SASA) of Phe8, which is located at the center of the helix 1020 ps and for the two 140 ps time periods immediately
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N498_MD1
A
(0.20 ns) (0.66 ns) (0.90 ns) (10 ns)
B N498_MD4
(0.20 ns) (2 ns) (3.6 ns) (10 ns)
L498_MD1
C é_/‘
- l‘@ 4
(0.20 ns) (1 ns) (10 ns)
D L498_MD3
-

/
)

\\_’./‘;
(0.46 ns) (2.1 ns) (5.5 ns) (10 ns)

FicurRe 5: Snapshots of structures from unfolding simulations at neutral (A and B) and low pH (C and D): (A) N498_MD1 simulation,

(B) N498_MD4 simulation, (C) L498_MD1 simulation, and (D) L498_MD3 simulation. The secondary structure elements from the PDB

entry are shown for the native structure (at the left). The definition of secondary structure elements, shown for the structures along the
unfolding simulations, is based on repeating dihedral an@4s This figure was drawn with Molscript6) and Raster3D5).

before and after that (Figure 6). From 600 to 1020 ps, there Although the opening of the N-terminus occurs late (880

is a progressive loss of native and non-native interactions, 1020 ps) in the unfolding pathway, the protein still retains
shown by the N-terminus with segments distant in sequenceresidual secondary structure: thehelical andj-strand
(Figure 6B-D). A detailed analysis was carried out to content are &+ 3 and 13+ 4%, respectively, based on
characterize the most persistent interactions of both terminirepeating dihedral angle84). For comparison, the crystal
during the N-terminal opening (88020 ps). Residues structure contains 21 and 4184andp structure, respectively.
1-13 make hydrogen bonds only among themselves and aln particular, in this time window, the most persistent native
few van der Waals interactions with the hinge loop. This secondary structural elements with their relative stability are
loop displays hydrogen bonding interactions with itself, and as follows: helice®x2 > o1 and strandg3—£6 > 52—3
hydrophobic contacts with residues belongingu® helix, > 4—p5 (Figure 6).

mostly between Serl6-Thrl7 and GIn28-Ser32-Arg33. On  N498 MD4.The sequence of events during the MD4
the other hand, residues 11624 are connected to the rest simulation is grossly similar to that observed in MD1. There
of the molecule by several interactions. Besides the chargedis an initial loosening of the hydrophobic core due to the
conserved interactions, Aspl2lys66, Vall24 COO— N-terminal helix and the C-terminal hairpin undergoing a
Arg85, and Val124 COO-Lys104, there are van der Waals separating motion. Theal moves toward the V2 lobe of
contacts lasting from 30 to 70% of the time span and the molecule where it displays interactions with residues 46
connecting residues Vall1l6, Phel20, Alal22, and Serl12351 ando2. The hinge loop (residues #22) is outside,
with residues Leu51, Cys65, Lys66, Lys104, lle106, and exposed to the solvent since the early steps of the unfolding
LeulQ7. The interactions between the C-terminus and thesimulation. Subsequently, the N-terminal segment again
residues on the opposite segment of residues-104 anchor moves closer to the rest of the structure, making contacts
the C-terminus to residues 106111 which display both  with residues of the C-terminal hinge loop. A significant
persistent hydrogen-bonded and nonpolar interactions withdisplacement of the N-terminus and the hinge loop occurs
residues 8682 and 71-75. After the transient opening seen around 2.8 ns. These segments are completely exposed to
in Figure 6D, the N-terminus establishes non-native interac- the solvent up to~3.9 ns (Figure 5B). The N-terminus
tions with distant segments (Figure 6E,F) and again fluctuatesundergoes subsequent expansions and contractions away
closer to the body. from and against the rest of the molecule, resulting in a
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change of the helix position. During the fluctuation into the  Since it was reported that at high temperatures the effect
solvent, the helix unfolds and refolds and the conformation of charge-charge interactions may be overestimataf),(
of the whole segment of residues-22 is equally highly we tested the occurrence of charged clusters at C-terminal
dynamic. Within the specific time window of 3383660 side by performing an unfolding simulation at 373 K (data
ps, the N-terminus has no contact interface with the rest of not shown). Even at this temperature, the C-terminus forms
the molecule and adopts an orientation similar to that found electrostatic interactions in very early stages of the pathway,
in the N-terminally swapped dimer (Figure 5B). Although as in the 498 K simulations.
this conformation is sampled in the part of the trajectory  Low pH.To reproduce the harsh unfolding conditions used
when the protein has been thought to enter the denaturedn the acid lyophilization experiments, simulations were
state, the overall shape of the protein is retained and residuaperformed at the same temperature but using a low pH.
helical structure £10 + 3%) is still present. This large  Unfolding occurs much more rapidly at low pH, leading to
movement of the N-terminus, reflected in an increase in the a more expanded denatured state than at neutral pH, as also
C. rmsd (Figure 2), is not observed in other simulations. reflected in a larger gyration radius (1800.6 A vs 16.0
On the other hand, the C-terminal segment, though partially + 0.2 A, each value calculated by averaging over the four
exposed to the solvent, is still linked to other segments of simulations in the 410 ns interval).
the structure. lonic interactions (Lys104, Lys98, Asp121, and The dynamic behavior of the termini shows large hetero-
Vall24 COQO) as well as hydrophobic contacts, mostly geneity across the four simulations. In all of the simulations,
involving Vall16, Proll7, and Valll8, tighten the C- there is an opening of both the N-terminus and the C-
terminus to the protein body. terminus when denatured structures are sampled along the
It is interesting to note that the segment comprised of unfolding trajectory. However, a comparative analysis reveals
residues 1522 adopts transienti-helical structure later  no chronological order for the dislocation of the termini from
during the unfolding £5.5-6.5 ns). In the same time the body of the molecule.
window, the N-terminus undergoes another large movement In the early unfolding steps of L498_MD1, neither
away from the core, as reflected in a second maximum in terminus comes apart, and both continue to keep interactions
the G, rmsd plot (Figure 2). Arx-helical conformation for  with the rest of the chain which rapidly loses secondary and
residues 1622 was found in one of the two chains of the tertiary structure. The two termini interact with each other
N-dimer structure (Figure 1B). up to 2.6 ns when they separate and fluctuate on opposite
N498 MD2 and N498 MDEarly in the MD3 simulation  sides of the molecule. At 3:24.9 ns, the C-terminus is fully
(~240 ps), the hinge loop (residues-122) becomes fully ~ exposed to the solvent (Figure 5C) whereas the N-terminus,
exposed to the solvent. On the contrary, th& helix, although exposed, retains a contact interface with the body.
although displaced from its native position, is never com- Subsequently, conformations having both termini opened are
pletely detached from the rest of the molecule because ofsampled (Figure 5C).
its persistent N-terminal end interactions. Along the whole  In L498_MD2, the complete exposure to solvent of the
trajectory, the C-terminal segment displays charged interac-N-terminus (-1 ns) precedes that of the C-terminusl(8—2
tions (Lys104-Vall124 COQO, Lys66-Vall24 COO, and ns). On the other hand, early in the L498_MD3 simulation
Aspl21-Lys66), as well as numerous hydrophobic contacts. (~200 ps), the terminal arms simultaneously swing out and
Similar restraints to the C-terminus mobility are found in interact with each other on the same side of the molecule
the MD2 simulation (Lys104Vall24 COO, Lys104- (Figure 5D). A full opening occurs later for both termini
Aspl21, Arg85-Vall124 COO, and Aspl121Lys66) com- (after 4.5 ns) (Figure 5D). Finally, the N-terminus pulls away
pared to MD3. On the other hand, by 600 ps the hinge loop from the core early in the L498_MD4 trajectory, anchél
becomes exposed to solvent. In the 82920 ps time ns, it is fully exposed to the solvent. Over the next 1.5 ns,
interval, the N-terminus pulls away from the core but retains the C-terminus becomes exposed as well.
a few contacts, mainly involving the Met13 side chain. Apart ~ Collectively, the unfolding simulations at low pH show
from this partial opening, the N-terminus fluctuates close to that the C-terminus is significantly more mobile than at
the protein. neutral pH. Yet a complete separation occurs only when the
The formation of charged interactions by the C-terminus protein has already entered the denatured state (Figure 5C,D).
is an early and recurrent event in the unfolding pathways of The protonation of both the Aspl121 side chain and the
MD1—MD4. In the native structure, positively charged Vall24 carboxylate group may favor the opening of the
residues such as Lys66 and Lys104 are located on the sam&-terminus, as ionic interactions that anchor residues-116
side of the molecule (V1 lobe), spatially close to the negative 124 to the body of the molecule are prevented. The dynamic
charges of Asp121 and Vall124 CO@N:66—0;,121, 5.6 behavior of the termini at neutral and low pH can be
A; 0124-N;104, 6.5 A). Two other basic residues, Lys98 estimated by monitoring £-C, distances between residues
and Arg85, lie on the opposite side, in the V2 lobe, quite of the terminal arms and residues located close to the center
distant from the charged residues at the C-terminus (€124 of the molecule (those showing the lowest rms fluctuation
N,285, 12.3 A; 0124-N.98, 17.8 A; §;121-N,,85, 13.1 in N298_MD and L298_MD) (Figure 7). Over the course
A). However, the distance betwe@7 and the V2 lobe is  of the simulations, the C-terminus shows larger displacements
decreased during unfolding, when the V-shaped motif opensat low pH than at neutral pH, while the N-terminus has a
and the C-terminal segment (residues 41@4) moves a  high mobility under both pH conditions (Figure 7).
little farther from its paire@6 strand. In each of the neutral
pH unfolding simulations, the most persistent and the earliest- DISCUSSION
formed electrostatic interaction is that involving Vall24 RNase A is a versatile monomeric protein that can
COO and Lys104 at the end of the opposite strand. aggregate via different modes of three-dimensional (3D)
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domain swapping to form dimers and higher-order aggregates
under destabilizing conditions. In particular, upon lyophiliza-
tion in a 40-50% acetic acid solution, the protein forms two
types of metastable dimers with different quaternary struc-
tures 9, 10, 15, 16). Under these conditions, the yield of
dimers is~20% with the most abundant dimer formed by
domain swapping of the C-terminal segment (C-dimer). In
the second domain-swapped dimer structure, it is the
N-terminala-helix of one subunit to be folded onto the body
of the other and vice versa (N-dimer). The ratio of C- to
N-dimer amounts is-4:1. The 3D structural characterization
of the dimers has shown that the N-dimer has a more
compact interface formed by/astrand pairing, which leads
to the formation of a six-strand¢tisheet across the interface.
On the other hand, the C-dimer exhibits a structurally looser
assembly with only a few additional hydrogen bonds. The
two dimers also show different dynamic properties with the
C-dimer undergoing larger conformational changes in its
guaternary structure by MD (L. Vitagliano, personal com-
munication).

Recent investigations show that the swapped dimers can
also be obtained avoiding the lyophilization step, by using
high protein concentrations, high temperatures, and desta-
bilizing solvents 23). The prevalence of the C-dimer versus
the N-dimer can be reversed depending on strong versus mild
unfolding conditions. Some indirect evidence also indicates
that RNase A forms traces of dimers under conditions similar
to physiological ones3g).

MD unfolding simulations of the RNase A monomer were
carried out to gain insight into the pathway leading to
— — domain-swapped dimers. Simulations at room temperature
oot 4 Phe120-Vald? | were also performed as a control and showed that there is
so0f " voq lh' 1 an _open_ing of the twc_) arms _of the V-shaped motif_. This is
ol i\ L it N in line with the breathing motion of th@-sheets, previously

i (41 G AT R RN Y detected by essential dynamics and crystallographic studies,
" and proposed to play a functional ro&3( 37, 38). In N298,
the distance between Thr45 and Phel20, which reflects the
breathing motion, is in close agreement with that obtained
from a previous MD simulation study and from a survey of
X-ray structures of RNase A{). As far as the behavior of
the terminal segments is concerned, dynamics at 298 K show
that most of the hydrogen bonds anchoring these segments
are well preserved. In particular, the interaction between
His12 and Thr45, which are very rigid residues of the active
site, is very stable, in agreement with experimental dafa (
39), as well as previous MD simulations of RNase 3V).

In addition, the hydrogen bonds pairifig and/36 are very

stable during the simulations, in line with the significant

protection against HD exchange in this regiord().

i i In the MD simulations of thermal denaturation, the

T S e temperature is increased to 498 K. The early steps of
Time (ns) unfolding are characterized by a separating motion of the

FIGURE 7: Representative &-C, distances between residues N-terminal helix and the C-termingk-hairpin, leading to a
located close to the center of the molecule (Val47 and lle81) and loosening of the main hydrophobic core. This is consistent
residues belonging to the N-terminus (Phe8 and His12) and the with experimental data indicating that, before the cooperative
C-terminus (Phe120 and Ser123), calculated for two unfolding main unfolding transition, local changes proceed via the
simulations at each pH: (1) localization of the distance pairs in rejaxation of tertiary interactions between the C-terminal
the structure, (2) Phe8,Clle81 G, (3) His12 G—Vala7 G, (4) B-hairpin and the N-terminal helix4@). The analysis of

z:‘eelje()p%;jal?g %;aind(&szgsigerhlll?lgz_l:ﬁﬁé %NIQS d,\'/lséir;cersed subsequent events was focused on the significant displace-

(L498_MD1), and orange (L498_MD4). The distance values are Ments of the terminal segments from the core of the
obtained by averaging over structures each 50 ps. Panel 1 of thismolecule. In any case, our unfolding simulations indicate a
figure was drawn with Molscript55) and Raster3D56). remarkable stability of thex-helices. Experimentally, the
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three helices in RNase A are marginally stable as short from the body of the molecule, to become fully exposed to
fragments in solution at room temperature in the absence ofthe solvent. This opening is favored by the protonation of
tertiary interactions42). In addition, a number of circular  the two negatively charged groups of Asp121 and the Val124
dichroism (CD), FT-IR, and SAXS/FT-IR studies suggest terminal carboxylate. An opening of the N-terminal segment
that nonrandom structures still exist in the thermally dena- is also observed; however, our results indicate that a complete
tured state of RNase M{, 43—46). Most of these studies  dislocation of the C-terminus occurs from a substantially
indicate that thex-helical content decreases to only half that unfolded state.
of the native state. In contrast, stable hydrogen-bonded It is possible that RNase A must unfold completely for
structure could not be detected by a FT-IR study) (or the transformation to the domain-swapped C-dimer, whereas
NMR NH exchange experimentd§). the association of monomers into the domain-swapped
The main result of our MD study is the finding of a N-dimer may occur when the protein is only partially
transient opening of the N-terminal arm during two out of unfolded. This idea is in line with biochemical experiments
four independent unfolding trajectories at neutral pH. In one that indicate that the yield of the N-dimer varies little going
simulation, the N-terminal segment loses its contacts with from mild to strong unfolding conditions (from 2.2 to 8.7%),
the main body of the molecule. This full exposure to solvent whereas the percentage of C-dimer increases appreciably
lasts for~140 ps and occurs after900 ps of simulation; at ~ (from 0.8 to 18%) 23). At neutral pH, the prevalence of the
this point, the molecule contains significarrhelical content N-dimer can be ascribed to the higher mobility of the
and some residual extended structure. In the other simulationN-terminal arm, which results in a large population of
the N-terminus undergoes a more pronounced and long-partially unfolded monomers with exposure of the N-
lasting ¢~240 ps) outward movement, leading to an overall terminus. On the other hand, at very low pH, MD simulations
chain conformation similar to that found in the N-dimer. This indicate that both terminal arms exhibit high mobility.
dislocation of the N-terminal segment occurs late along the In conclusion, the picture emerging from our MD unfold-
unfolding trajectory £3.6 ns) when the molecule has already ing studies is that the same protein can have different
lost its -structure but still retains sorme-helical structure. pathways for 3D domain swapping. The C-terminal swapping
The overall backbone shape is also preserved, perhapsequires a substantial unfolding of the monomers, similar to
restrained by the presence of four disulfide bridges. No what has been suggested for proteins such as p1326¢1 (
significant opening of the C-terminal arm is observed in any 49) and protein L $0). On the other hand, the N-terminal
of the simulations at neutral pH. The mobility of the swapping can occur through partial unfolding of the mono-
C-terminal region appears to be restricted by the disulfide mers, as seems to be the case for the diphtheria tdyin (
bridge between residues 58 and 110 which anchors the endand bovine seminal ribonuclease (BS-RNasg9).(BS-
of the 36 strand to the body of the molecule, as well as by RNase is the only naturally dimeric enzyme from the
charged interactions involving residue Aspl21 and the “pancreatic-type” superfamily5@). It is a homodimer,
C-terminal carboxylate group on Vall24 on strgfid In maintained by two intersubunit disulfide bonds and various
particular, the recurrent formation of the ionic interaction noncovalent interactions. Interestingly, this enzyme, the
between the Val124 and Lys104, which are only 6.5 A apart sequence of which is 80% identical with that of RNase A,
in the native structure, points to a possible role played by exists in vivo as two dimeric forms in equilibrium: a
this residue in decreasing the mobility of the C-terminus. swapped dimer (MXM) with the two subunits exchanging
It is worth noting that a critical factor in obtaining their N-terminal helix $3, 54) and an unswapped dimer (M
detectable amounts of dimers is the high concentration of = M), with each protomer folding onto itself. Although the
the protein or the lyophilization procedure, which removes MXM quaternary structure is completely different from that
most of the solvation shell separating individual molecules of the RNase A N-dimer, the occurrence of the N-terminal
in solution, thus indirectly increasing the concentration. Yet swapping under physiological conditions supports the easier
this factor has to be coupled with destabilizing conditions opening of this terminal segment in RNases, in agreement
(solvent and/or high temperature) to induce dimerization. with our MD results. A further observation in line with these
Therefore, in highly concentrated solutions, direct interactions findings is the occurrence of a different N-terminal domain-
of protein molecules could ease the opening of partially swapped RNase structure, which was artificially obtained
dislocated N-terminal arms by providing further contact by engineering human ribonucleasg. (©n the basis of our
surfaces. MD simulations and the results discussed above, we propose
Furthermore, even at very high protein concentrations, the that only N-terminal domain swapping is present in the traces
percentage of macromolecules that experimentally form of the RNase A swapped dimer suggested to exist in vivo
swapped dimers is rather low (total dimer aggregates are les{36). However, the detailed quaternary structure of this dimer
than 20%; the N-terminal dimer is always less than 10%). remains to be elucidated.
This seems to indicate that the detachment of terminal arms
is the limiting event in the swapped dimer formation. In this ACKNOWLEDGMENT

given by the four 10 ns unfolding simulations does not result jnsightful discussions and Dr. Darwin O. V. Alonso for help
in selective displacement of the N-terminus for all simula- ith the computational work.
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