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Abstract: Amyloid deposits of light-chain proteins are associated with the most common form of
systemic amyloidosis. We have studied the effects of single point mutations on amyloid formation
of these proteins using explicit solvent model molecular dynamics simulations. For this purpose,
we compare the stability of the wild-type immunoglobulin light-chain protein REI in its native and
amyloid forms with that of four mutants: R61N, G68D, D82I, and A84T. We argue that the experi-
mentally observed differences in the propensity for amyloid formation result from two effects.
First, the mutant dimers have a lower stability than the wild-type dimer due to increase exposure
of certain hydrophobic residues. The second effect is a shift in equilibrium between monomers
with amyloid-like structure and such with native structures. Hence, when developing drugs against
light-chain associated systemic amyloidosis, one should look for components that either stabilize
the dimer by binding to the dimer interface or reduce for the monomers the probability of the

amyloid form.
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Introduction

Amyloidosis is a disorder caused by the accumula-
tion of amyloid fibrils in tissues.> The mechanism
of fibril formation and the cause of toxicity of these
fibrils, or their oligomeric intermediates, is not yet
understood.®* Most of the research over the last dec-
ades has focused on neurodegenerative diseases
such as Alzheimer’s, Huntington’s, or Parkinson’s
disease.’™ These illnesses are examples of localized
amyloidosis where the deposits are concentrated at
the site of synthesis of the precursor protein.®® In
neurological diseases, this site is the brain, and
hence, the fibril samples can only be collected in a
post mortem.® This is different in cases of systemic
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amyloidosis where multiple organs are affected, and
the fibril samples can be collected from living
patients.!>!? Hence, while less common than neuro-
logical diseases such as Alzheimer’s, there may be
advantages in using systemic amyloidosis for study-
ing the mechanism of fibril and oligomer formation.
While only 8.9 cases per million persons are
reported in a given year, light-chain amyloidosis is
still the most frequent form of systemic amyloido-
sis.’® It is related to the overproduction of free
monoclonal light-chains (k and A proteins) plasma
cells in the bone marrow, and therefore strikes
mostly in patients with blood cancer.'* Light-chain
proteins tend to form dimers where each chain con-
sists of a constant C-terminal domain (C;) and a
variable N-terminal domain (Vy).2 In the majority of
patients, the amyloid deposits are made of the Vi,
domain.'® Unfolding and aggregation of this domain
can be caused by change in pH, temperature, protein
concentration, or certain mutations.'®"'® In this pro-
cess, the dimer dissociates and partially unfolded
monomers, rich in B-sheets, assemble as oligomers
that grow into fibrils or amorphous aggregates.®
Several in vitro and in vivo studies have identified
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critical residues whose mutation will interfere with
folding and dimerization of the light-chain protein,
but the mechanism that leads to the formation of
amyloid-like fibrils or amorphous aggregates is not
well understood.'®2!

Nowak et al. got some insight into this mecha-
nism by comparing in molecular dynamics simula-
tions the stability of wild-type and single point
mutants R61N and D82I of the Bence-Jones immu-
noglobulin « I light-chain protein REI (PDB ID:
1REID).?2 They find that the lower stability of the
mutants leads to partially folded, aggregation-prone,
intermediates. However, their study is limited by
the small number of mutants and the very short
simulation time: wild type and mutants were
sampled for only 5 ns. As a consequence, their anal-
ysis does not explain why the mutant R61N forms
an amyloid fibril while the D821 mutation leads only
to an amorphous aggregate.

The purpose of this article is to go beyond the
limitations of Nowak et al.’s investigation, increasing
considerably the simulation times, and extending
them by additional mutants, G68D and A84T, that
were found in experiments to have increased amyloi-
dogenecity.2>?® By studying the wild type and the
four mutants R61N, D82I, G68D, and A84T, we
want to identify the various interactions that stabi-
lize the dimers, and that for the monomers lead to a
preference of the native state over the amyloid form.
Unlike the previous work by Nowak et al. and
others, 222425
temperatures, acidic pH, and high salt concentra-
tion, our simulations are done at room temperature
and neutral pH. Modeling in this way a more realis-
tic environment, we can go beyond previous work
and explore why certain single point mutations
destabilize regions of the REI light-chain protein in
its dimer form and/or lead to structural differences
between various mutants and wild type in the native
and amyloid forms. For instance, our simulations
allow us to suggest an explanation for why the
mutant R61IN forms fibril while D821 forms amor-
phous aggregates.

which relied on simulations at elevated

Results

Mass scaling of solvent and side chains

Preliminary simulations of a REI wild-type mono-
mer at various A values have been used to determine
the effect of mass reduction of the solvent and side
chains on the overall dynamics of the system. For
this purpose, we have run over 40 ns of explicit sol-
vent model molecular dynamics simulations starting
from the PDB structure as initial configuration. The
average root-mean-square deviation (RMSD), radius
of gyration R, and solvent-accessible surface area
(SASA) values of two independent trajectories are
tabulated in Supporting Information Table S1. The
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Table I. Average Root-Mean-Square-Deviations
(RMSD), Radius of Gyration AR,, and AAR, for All
Dimers as Calculated Using Last 50 ns of the
Trajectories

System RMSD (A) AR, (A) AAR, (A)
WT 1.16 (0.12) 0.10 (0.08)

R61IN 1.22 (0.14) 0.07 (0.09) —0.03
G68D 1.24 (0.13) 0.16 (0.08) 0.06
D821 0.97 (0.09) 0.12 (0.08) 0.02
A84T 0.99 (0.11) 0.17 (0.08) 0.07

Standard deviations are calculated over three independent
runs and shown in parentheses.

AR, = average radius of gyration — R, of initial configura-
tion, and AAR; = (ARg)mutant — (ARwr

calculated values for /=0.4, 0.5, 0.6, and 0.8 are
compared with that of the reference system (/1 =1).
While the averaged RMSD, radius of gyration, and
solvent-accessible surface area values are similar for
all mass-reduced systems, and are within the error
bars of the reference system, there is a systematic
increase in SASA and RMSD values with decreasing
/. Comparing these differences as function of the
scaling parameter, we selected 2= 0.5 s for our simu-
lations as this value allows us to be consistent with
our previous work.?%

Stability of REI wild-type and mutant dimers

In solution, the Bence-Jones immunoglobulin «x I
light-chain protein REI forms a dimer that at room
temperature and neutral pH is in equilibrium with
the monomers which in turn can form amyloids by
an unknown process. In principle, one can think of
two possibilities by that mutations lead to increased
fibril formation. First, mutations can reduce the sta-
bility of the dimers, raising in this way the fre-
quency of monomers and as a consequence the
probability to form amyloids. The second possibility
is that the mutations shift for the monomers the
equilibrium between native and amyloid state, rais-
ing again the probability for fibril formation.

We start by investigating the first of these two
potential mechanisms through probing the stability
of the dimers formed by wild type and mutants. For
each system, our data rely on three independent tra-
jectories of 100 ns. An initial visual analysis of tra-
jectories indicated that in all cases, the systems
appear to be thermalized after 50 ns (data not
shown). For this reason, we rely for our analysis on
the last 50 ns of our trajectories. The average RMSD
and average radius of gyration are calculated for all
dimer systems. The quantity AR, is calculated by
subtracting the average radius of gyration from the
corresponding value of the start configuration, and
AAR, is the difference between the AR, of a mutant
to that of the wild-type dimer. The so-obtained
values are listed in Table I. Note that the change in
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Table II. Average Hydrophobic, Hydrophilic, and Total Solvent-Accessible Surface Area of Wild Type (WT) and
Mutants of the Various Dimers in (A?) as Calculated Using Last 50 ns of the Trajectories

System SASAHPHOB ASASAHPHOB SASAHPHIL ASASAHPHIL SASA ASASA
WT 3475 (80) 7502 (83) 10977 (146)

R61IN 3399 (83) —76 7575 (126) 73 10974 (153) -3
G68D 3468 (89) -7 7628 (129) 126 11096 (157) 119
D821 3449 (84) —26 7604 (122) 102 11053 (144) 76
A84T 3453 (86) —22 7554 (124) 52 11007 (149) 30

Standard deviations are calculated over three independent runs and shown in parentheses.
HPHOB = hydrophobic; HPHIL = hydrophilic; ASASA = SASA,, utant — SASAwT.

the listed quantity is rather small. While our simu-
lations are much longer than the ones in previous
work by Nowak et al.,??
bility that the smallness of these changes indicates
that our simulations got trapped in a local mini-
mum. However, as our data rely on three independ-
ent trajectories and our results are consistent with
experimental data (see below), we believe that
despite our still short trajectories a thermodynami-
cally relevant ensemble of structures has been
sampled.

we cannot exclude the possi-

Differences in solvent exposure. While the aver-
age RMSD values are similar in all five systems, the
radius of gyration increases more for the mutants
than for the wild-type dimer. This larger increase in
volume may indicate higher exposure to the solvent
and therefore could be a signal for the lower stabil-
ity of the mutant dimers. This can be seen from the
average hydrophobic, hydrophilic, and total solvent-
accessible surface area values listed in Table II. In
all mutants, the total solvent-accessible surface area

values are higher than that of the wild type, with
most of the contribution coming from the hydrophilic
residues. However, the differences are small, and
with the exception of the G68D mutant within the
standard deviations of the measurements. Still,
these solvent-accessible surface area values suggest
that the mutant dimers are less stable than the
wild-type dimer as they indicate a weakening of the
dimer interface. For instance, in the wild type, the
loop (39-44) and strand F of one subunit and loop
(91-100) of the other subunit are in contact at the
dimer interface [Fig. 1(B)]. In the majority of the
mutants, the decrease in the solvent exposure of the
loop (39—44, subunit 1/2) makes the loop (91-100,
subunit 2/1) more exposed to the solvent (data not
shown). Due to the mutations R61N, G68D, D82I,
and A84T, the contacts between various residues of
the loop (39—44) or strand F of one subunit and the
loop (91-100) of another subunit are lost. Similarly,
number of the main-chain-side-chain contacts
between the residues Ala43-Phe98, Pro44—Phe98,
and Leu46-Pro95, and side-chain—side-chain con-
tacts between Ala43-Leu94, Ala43-Phe98, Pro44—

B C
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Figure 1. (A) Structure of dimer of the light-chain protein REl where yellow marks chain 1 and green does chain 2. The mutated
residues are highlighted as blue = R61, red = G68, cyan = D82, and purple = A84. (B) The dimer interface of the REI light-chain
protein. The second dimer interface is shown in the background, red = residues 94-101 of chain 1 and blue = residues 41-49 of
chain 2. (C) Structural overlap of native and amyloid form of the REI light-chain protein.
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Figure 2. Difference (ARMSF = RMSF,,tant — RMSF,iiq type) between the average root-mean-square-fluctuation of a mutant and
wild type. A =chain 1 and B = chain 2. Blue = R61N, yellow = G68D, maroon = D82I, and magenta = A84T.

Phe98, and Leu46-Pro95, and Tyr49-Leu94 (where
the first residue is from subunit 1/2 and second one
is from subunit 2/1) are smaller than for the wild-
type dimer.

Hydrogen bonding. A mutation occurring at a
particular strand, loop, or region in the light-chain
protein REI leads to a structural reorganization of
the neighboring region and nearby loops or strands.
This change in local conformation influences the
hydrogen bonds formed between the mutated
strand/loop region and nearby strands, or with the
solvent. In order to determine the local effect, the
number of hydrogen bonds between exposed loops or
strands and the solvent are compared between the
mutant dimers and the wild-type dimer. As shown
in Supporting Information Table S2, the number of
hydrogen bonds between the two chains differs little
between wild type and mutants. However, all
mutant dimers with the exception of the nonamyloi-
dogenic D821 form more hydrogen bonds with the
solvent than the wild-type dimer, but the effect is
again small and within error bars.

Root-mean-square fluctuations. The solvent-
accessible surface area calculations and protein—sol-
vent hydrogen bond analysis confirm that the
mutant dimers are less stable than the REI wild-
type dimer. This can be also seen from the root-
mean-square fluctuations (RMSF) shown in Figure
2. In this figure, we display for each residue the dif-
ference ARMSF between the average RMSF meas-
ured for a given mutant (where the average is taken
over the three independent runs) and the corre-
sponding value for the wild type. One can see from
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this figure that the fluctuations of the N-terminal
residues are for all mutants higher than for the wild
type. A similar observation is found for the E-F
region (residues 45-54, consisting with the exception
of Tyr49, Glu50, Ser52, and Asn53 of hydrophobic
residues). Hence, due to the mutations R61N, G68D,
D821, or A84T, the E-F region of the protein gets
more exposed to the solvent, increasing chances for
dissociation of the dimer. This tendency is strongly
enhanced for the R61N mutant where the fluctua-
tions of the residues in the loop (76—84) (which joins
C and H strands) of R61N have larger fluctuation
than other mutants. Similarly, the R61N mutation
disturbs the salt bridge between R61 and D82, and
the residue D82 has higher fluctuation than other
residues of R61N. The salt-bridge cannot be formed
in the mutant D82I, where therefore the residue
R61 has much higher fluctuation than the other res-
idues. This can be seen in Figure 3 where we over-
lay a snapshot of R61IN and D821 mutant dimers,
taking in the last nanosecond of one trajectory, with
the start configuration of the corresponding run.
The regions which have shown structural changes or
high fluctuations are indicated in the figure. Based
on the above analysis, we suggest that N-terminal
residues, E-F fragment, and loop (76-84) plays a
greater role to initiate the dissociation process in
the REI mutant than in the other mutants, and
reduces further the stability of the dimer.

Summary. In the above analysis, we find that, in
the mutants, residues located in the N-terminus,
E-F region, or the loop (76-84), regions that are
more exposed to the solvent, have higher fluctuations
than the wild type. They have a smaller number of

Effect of Single Point Mutations



. 45-54
1-13 76-84

45-54

55-61
1-13

Figure 3. Overlap of a snapshot of (A) R61N and (B) D82l mutant dimers taken in the last nanosecond with the corresponding
start configuration. The residues 1-13 are part of subunit 1 and residues 45-54, 55-61, or 76-84 belong to subunit 2.

main-chain—side-chain and  side-chain-side-chain
contacts between the residues of the loop (39—44) or
strand F of one of the subunit and the residues
91-100 of another subunit in the mutants, and on
average a larger distance between the participating
residues at the dimer interface that form these con-
tacts. As a consequence, there is an increased tend-
ency for dissociation of dimer upon mutations that

has been also observed in experiments.1%19-20

Stability analysis of REI wild type and mutant
monomers in native and amyloid forms

We have suggested in the previous part that the
equilibrium between dimers
shifted in the mutants toward the monomers, which
in turn may cause in the mutants a higher rate of
amyloid formation. However, this shift in equilib-
rium may not be the only factor leading to increased
aggregation rates, and it cannot explain why, for
instance, R61N forms amyloids while D82I rather
forms amorphous aggregates. The probability for
amyloid formation may also be raised in certain
mutants because of a shift in the equilibrium
between monomers in their “native” form and such
in an amyloid form.

and monomers is

Role of salt bridges. In the REI wild type, a salt
bridge is formed between Arg61 and Asp82. Accord-
ing to Nowak et al., the salt bridge between these
two residues was broken in the early phase of the
simulation, under both neutral and acidic conditions.
For this reason, we have monitored in our simula-
tions also the occurrence of salt bridges between
either residues Arg61 and Asp82, or the alternative

Bhavaraju and Hansmann

possibility of a salt bridge between residues Lys45
and Asp82. The salt bridge formation is followed
during the last 50 ns of our trajectories. In general,
there are two kinds of salt bridges, direct or indirect.
A direct salt bridge is formed between two residues
around 4.3 A and an indirect or which is mediated
by water molecules has a range of 4.3-7.0 A 2728
With these definitions, we do observe—in contradic-
tion to Nowak et al.—the Arg61-Aps82 salt bridge
in all systems (wild type and mutants, in both
native and amyloid states—see next paragraph),
except R61IN and D821 where it cannot be formed.
In no case do we find the Lys45-Asp82 salt bridge
seen by Nowak et al. Hence, we believe that the
Lys45—Asp82 salt bridge is not important for the sta-
bility of the monomers in either native or amyloid
form, and likely does affect the aggregation tenden-
cies of wild-type or mutant REI proteins.

Structural changes in native and amyloid
monomer forms. In order to compare the relative
stabilities of native and amyloid forms of wild type
and mutants, we have generated amyloid models of
the five proteins using the procedure described in
the method section. These amyloid forms of the wild
type and the four mutants were also followed in
molecular dynamics simulations over 100 ns. The
average RMSD to the start configurations, differen-
ces AR, in radius of gyration to the start configura-
tions, and AAR, between native and amyloid forms,
as calculated from the last 50 ns of our trajectories,
are shown in Table III. The average RMSD of all
monomers are similar to each other. More interest-
ing is the behavior of the radius of gyration. For the
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Table III. Average Root-Mean-Square-Deviation
(RMSD) and Radius of Gyration R, of REI Light-Chain
Monomers in the Native and Amyloid Forms as
Calculated Using Last 50 ns of the Trajectories

AAR,  AAR
System RMSD (A) AR, (A) A @A
WT 1.10 (0.12) —0.29 (0.06)

R61IN 1.15(0.11) —-0.36 (0.05) —0.07

G68D 1.05(0.10) —0.31(0.05) —0.02

D821 1.11(0.11) —0.22(0.06) 0.07

A84T 1.04 (0.10) —0.29 (0.05) 0

WT (amyloid) 1.16 (0.14) 0.10 (0.07) 0.39
R61N (amyloid) 1.11 (0.11) 0.14 (0.06) 0.04 0.50
G68D (amyloid) 0.94 (0.08) 0.03 (0.05) —0.07 0.34
D82I (amyloid)  1.00 (0.11) 0.06 (0.05) —0.04 0.28
AB84T (amyloid) 1.05 (0.13) 0.11 (0.06) 0.01 0.40

Standard deviations are calculated over three independent
runs and shown in parentheses.
AARg = (ARg)mutant - (ARg)WT;
(ARg)native form-

AAR = (ARg)amyloid

form —

monomers in their native form, its value decreases,
and with the exception of the D821 mutant, always
more in the mutants than in the wild type. On the
other hand, the radius of gyration increases in the
simulations of both wild type and mutants in their
amyloid form. The relative radius of gyration (AAR)
for each REI light-chain amyloid is calculated with
respect to the corresponding difference in radius of
gyration AR, of the REI protein in its native form.
Clearly, the radius of gyration of amyloids is higher
than that of the nonamyloid form, with the smallest
values for the D821 mutants.

The last 20 ns of the trajectories are used to calcu-
late the fluctuations of various loops and strands,
comparing the RMSF for all residues between the
native and amyloid forms of wild type and mutants.
Similar as for the dimers, the RMSF of a residue is
averaged for each system over all three independent
trajectories. We then calculate for each residue in a
mutant the difference in the RMSF between a mono-
mer in the native form and when in amyloid form:
ARMSFyutant = RMSFpative — RMSFamy10ia.  Subtract-
ing the corresponding value ARMSFy for the wild
type allows us to characterize the influence of the var-
ious mutations on the relative fluctuations of residues
in native and amyloid form by the so-defined quantity
AARMSF shown in Figure 4. A pattern that we
observe in this figure for all amyloid-forming mutants
is that the RMSF of residues belonging to loops con-
necting the strands within one of the two beta-sheets
are lower in the amyloid form than in the native
form. One example is the Gly16 in the loop that con-
nects strands A and B, other examples are the loops
made out of residues 39-44 or 91-100. Especially
interesting is the loop (39—44) that connects strands
G and F, as the difference between the amyloid-
forming mutants and D82I is most prominent. The
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relative fluctuations of residues in this loop are for
the D821 mutant much larger while they are smaller
in the amyloidognic mutants. The increased RMSF
may indicate that the B-sheet made out of strands E,
F, G, and H is for the D821 mutant not stable in the
amyloid form leading to the observed preference for
this mutant.

Free-energy differences between native and
amyloid monomer forms. In order to probe
whether the differences in volume growth and RMSF
correspond to differences in stability, we have calcu-
lated the free-energy differences between amyloid and
native forms of wild type and mutants. We define this
free-energy difference as AAG™ = AG amyloid — AGhnatives
where the free energies of amyloid and native forms
AG amyioid and AGhative are calculated by the MM-PBSA
approach as described in the method section. These
free energies for wild type and mutants in native and
amyloid forms are tabulated in Table IV. Note that in
calculating these values, we have neglected the config-
urational entropy as we are mostly interested in rela-
tive binding free energies of similar molecules, where
this term is less important than when one considers
absolute free energies, or if significant conformational
changes occur upon binding.2>3° We believe that this
assumption is justified as in our case the single point
mutations lead in both native and amyloid form only to
local conformational changes, that is, mutated loop or
strand and its surrounding region while secondary and
tertiary structure change little (see Table III and the
previous subsection). In addition, in previous computa-
tional studies of short segments of the wild type and
single-point-mutant amyloid aggregates, it was shown
that the entropic contribution are negligible and only
contribute a small fraction to the total free energy. This
is also because the shorter peptides do not lose much
conformational entropy upon incorporating into a

AA RMST (A)

Residue number

Figure 4. Relative root means square fluctuation (AARMSF)
of mutants in the monomer form for native and amyloid forms
calculated with respect to that of the wild type. The quantity
AARMSF is defined in the main text. Blue = R61N, yel-

low = G68D, maroon = D82, and magenta = A84T.
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Table IV. Average Free Energies of REI Light-Chain
Monomers in Their Native and Amyloid Forms as
Obtained from MM-PBSA Calculations that Rely on the
Last 10 ns of the Corresponding Trajectories

System Native Difference Amyloid Difference AAG™*

WT —1964 (31) —1943 (31)

R6IN —1842 (30) 122 —1827 (31) 116 -6
G68D —2015 (31) -51 —1999 (30) —56 -5
D82 —1884 (30) 80 —1848 (31) 95 15
A84T -—1988(31) -—-24 —-1979(31) -36 -8

Data are in (kcal mol '). Standard deviations are calcu-
lated over three independent runs and shown in
parentheses.

AAG™ = Difference (amyloid) — Difference (native).

B-sheet bilayer.?! Since at the same time, estimation of
the entropy by normal mode analysis or quasi-
harmonic approximation is inaccurate and prone to
large errors, we have not included this term in our
free-energy calculations.

Note that in Table IV, the free energy of the
native states is in all cases lower than that of the
amyloid forms. However, the relative differences are
smaller for the mutants R61N, G68D, and A84T
than for the wild type (WT), suggesting that the
amyloid formation is easier for these mutants than
for the wild type. However, the accuracy of our free-
energy calculations is not good enough to reproduce
the relative ranking in aggregation propensity that
has been observed in experiments, where R61N has
the largest propensity followed by A84T, G68D, and
the wild type. However, the free-energy differences
show that for the mutant D82I in the amyloid form
is more disfavored than the wild type. At the same
time, the free energy of the mutant in its native
form is higher than that of the wild type in the
same state by 80 kcal mol !, suggesting that D82I
in its native form is much less stable than the wild
type. Hence, the free-energy differences describe the
experimental observation that D82I has a tendency
to form amorphous (nonamyloid) aggregates, while
R61IN, G68D, and A84T prefer to form amyloids
when losing their native structure.

In order to understand the differences in the
stability, we have measured the solvent-accessible
surface area of wild type and mutants in both native
and amyloid state. We list in Table V both the total
surface area of the start configuration and averages
over the last 50 ns of the corresponding trajectories.
For wild type and mutants in their amyloid form,
the solvent-accessible surface area does not change
significantly over the course of the simulations.
However, the solvent-accessible area of the proteins
in their native form decreases by about 700 A2, until
it approaches the corresponding value of the mole-
cules in their amyloid form. Hence, once thermal-
ized, the native form of wild type and most mutants
differ little between themselves and that of the mol-
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ecules in their amyloid form. The exception is the
D821 mutant, where the loss of solvent-accessible
surface area in the native form is considerably
smaller than that for the other molecules in their
native structure. As a consequence, the D82I mutant
in its native form is much more exposed to the sol-
vent than wild type and the other mutants. On the
other hand, the solvent-exposed surface of the D821
mutant in its amyloid form does not differ signifi-
cantly from that of the wild type. This makes the
burial of residue 82 in the amyloid form even less
favorable for this mutant than for the wild type, and
therefore explains why this mutant does not aggre-
gate into an amyloid. The solvent exposure is largest
in the amyloid states for the mutant R61N making
this state for this mutant more favorable than it is
for the wild type. Note that the differences in sol-
vent exposure for the other mutants are within the
error bars, and therefore do not allow one to rank
the mutants according their solvent exposure.

Solvent exposure of residues in native and amy-
loid monomer forms. In order to better under-
stand the reasons for the differences in the stability
of native and amyloid forms of wild type and
mutants, we have calculated also the surface area of
individual strands and connecting loops. These val-
ues are tabulated in Table VI. We note that in wild
type and all mutants, the N-terminal residues are
more exposed to solvent in the amyloid form than
they are in their native forms, however, in the
mutants this additional exposure is smaller than in
the wild type. A similar effect is observed for the
C-terminal residues where unlike the wild type, the
corresponding differences are even negative in the
mutants G68D and D82I. The larger exposure of the
hydrophobic residues to solvent in the terminals is

Table V. Solvent-Accessible Surface Area (SASA) of
Start Configuration and Averaged Over the Last 50 ns
of the Respective Trajectories

Initial Last 50 ns
System SASA SASA
WT 6878 6160 (110)
R61N 6897 6132 (102)
G68D 6855 6203 (107)
D821 6841 6336 (115)
A84T 6867 6158 (102)
WT(amyloid) 6205 6312 (138)
R61N(amyloid) 6243 6362 (119)
G68D(amyloid) 6198 6164 (109)
D82I(amyloid) 6214 6195 (110)
A84T(amyloid) 6220 6248 (112)

Data are for wild-type and mutant REI protein in the
native and amyloid forms, and are given in (AZ). Standard
deviations are calculated over three independent runs and
shown in parentheses.
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Table VI. Difference in Solvent-Accessible Surface Area of Various Strands and Loops (measured in A?) Between
Amyloid and Native State of the Various REI Light-Chain Proteins Calculated Using the Last 50 ns of the Sampling

Process and Averaged Over All Trajectories

Amyloid form — Native form

ASASA™
Position WT R61IN G68D D821 A84T
1-13 37.36 21.99 24.44 9.91 7.86
14-18 14.17 1.62 —5.67 —15.95 2.90
19-25 —12.68 —15.77 —21.54 —18.14 —12.58
26-32 41.24 74.55 46.75 54.38 54.85
33-38 —17.66 2.94 —5.49 -13.12 3.62
39-44 -2.99 6.40 -1.27 36.86 0.72
45-49 11.28 10.37 -1.92 -11.21 8.74
50-54 22.64 17.72 1.77 —8.02 —5.23
55-61 0.50 8.59 —11.93 —8.18 6.70
62-68 —4.41 17.41 2.52 4.63 6.65
69-75 —2.40 19.51 0.16 0.18 1.26
76-84 43.88 53.10 —1.39 —124.35 23.96
85-90 —10.99 8.27 —14.75 —21.42 5.16
91-100 —5.58 —6.83 —10.25 7.08 —6.96
101-104 7.86 3.09 -6.18 -17.49 —11.40
105-107 27.97 2.58 -0.73 —8.68 —1.58

ASASAT = SASA.myl0id — SASAnative-

destabilizing the wild type in its amyloid form, and
this effect is reduced in the mutants where these
residues can form contacts with surrounding loops
and strands. In a similar way is the amyloid state
destabilized by exposure of strand B (residues 19—
25) to water. For all five molecules is this strand,
which is made out of three hydrophobic residues
(Val19, Ile21, and Ala25) and polar residues (Thr20,
Thr22, and GIn24), less exposed to solvent in the
amyloid form than in the native form. However, the
reduction in area is larger for the more amyloid-
forming mutants than for the wild type. As the
strand B is located in between the strands A and C,
this reduction in area limits movement of this
strand, and consequently are the fluctuation of
strand B in wild type and mutants lower in the amy-
loid state than in the native state (Fig. 4). An opposite
effect is seen for residues 26-38, where a larger expo-
sure of the loop made by residues 26-32 (including
the hydrophobic residues I1e29 and I1e30) or a smaller
burial of the mostly polar residues of strand G (resi-
dues 33-38) in the mutants seems to stabilize the
amyloid form over the native one. Hence, we observe
again for the REI protein in the amyloid state that in
all amyloid-forming mutants, the loops connecting
the strands within one of the two beta-sheets are less
exposed to solvent than the wild type. Examples are
the loops made out of residues 14-18, 39—44, or 91—
100. On the other hand, the difference in solvent
exposure between molecules in amyloid and native
state is for the residues in loop (26-32) that connect
strands of different sheets (B and G) in these mutants
even larger than the wild type.

The effect of solvent exposure on the stability is
most dramatic for the residues 76-84 (a loop which
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connects strands G and H), which for wild type and
most mutants are more exposed to solvent in the
amyloid state. The exception is D821 where the
charged Asp82 is mutated to a hydrophobic Ile. In
this mutant, the solvent-accessible area is reduced
by about 130 A? in the amyloid state over the native
form, which does not only change the structural
arrangement of the loop (76—-84) but also reduce its
contact with the residues 34-39 (belonging to strand
G and loop 39-44). In the wild type and amyloid-
forming mutants, the side-chain of GIn37 (polar)
interacts with the one of Asp82 (charged), with the
interaction being stronger in the amyloid state than
in the native state. The difference is largest for
R61N, where the average side-chain—side-chain dis-
tance between GIn37 and Asp82 is 5.7 (0.9) A in the
amyloid state, and 6.4 (1.0) A in the native state.
However, in the D821 mutant, the corresponding
average side-chain—side-chain  distance (here
between GIn37 and Ile82) is in the amyloid state is
with 10.1 (1.4) A much larger. The increase is more
modest in the native state where one measures for
this mutant a distance of 7.2 (1.0) A. Because of the
weaker side-chain—side-chain interactions are the
residues 37-39 in the D82I mutant more flexible,
reducing the stability of the B-sheet made out of
strands E, F, G, and H in the amyloid form, and
therefore leading to a preference for an unstructured
aggregate in this mutant. This is different in the
amyloid-forming mutants where in the amyloid state
the loop (76—-84) is more exposed to the solvent than
in the native state, but does not loses the stabilizing
contact with the residues 37-39. For instance, in the
R61N mutant there are 7 side-chain—side-chain con-
tacts between the loop (76-84) and residues 37-39
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in the native structure, but nine in the amyloid
state. The exposure of the residues (76-84) and their
contacts with the residues 37-39 seem to form a sta-
bilizing element in the amyloid structure. This back-
bone is largest in R61N—the mutant with the
highest propensity to form amyloids—where it com-
promises residues 26-90 and exposes in the amyloid
state a multitude of hydrophobic residues.

Summary. Comparing between wild type and four
mutants, the relative stability of monomers in their
native form over that of the monomers in an amy-
loid form, we derived a reasoning that explains why
some mutations lead to a higher tendency of amyloid
formation than others, and why the D82I mutant
forms amorphous aggregates. We argue that these
differences result to a large extend from the con-
straints that these mutations put on the contacts
that residues in loop (76-84) can form with residues
37-39. This hypothesis may explain why the mutant
R61IN forms fibril while D821 forms amorphous
aggregates. At the same time, we do not find evi-
dence for the hypothesis by Nowak et al.?? who
assume that the differences between the mutants
(and the wild type) result from the way these
mutant affects the salt bridge Arg61 and Asp82, or
the alternative possibility of forming a salt bridge
between residues Lys45 and Asp82.

Discussion

Using molecular dynamics simulations, we have
studied factors that modulate amyloid formation in
light-chain proteins, a class of proteins implicated in
the most common form of systemic amyloidosis. In
order to probe these factors, we have compared the
stability of wild type and mutants of the light-chain
protein REI, both as monomer and as dimers. We
find that two processes contribute to the amyloid for-
mation. The first one is the dissociation of the
dimers. As already known from experimental inves-
tigations, all four mutants (R61N, G68D, A84T, and
D821 mutants) shift the equilibrium from dimers to
monomers. We show that this is because certain
hydrophobic residues are more exposed in the
mutant dimers than in the wild type reducing the
relative stability of the dimer. The second process is
the transition of monomers from their native state
into an amyloid form. This is a complex process,
likely involving nucleation and growth phases that
our computational resources did not allow us to
study. Instead we have compared the relative stabil-
ities of native and amyloid structures for the wild
type and four mutants. Free-energy calculations
using a MM-PBSA approximation indicate that in
all cases (wild-type and mutants), the native struc-
ture is favored over the amyloid state, however, in
the three amyloid-forming mutants R61N, G68D,
and A84T less than in the wild type. On the other
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hand, the amyloid state is for the D82I mutant,
which is known to form unstructured aggregates,
even more disfavored over the native one than it is
in the case of the wild type. As the native structure
of this mutant is also less stable than the wild type,
our free energies reflect the experimental observa-
tion'® that this mutant tends to form amorphous,
nonamyloid aggregates when losing its native struc-
ture. We argue that these differences in free energy
again can be explained by the relative exposure of
the molecules to the solvent. For instance, the
hydrophobic I1e82 induces a reduction of the solvent-
accessible surface area that destabilizes the amyloid
structure as it reduces the chances for association
with other chains. On the other hand, in the most
amyloid-forming R61N mutant, a backbone of mostly
hydrophobic residues is exposed in the amyloid
form, allowing for easy association of chains in amy-
loids. In summary, our analysis suggest that for the
development of drugs targeting light-chain-
associated systemic amyloidosis, one should look for
components that either stabilize the dimer by bind-
ing to the dimer interface, or reduce the probability
for the amyloid form in the monomers.

Materials and Methods

Model preparation

In order to compare our results with previous stud-
ies, we use the same light-chain protein as that of
Nowak et al. The Bence-Jones immunoglobulin « I
light-chain protein REI was extracted from a urine
sample of a patient suffering with multiple
myeloma®? and its structure has been resolved by X-
ray crystallography for the wild type (PDB-ID:
1REI) and for a number of mutants (PDB-ID:
1BWW, 1AR2, and 4L1H).223* In solution, the pro-
tein forms a dimer that at room temperature and
neutral pH is in equilibrium with potentially
amyloid-forming monomers.'® Each unit of the
folded REI light-chain protein is build out of nine B-
strands (A-I, following the notation in Nowak et al.),
wherein the B-strands E, F, G, H, and I belongs to
B-sheet 1 and A, B, C, and D to B-sheet 2.2 The B-
sheets are arranged in a sandwich model as shown
in Figure 5. There is a disulfide bond between Cys23
and Cys88, and a salt bridge between Arg6l and
Asp82. The prolines and charged residues of the
edge strands, the p-bulge in strand I, and the region
made out of residues 40-61 (which includes the E
and F strands) protect the protein against solvent.?®
In Figure 1(A,B) we show the REI dimer, marking
the location of the various mutations (R61, G68,
D82, and A84) considered in this study. The two
chains interact at two interfaces: the residues 41-46
in one unit, belonging to the loop (39-44) that con-
nects the strands G and F and to strand F (45-49)
interact with the loop (91-100) of the other unit,
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Figure 5. Structure of the light-chain protein REIl, with the B-
strands made out of residues: A=4-13, B =19-25, C = 69—
75, D =62-67, E =53-54, F = 45-49, G = 33-38, H = 85-90,
and | = 101-104. The B-strands A, B, C, and D belong to -
sheet 2 and E, F, G, H, and | belong to B-sheet 1.

which connects the strands H and I. The residues
R61 and D82 form a salt bridge and one can see
that the residues D82 and A84 are close. Note that
none of the mutated residues are located at the
dimer interface. For both monomers and dimers, we
generate models of the mutant structures by replac-
ing in the wild-type structure (1REI) wild-type resi-
dues with mutant residues where they differ. Using
the tleap module of Amber122® and the ff99SB>’
force field, we have generated in this way the four
mutant structures: R61N, G68D, D821, and A84T.
As the structure of the REI light-chain in its amy-
loid form has not been resolved, we had to construct a
model using as template the fibril model of another,
similar, light-chain protein. This k I light-chain pro-
tein has been characterized using the urine sample of
a patient with systemic amyloidosis. It has an 86%
sequence identity with the REI protein, 2® the posi-
tions and types of residues by that the two proteins
differ are listed in Table VII. Two fibril models of BRE
are available in the Protein Data Bank. In both struc-
tures (PDB-ID: 1BRE and 1QP1),2®3° the chains are
arranged in a pseudohexagonal shape that contains
six dimers in a 180° turn. The diameter is about 100 A
and is in agreement with electron microscopy meas-
urements of amyloid fibrils. The crystal structure of
1QP1 is made of three monomers, whereas 1BRE has
six monomers or three dimers. Hence, in order to
decrease the finite-size effects, we chose as template a
central monomer (chain D) of the larger 1BRE struc-
ture. This is reasonable as both proteins exist as
dimers and have similar number of B-sheets, loops,
and connectivity, and each of the monomer contains
107 residues. Using again the #¢leap module of
Amber12 and the ff99SB?” force field, we have gener-
ated from this template the fibril-form of the REI
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light-chain by replacing in the 1BRE chain the resi-
dues listed in Table VII with that of the REI protein.
We have named the so-generated model WT (amyloid)
as opposed to its native structure which we call just
WT. An overlap of both structures is also shown in
Figure 1(C). In a similar way, we have then generated
the fibril forms of the four mutants: R61N (amyloid),
G68D (amyloid), D82I (amyloid), and A84T (amyloid).

Computational setup
The above generated protein models are simulated
using the program package Gromacs 4.6.2*° and the
ff99SB3” force field. Each system is put into the center
of a truncated octahedron box (monomers) or cubic
box (dimers) with at least 12 A distance between the
molecule and the boundary. The box is then filled
with TIP3P*}*2 water molecules, and an appropriate
number of Na* ions are added to neutralize the sys-
tem. Because of periodic boundary conditions, the
electrostatic interactions are calculated using Parti-
cle-Mesh-Ewald summation. Hydrogen atoms are
constrained using the LINCS algorithm,*® and the
TIP3P water molecules with the Settle algorithm.**
The temperature of 298.15 K is kept constant by the
Parrinello-Donadio-Bussi algorithm®® (t=0.1 fs),
which is similar to Berendsen coupling but adds a sto-
chastic term that ensures a proper canonical ensem-
ble.*>*® In a similar way, the pressure is kept
constant at 1 bar by the Parrinello-Rahman algo-
rithm (¢ = 1 £5).47*8 All models are initially minimized
and equilibrated for 100 ps under NVT and then for
200 ps under NPT ensemble at 298.15 K. Measure-
ments are then taken from a simulation of 100 ns
under NVT conditions. For each system, three inde-
pendent trajectories are simulated with a 2 fs time
step, using different initial velocities.

Molecular dynamics simulations of proteins are
often limited by insufficient sampling and slow con-
vergence. A simple way to speed up sampling by

Table VII. Comparison of Altered Residues Between
REI and BRE

Residue 1BRE 1REI
30 Ser Ile
31 Asp Lys
34 Ile Asn
39 Lys Thr
40 Leu Pro
45 Asn Lys
50 Asp Glu
53 Thr Asn
55 Glu Gln
56 Thr Ala
70 Glu Asp
92 Asp Gln
93 Asp Ser
104 Val Leu
105 Glu Gln
107 Lys Thr
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modest factors of 2—-8 is to reduce the mass of sol-
vent and side chain atoms. Such mass-scaling is
equivalent to lowering the viscosity of the system,
and therefore allows the system to cross more effi-
ciently high energy barriers.?®?° In order to test the
effect of mass scaling, we have simulated the REI
wild-type monomer in initial benchmark simulations
with the settings described above. The masses of sol-
vent and side chain were rescaled using various /
values (1=0.4, 0.5, 0.6, 0.8, and 1.0, where A=m/
m,, m is the parameterized atomic mass, and m, is
the standard atomic mass). From these initial simu-
lations, we conclude that a factor /= 0.5 in the mass
scaling is optimal, and this scaling factor is used by
use in subsequent simulations for data generation.

The postsimulation analyses are performed
using the tool set of the Gromacs package, that is,
RMSD, radius of gyration (R,), RMSF, hydrogen
bonding, salt-bridges, solvent-accessible surface area
(SASA), and secondary structure analysis using
DSSP. For all systems, the AG values are calculated
using the MM-PBSA approach.?>*2 For this purpose,
we have chosen randomly a configuration collected
in the last nanosecond of the trajectory previously
derived with Gromacs 4.6.2. The selected snapshots
serve as a start point for three independent trajecto-
ries (with different velocity distributions) of 50 ns
length that relies on the Amberl2 software and the
ff99SB3” forcefield.?5®® Approximations of the AG
values are calculated from the last 10 ns of these
trajectories and exclude contributions from the con-
formational entropy. This is an often used approxi-
amyloid 2930 and partially
motivated by the difficulties in estimating the con-
formational entropy from a normal mode analysis
using a rigid-rotor harmonic-oscillator ideal-gas
approximation of the system that leads to large sys-
tematic and statistical errors. As the contributions
by this term are expected to be small,®! and as one
is usually interested only in the relative free-energy
differences between systems that differ little in
structure, it seems justified to neglect this term in
the estimation of free-energy differences.

mation in studies
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