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Amyloid light-chain (LC) amyloidosis is a protein misfolding disease
in which the aggregation of an overexpressed antibody LC from a
clonal plasma cell leads to organ toxicity and patient death if left
untreated. While the overall dimeric architecture of LC molecules is
established, with each LC composed of variable (V) and constant
(C) domains, the relative contributions of LC domain-domain inter-
faces and intrinsic domain stabilities to protection against LC aggre-
gation are not well understood. To address these topics we have
engineered a number of domain-destabilized LC mutants and used
solution NMR spectroscopy to characterize their structural proper-
ties and intrinsic stabilities. Moreover, we used fluorescence spec-
troscopy to assay their aggregation propensities. Our results point
to the importance of both dimerization strength and intrinsic mono-
mer stability in stabilizing V. domains against aggregation. Notably,
in all cases considered V|, domains aggregate at least 10-fold faster
than full-length LCs, establishing the important protective role of C;
domains. A strong protective coupling is found between V-V, and
C.—C, dimer interfaces, with destabilization of one interface ad-
versely affecting the stability of the other. Fibril formation is ob-
served when either the V, or C, domain in the full-length protein is
severely destabilized (i.e., where domain unfolding free energies
are less than 2 kcal/mol). The important role of C, domains in pre-
venting aggregation highlights the potential of the C,-C, interface
as a target for the development of drugs to stabilize the dimeric LC
structure and hence prevent LC amyloidosis.

light-chain amyloidosis | antibody light-chain domains | protein
aggregation | solution NMR spectroscopy | proteinopathy

he misfolding and/or aggregation of a particular protein plays

a causative role in ~40 distinct human degenerative diseases,
referred to as amyloid diseases (1-3). Some of these, including
prion, Alzheimer’s, Parkinson’s, and Huntington’s diseases, give
rise to a central nervous system degeneration phenotype (4).
Other diseases, including the peripheral amyloidoses, result from
aggregation of proteins such as transthyretin (5, 6), antibody light
chains (LCs) (7, 8), or islet amyloid polypeptides (9) that can be
deposited as amyloid fibrils and other structures in the periph-
eral and autonomic nervous systems and/or in organs throughout
the body such as the heart, kidneys, and digestive tract (1, 2).
Whether accumulated amyloid affects tissue function, leading to
its ultimate death, and/or whether smaller nonnative conformers
cause proteotoxicity remains a debated topic. The most di-
agnosed systemic amyloid disease results from misfolding and/or
aggregation of a different Ig LC in each Ig LC amyloidosis (AL)
patient (7, 8). The Ig LC overexpressed and secreted by abnor-
mally proliferating monoclonal plasma cells in AL patients typ-
ically misfolds and aggregates to form fibers in the heart, liver,
kidneys, soft tissues, and nervous system (7). The mechanisms by
which amyloidogenesis occurs and the processes leading to am-
yloid accumulation in organs are not well understood. X-ray
structures of full-length (FL) Ig LCs show them to be dimeric,
with each LC composed of N- and C-terminal variable (Vi) and
constant (Cr) domains, respectively (10). Each LC monomer in
the dimeric structure is arranged to form substantial V-V and
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C-C. domain—dorgain interfaces% as shown schematically in Fig.
1, that bury 1,600 A? and 2,400 A? of protein surface area, re-
spectively. Further stabilization of the dimer is provided by an
inter-C;, domain-C; domain disulfide bond and by a pair of
intra-LLC domain disulfides, one each in the V. and C;, domains.

Much of the focus on understanding the mechanism of LC ag-
gregation or amyloidogenesis has revolved around studies of Vi,
domains, which were first identified, along with other LC frag-
ments, as comprising amyloid fibrils (11-13). Isolated Vi, domains
may arise from aberrant endoproteolysis of FL LCs, likely reflecting
some degree of conformational dynamics within the FL. molecule
(14-16). Dimerization of these isolated domains is protective
against aggregation (17, 18) and small molecules that stabilize the
V-V, interface can reduce amyloid formation (19). However, in
addition to fragments of V. and C; domains the FL LC protein is
also found in amyloid deposits (20-23). There is not a consensus
regarding whether FL LCs are able to independently form amyloid
fibrils or, alternatively, whether an aberrant proteolysis event is
required to release a fibril-competent fragment that is subsequently
able to prime the aggregation of the FL species.

Notably, FL LCs appear to be much less aggregation-prone
relative to the corresponding isolated V; domains in vitro (14, 21),
suggesting that the FL dimeric LC structure is protective. The
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Fig. 1. Structure of the dimeric 26 Ig LC. (A) One protomer comprising V.
and C_ domains is rendered in ribbon (yellow) and the other protomer is
depicted as a surface representation (gray), highlighting the extensive V-V,
and C-C, interfaces. The structure shown is a homology model built with
the SWISS-MODEL server (https://swissmodel.expasy.org) using Protein Data
Bank (PDB) ID code 1LIL (10) as a template. Sites (all side-chain heavy atoms)
where mutations are introduced to evaluate the importance of domain in-
teractions are indicated in red. (B) Schematic of the WT-dimeric LC structure
used throughout the paper.

importance of folded multimeric structures in providing protection
against aggregation-associated pathology is underscored by the
recent development of a small molecule that binds to normally
folded tetrameric transthyretin and slows transthyretin amyloid
disease progression (24). Despite the clear link between stabilizing
quaternary contacts and protection against aggregation, the struc-
tural elements that confer protection in most amyloidoses are not
well understood. The clinical success realized by pharmacologic
strategies that stabilize the native quaternary structure of an amy-
loidogenic protein suggests that a key target for AL will be stabi-
lizing the FL LC molecule. As such, it is important to understand
how each quaternary structural interface contributes to FL LC di-
mer stability and how mutations in key regions of the LC molecule
might decrease quaternary structural stability, leading to confor-
mations that are more aggregation-prone or conformations that
enable endoproteolysis, facilitating LC fragment amyloidogenesis.
Solution NMR spectroscopy is a powerful tool for characteriz-
ing molecular interactions, including those between domains
within the same molecule, in particular when the contacts are
weak and thus not amenable to detailed, atomic-resolution anal-
yses using other biophysical approaches (25, 26). Here we combine
LC concentration-dependent NMR spin relaxation and chemical
shift perturbation experiments, along with NMR-based hydrogen/
deuterium exchange measurements, and biophysical studies of LC
aggregation rates to quantify the relative contributions of different
LC domain-domain interfaces to LC stability. We also employ this
methodology to assess the role of primary amino acid sequence
and intrinsic domain stabilities in providing protection against LC
aggregation. We focus on two A6 LC proteins (27, 28). The first is
called JTO, originating from a patient with multiple myeloma
(plasma cell proliferation with LC secretion but without LC
amyloidogenesis). The second A6 LC protein is WIL, derived from
an AL patient. We employ the aforementioned methodology to
study the individual Vi and C; domains, subsequently extending the
analyses to FL LCs. We show that the Vi domain from JTO, JTO-
V1, has a dimerization dissociation constant that is three orders of
magnitude smaller than that for WIL-V, while the intrinsic stability
of the V1. domain from JTO is ~1.5 kcal/mol higher than the cor-
responding sequence from WIL, in agreement with previous findings
(28). These results, together, provide a strong basis for understanding
the decreased aggregation propensity of JTO-Vy relative to WIL-V/.
In studies on the FL LC we have used a mutagenesis approach
to disrupt specific domain interfaces and, thus, assess the relative
importance of specific domain—domain interactions both in
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preserving the dimeric nature of the LC molecule and, relatedly,
in preventing LC aggregation. NMR studies show that the in-
troduced mutations, in most cases, preserve secondary and tertiary
structures of single domains but can destabilize interdomain
contacts. Notably, mutations in the C;. domain affect the stability
of V-V interactions, and vice versa, with certain mutant LCs
retaining an overall dimeric structure yet lacking one of the V-
VL or G —C; interfaces, while in other cases all interfaces are
destabilized. The importance of both the intermolecular disulfide
and the cis conformation of the peptidyl-prolyl amide bond at
position 145 to the stability of the C;, domain is clearly established
by our studies. Characterization of the mutants in structural terms
by NMR formed the basis for interpreting aggregation assays that
allowed the assessment of intra- and interdomain contacts in
protecting against amyloidogenesis. Remarkably, a monomeric LC
(i.e., no V=V or C;-C; interactions) where the V| —C interface
is significantly destabilized was protected against aggregation,
while other mutants where the Vi or the C;, domain is destabilized
are able to form fibrils, suggesting that the thermodynamic sta-
bility of the domains is a critical factor in preventing aggregation.
Overall, our results highlight contributions to the stability of FL.
LC molecules from different intra- and interdomain contacts and,
importantly, establish the significance of the Cp domain in pre-
venting aggregation, a first step in the targeted design of com-
pounds that stabilize LC molecules.

Results

Both WIL and JTO were originally described as V domains (28),
with the pair of V. sequences 84% identical and 94% similar (S
Appendix, Fig. S1). To study the FL. LCs we made constructs in
which each V domain is fused to an identical AC3 constant domain
(14). Fig. 14 highlights the dimeric A6 LC structure that is essen-
tially identical for WT JTO-FL and WIL-FL LCs examined in this
study. Extensive interfaces between pairs of Vi and Cp. domains
are found; one of the two identical protomers is depicted in Fig. 1
as a yellow ribbon, while the other protomer is rendered as a gray
CPK surface representation. The positions of a number of different
mutations to be discussed below are indicated on the ribbon dia-
gram depiction. For ease of illustration, the schematic shown in
Fig. 1B will be used subsequently to depict the dimeric FL LC with
all interfaces intact. As described in the Introduction, an important
goal for understanding how the domain—-domain interfaces con-
tribute to FL LC stability and protection against aggregation is to
evaluate the relative importance of each of the different domain—
domain interactions (Vi —Vy, C; —Cp, and intraprotomer V;-Cy ) to
the integrity of the FL LC. Initially, we focus on individual Vy, or
CL domains so as to provide a framework upon which to base our
subsequent studies of the FL LC structure.

JTO-V, Domain, but Not the WIL-V, Domain, Forms a Dimer. Previous
studies have established that monomeric and homodimeric Vi,
domains exist in equilibrium (17, 29). Conditions resulting in a
shift in the equilibrium from the homodimeric LC to the monomer
and/or a decrease in the stability of the monomeric tertiary
structure lead to an increasing propensity to form amyloid fibers
(17, 30). Here we use a number of different NMR approaches to
quantify the monomer—dimer equilibrium and the stability of each
of the JTO-V and WIL-V| domains to unfolding.

Initially a series of 'H-'"N heteronuclear single quantum co-
herence (HSQC) spectra of JTO-VL (residues 1-111 of the FL
protein) was recorded as a function of increasing protein concen-
tration (Fig. 24) showing a migration of peak positions toward
those from dimeric JTO-FL (Fig. 24, black), as illustrated for
Q38 and Y50. In addition to shifts in peak positions, increased
peak linewidths were also noted at the more dilute concentrations,
despite the higher fraction of monomer, hence the expected de-
crease in peak linewidths in the absence of chemical exchange.
Together this suggests that the JTO-V| domain exchanges between
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Fig. 2. Different stabilities for JTO-V_ and WIL-V, dimers. (A) Superposition of
selected regions of 'H,">N HSQC spectra of WT JTO-V, and WT JTO-FL LC
(black, FL) recorded at 37 °C and 14.1 T highlighting Y50 and Q38. Data at
two V|, concentrations are shown, 0.025 mM (magenta) and 1.2 mM (red).
Gray arrows indicate the trajectories of peak shifts for each probe. (B)
Concentration-dependent >N CPMG profiles for Q38 of JTO-V,_ (circles) along
with fits (solid curves) that include all residues with measurable profiles
(maximum ARz e > 10 s~" at one or more concentrations). (C and D) As in A
and B but for WT WIL-V,. (E) Kinetic model used to analyze the chemical shift
and dispersion data, along with extracted dimer dissociation constants. Resi-
dues with '>N dispersions such that AR .++> 3 s~ are highlighted in red on the
crystal structures of JTO-V, [PDB ID code 1CDO (27)] and WIL-V, [PDB ID code
2CDO (27)] dimers; one chain is rendered as a gray surface while the other as a
yellow cartoon. K4 values were estimated via global fits of both chemical shifts
and CPMG data (JTO) or from protein concentration-dependent chemical shift
changes alone (WIL; see S/ Appendix). (F) Extracted free energy values, AG, as a
function of residue from hydrogen/deuterium exchange measurements for
JTO-V, (black, 0.5 mM) and WIL-V (gray, 0.8 mM). AG values include contri-
butions from dimerization; inherent stabilities of the monomeric structures can
be obtained on a per-residue basis by subtracting 1.4 and 0.1 kcal/mol from
largest AG values for JTO and WIL, respectively (see S/ Appendix for details). (G)
Aggregation of JTO-V (11 profiles in black) and WIL-V, (12 profiles in gray) as
followed by ThT fluorescence.

monomeric and dimeric structures. This was confirmed by a
concentration-dependent Carr—Purcell-Meiboom-Gill (CPMG)
relaxation dispersion (31-33) study in which the >N transverse
relaxation rates of individual backbone amides (R,.y) were
quantified as a function of the frequency of application of chem-
ical shift refocusing pulses (vcpuc). In this experiment, the sto-
chastic modulation of chemical shifts by conformational exchange
leads to increased transverse relaxation rates, whose effects can be
modulated through the successive application of pulses. As the
number of pulses increases (larger vcpy) the effective chemical
shift differences between the interconverting states become
smaller, so that the dispersion profiles are decreased. Notably, the
size of the dispersion profiles, AR; ., as defined by the difference
between R, .4 values at the lowest and highest vcpy values, in-
creases with decreasing total protein concentrations (Fig. 2B),
establishing an equilibrium favoring the dimeric structure at the
concentrations explored. The data could be well fit to a two-state
monomer—dimer equilibrium model with K}, = 12.5 + 1.2 uM. A
similar study of the WIL-V| domain was also performed, showing
a linear progression of chemical shifts as a function of increasing
concentration toward V domain peaks in the full length LC (Fig.
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2C). Notably, and in contrast to what was observed for JTO-Vp,
dispersion profile sizes increased with total protein concentration,
indicating an equilibrium that is highly skewed toward the
monomer in this case (Fig. 2D). Dispersion data for the WIL-V,
domain could not be fit to a two-state model of exchange, sug-
gesting a more complex set of dimeric interactions than for JTO. A
value of K}, ~ 5 mM was estimated from concentration-dependent
chemical shift changes that were fit for 13 well-resolved resonances
(SI Appendix, Fig. S2). Interestingly, we have performed a similar
analysis for a Vi domain from a second LC AL protein, ALMC-V,
(34), that also established a large K}, ~ 5 mM. Fig. 2E highlights the
regions of the V, domains that show AR, .4 values in excess of 3 57!
for JTO and WIL concentrations of 0.2 mM and 1 mM, re-
spectively, corresponding to elements of structure that are sensitive
to the conformational exchange process. These are in general
agreement with the Vi-V, dimer interface determined by X-ray
crystallography (27). In the case of WIL-Vy an additional region
that reports on exchange is observed, corresponding to residues
129-N31, which is consistent with a more complex association
process than for JTO, as observed in the analysis of the "N CPMG
dispersion data.

To evaluate relative stabilities of the domains, per-residue AG
values were obtained for both V|, constructs by carrying out hy-
drogen exchange experiments in which the intensities of correla-
tions in 'H-">N HSQC spectra were monitored as a function of
time after addition of D,O buffer (pD 5) to lyophilized protein
(35, 36). The exchange rates, k., so obtained were subsequently
converted into AG values via the relation AG = —RTIn (ke /kic),
using tabulated values for k,., the exchange rate of the corre-
sponding completely unprotected residue (37). The analysis of
exchange rates in terms of protection factors, as done here, is only
justified under EX2 conditions (35). Intrinsic hydrogen exchange
values are on the order of 0.1 s7! at pH 5 and 37 °C, an order of
magnitude slower than the measured folding rate for JTO-Vp
(3 s") under identical conditions that establishes the EX2 regime
(35). AG values were uniformly higher for the JTO domain,
reflecting, in part, that the protein is predominantly dimeric at the
concentration used, while the WIL domain is largely a monomer.
The contribution of the monomer—dimer equilibrium to the ob-
served AG values can be accounted for (SI Appendix) and sub-
tracted out so that opening/closing free energies, AGyy, are
obtained on a per-residue basis from the hydrogen exchange data.
The AGyy values have similar patterns as for the AG profile in Fig.
2F, with the values for amides exchanging with the largest pro-
tection factors (largest AGyy) lowered by ~1.4 and 0.1 kcal/mol for
JTO and WIL, respectively, at the 0.5 and 0.8 mM concentrations
of JTO-VL and WIL-V| domains used in this study. The
largest protection factors (largest AGyy) report directly on
global stabilities of each protein, AG,,, (38), so that the mo-
nomeric JTO domain is ~1.5 kcal/mol more stable than its WIL
counterpart. Thus, the stability of the JTO-V; domain is en-
hanced both by an increased propensity to form dimers and by an
increased intrinsic stability of the folded, monomeric state. WIL-
Vi aggregates more readily than JTO-VL (Fig. 2G), consistent
with its lower thermodynamic stability and lower propensity to
form protective dimers.

C, Domains Associate Weakly. An extensive interface of 2,400 A?is
computed between adjacent Cp domains from X-ray-derived
structures of the FL A-LCs (10), close to 1.5-fold larger than
observed for their Vi domain counterparts whose dimerization is
known to be stabilizing and protective against aggregation (17,
29). It is of interest, therefore, to evaluate the relative stability of
the isolated C;—Cy interaction focusing on (i) the importance of
the interdomain disulfide bond connecting pairs of C; domains
and on (i) the significance of the cis-peptide bond at position
145. This was achieved by studying the isolated WT Cp. domain,
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and a C;, domain harboring C215S+P145A or C215S mutants
(the isolated P145A mutant is difficult to obtain in pure form).
Recall that the C; domains are identical for JTO and WIL LC
constructs considered here. The '"’N CPMG relaxation dispersion
profiles of C215S C; were linear, with R; .4 values decreasing over
the 1,000 Hz vcpme frequency range examined, consistent with an
exchange process that is fast on the chemical shift timescale.
Further, as with the WIL-V| domain, dispersion profiles increased
with protein concentration, as would be expected for a monomer
(M)—dimer (D) exchange process that is highly skewed toward M.
All dispersion curves, along with chemical shift titration data
recorded as a function of the concentration of C215S C;, were

k
analyzed together using a two-state exchange model, 2M k_’LD

—1

(SI Appendix), and a value of k_; ~ 10,000 s~' was obtained (Fig.
3A4, Inset). The fast exchange process results in linear changes to
chemical shifts that depend on the relative populations of inter-
converting monomer and dimer (39), as illustrated for L139 in Fig.
3B. Here subspectra for the WT construct (blue), as well as for the
C215S (green) and P145A+C215S (red) mutants, recorded in
some cases at a number of protein concentrations, are super-
imposed, along with the amide correlation for L139 in the FL
protein where the Cp. domains are fully dimeric (10) that is shown
for reference (black, Fig. 3B). The concentration-dependent
chemical shifts for each of the mutant domains can be quanti-
fied (Fig. 3C), as can the concentration-independent positions of
the peaks from WT Cp. (dimer is disulfide-linked) that together
allow extraction of K§ values, with excellent agreement between
fitted and observed chemical shifts obtained (Fig. 3D). Notably,
from the slopes of the chemical shift vs. concentration profiles for
the C215S and P145A+C215S C;. domains (Fig. 3C, cf. red vs.
green) it is clear that the dimerization constants for the two
mutants are very different, as there are only very small changes
in shifts in the case of the double mutant, which implies little
association between monomers. Backbone amides from C215S
Co. that have substantial protein concentration-dependent
chemical shift changes localize to a single p-strand surface of
the constant domain and are color-coded in red on one of the
two Cp. monomers comprising a C;—Cy. dimer (Fig. 3D, Inset).
As expected, the dimer interface regions show the largest
chemical shift perturbations.

Our results clearly establish the importance of the interchain
disulfide to dimer stabilization, as the equilibrium dissociation
constant for the WT C; domain is 0.18 (Kgp unimolecular re-
action), while for the C215S mutant the dissociation constant for the
bimolecular reaction (KS,) is 11 mM (Fig. 3E). The effective mo-
larity (40, 41) for the unimolecular reaction is given by KS,/KS, =
63 mM (Fig. 3E), which is the concentration of the C;, domain for
which the uni- and bimolecular reactions proceed with the same
forward rates. Our results also show that the double mutant
P145A+C215S Cq, in which a cis-peptide bond is replaced by one
that is trans, further destabilizes the C; —C; dimer as ng =129 mM.
Insight into why this is the case can be obtained by comparing
backbone amide chemical shifts from spectra recorded of the
single and double mutants at low concentration (25 pM) where
both mutants are exclusively monomeric. Fig. 3F highlights
those residues where shift differences exceed 0.1 ppm (ma-
genta) and 0.4 ppm (red), with residue 145 drawn as a sphere.
Regions that are affected by the P145A mutation extend to
approximately half of the domain, including the dimer interface
B-sheet, suggesting that subtle structural rearrangements are
responsible for the lower affinity.

Stabilities of Dimeric Interfaces Are Increased in the FL Protein.
Having characterized the oligomerization properties of isolated
VL and Cp. domains from JTO and WIL, including domains
harboring destabilizing mutations, we next focused on the FL

Rennella et al.

A ”n €215 -C, B u»s C L139
19 Kot \___—] EHS & = 12533 1‘7\"\*10
17 S126 1 k Ls") I £ 128.4
515 . L9 £ 1294
A 500 100 57 0. 0.0 10 7.0
VCPMG(HZ) me(ppm) protein(mM)

D 3
g ||, BB
E:

| / [

0 WT K§,=0.178+0.008
<2 ) 0.1 KS,
< o) | B EEH
4 201 0.1] |c2158 KS,=11.2+0.3 mM & S ¥ |
t o empem) Lot Kamrmsen mv | U Q

Fig. 3. C_ domains associate weakly. (A) >N CPMG profiles of 5126 and
L139 of C215S Ci, 1.76 mM, 37 °C. The linear decrease in R; e VS. vcpuc is the
hallmark of fast exchange on the NMR chemical shift timescale. The solid
curves are fits of the data (circles); dispersion data were fit simultaneously
with concentration-dependent chemical shift data (B and C) to a monomer-
dimer exchange model, constraining Aw values to be the difference be-
tween shifts of the monomer as measured for C215S C, at 0.025 mM and the
dimer as measured for WT WIL-FL. (B) Chemical shift titration of L139 as a
function of protein concentration and mutation: red, P145A+C215S C,,
0.025 mM; green, C215S C,, 0.025 mM (single thick contour), 1.76 mM
(multiple thin contours); blue, WT C; black, WT WIL-FL. (C) Concentration-
dependent "N chemical shifts for L139 in P145A+C215S C_ (red), C215S C,
(green), and WT C_ (blue; no concentration dependence due to C215 disul-
fide linkage); the "N chemical shift of L139 in WT WIL-FL is shown by dashed
lines. (D) Comparison between observed and fitted chemical shift differ-
ences, Aw (inset for P145A+C215S C, only), for WT C_ (blue), C215S C, (green)
and P145A+C215S C, (red), where Aw = w; — W, and w; and m,, are shifts for
residue i under the conditions of the experiment and for the corresponding
residue in C215S C, (or P145A+C215S C;; see S/ Appendix) at 0.025 mM where
the domain is monomeric, respectively. (E) Kinetic models and calculated
equilibrium constants for the three C, domains studied. Ky values were es-
timated via global fits of protein concentration-dependent chemical shift
changes, assuming fast exchange (S/ Appendix, Eq. S2). (F) Chemical shift
differences between P145A+C215S and C2155 C, domains at 0.025 mM
(monomeric) superimposed on the structure of the C, domain [from PDB ID
code 1LIL (10)] that has the same orientation as for the inset in D; Pro-145 is
labeled and drawn with a balls and sticks representation. Residues shown in
magenta and red have combined Awyy differences (SI Appendix) between
P145A+C215S C_ and C215S C_ samples larger than 0.1 (magenta) and
0.4 ppm (red). All NMR data were recorded at 14.1 T.

protein in an effort to understand how domain—domain inter-
actions in FL LCs might confer further stability. In particular, we
used a strategy involving the introduction of specific mutations
(81 Appendix, Fig. S3 and Table S1) that destabilize a particular
interface in the dimer so as to quantify the importance of the
remaining domain interactions in preserving the dimeric structure
of the LC. We have obtained backbone resonance assignments for
WT and mutant FL. LC constructs so that perturbations made at a
position of interest can be studied simultaneously in both Vp, and
CL. domains using large numbers of probes. In what follows we
focus, initially, on the Vi domain in the context of the FL LC,
introducing the C215S or P145A+C215S substitutions that have
been discussed previously, as well as F122D and F101D, because
residues 122 and 101 are localized to the C;-C; and V-V in-
terfaces, respectively. The latter two mutations introduce negative
charges at the interfaces that, as we show below, are destabilizing.

Fig. 44 shows a superposition of regions of "H-""N HSQC
spectra recorded on F101D (orange) and F101D+C215S (ma-
genta) JTO-FL proteins, focusing on peaks from Q38 and Y50 of
the Vi, domains. By means of comparison the corresponding
correlations for the WT dimeric JTO-Vy, domain are shown
(gray, labeled D). Notably, the positions of the peaks in both
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Fig. 4. The V_interface is affected by the stability of the C_ interface. (A and B) Superposition of selected regions of 'H," N HSQC spectra of WT and mutants of
JTO-FL recorded at 37 °Cand 14.1 T highlighting Y50 and Q38 that report on the V-V, interface, color-coded as shown to the right of B. The dashed rectangle in A
indicates the region that is zoomed in B. Arrows in B point in the direction of chemical shift changes toward the dimer (WT FL). (C) The 5N transverse relaxation
optimized spectroscopy (TROSY)-CPMG dispersion profiles for Q38 from JTO-FL variants; only P145A+C215S (red) and F122D+C215S (teal) JTO-FL constructs show
nonflat profiles that indicate a monomer-dimer equilibrium at the level of the V-V, interface, heavily skewed toward the dimer. Differences in plateau values of
dispersion curves reflect the different protein concentrations used (S/ Appendix). (D and E) As A-C but for WIL-FL. (F) Kinetic model and percentage of closed (WT-
like) V-V, interfaces for variants of JTO-FL and WIL-FL. Fraction of closed interface for each mutant was calculated via a global fit of chemical shifts at a single
concentration, assuming fast exchange. Concentrations are listed for all C215S FL mutants where the C, chains are not covalently linked (i.e., where formation of
the closed structure is bimolecular). (G) Positions of key residues (513 and G146) reporting on the integrity of the V,-C, interface plotted on a homology model of
the JTO-FL structure; one chain is rendered as a gray surface and the other as a cartoon; P145 and F101, which are mutated in the study, are also shown. (H)
Superposition of small regions of 'H,">N HSQC spectra of WT JTO-FL focusing on 513 or G146. Peaks are color-coded as indicated in / that also shows either V, (513)
or C, (G146) domains that were used in the study, or LCs highlighting the nature of the V,~-C, interface (WT-like for WT JTO-FL, not formed for P145A+C215S JTO-
FL or rapidly interconverting between WT and not formed for F101D+C215S JTO-FL, as established from the positions of $13 and G146 peaks). For simplicity only
the monomeric forms of JTO-V, and FL LCs are drawn, although JTO-V,, WT JTO-FL, and P145A+C215S JTO-FL are dimeric.

JTO-FL mutants have significantly changed relative to JTO-V
(or WT JTO-FL), by —1.5 and +1.4 ppm in the '’N dimension
for Q38 and Y50, respectively, consistent with the shift chanlges
measured for the JTO-V, monomer—dimer transition using >N
CPMG relaxation dispersion experiments, Awy = —1.3 ppm
(Q38), +1.3 ppm (Y50). Thus, the F101D mutation severely
disrupts the V1 -V interface and, as we show below, the double
mutation F101D+C215S leads to a predominantly monomeric
LC. In contrast, mutations to the C;, domain (C125S, F122D+
C215S, and P145A+C215S) have smaller effects on the ViV
interaction, as can be seen in Fig. 4B, where cross-peaks from
Q38 and Y50 are located at positions very similar to those from
the WT JTO-Vy domain or WT JTO-FL, strongly suggesting
that these proteins have predominantly native-like dimeric Vi
interfaces. Further insight into how the Vy interface is affected
by mutations that destabilize interactions between C. domains is
obtained by recording >N CPMG dispersion profiles on the

858 | www.pnas.org/cgi/doi/10.1073/pnas.1817538116

JTO-FL protein (Fig. 4C) because this class of experiment can be
sensitive to interconverting populations as low as ~1%. Notably,
the WT FL LC shows flat profiles for Vi domain residues (blue),
yet nonflat dispersion curves are observed for a number of Vi,
domain residues in both F122D+C215S (teal) and P145A+C215S
(red) FL proteins that highlight a decreased stability of the V-V,
interface when the dimeric C; interactions are broken.

Similar to JTO-FL, breaking the Cp interface affects distal in-
teractions between Vi domains in the WIL-FL LC. The importance
of the C interface is made particularly clear by noting that (i)
isolated WT WIL-V[ is monomeric (Fig. 2 C-E) yet WT WIL-FL is
largely dimeric with respect to V-V interactions (Fig. 4D, com-
pare blue vs. gray) and that (i) the P145A+C215S double mutation
largely eliminates the WIL-V -V dimer interface (Fig. 4D, red vs.
blue). Further, while the V;-V| interface in the C215S WIL-FL
mutant is largely present, based on the proximity of Vi domain
chemical shifts for both C215S WIL-FL and WT WIL-FL proteins
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(Fig. 4D, green vs. blue), the nonflat dispersion profiles for some Vi,
residues in C215S WIL-FL but not WT WIL-FL (Fig. 4E) suggest a
destabilization of the Vi domain interface in the context of the
mutant protein.

In an effort to quantify further how the mutations affect the
V-V, interface in the context of the FL protein, we compared
the positions of cross-peaks of key reporter residues in each of the
mutants relative to the corresponding positions in references with
either fully dimeric or monomeric V, interfaces, as described
above. In the case of the JTO-FL mutant proteins, WT JTO-FL
(dimer) and F101D+C215S JTO-FL (0.25 mM, monomer) were
used as references, while WT WIL-FL (dimer) and the isolated
WIL-VL, (0.25 mM, monomer) were used for WIL. Results from
both JTO-FL and WIL-FL are summarized in Fig. 4F (SI Ap-
pendix, Fig. S4) where “closed” refers to the V-V WT-like in-
terface where the Vi domains are dimeric. Notably, mutations in
the Cr. domain can significantly affect the stability of the V-V, in-
terface, shifting the closed-open equilibrium by as much as 20% from
the WT fully closed conformation (at 0.2 mM LC concentration).

We next asked how weakening of V-V or C;—-Cp lnterac-
tions would affect the V{-Cy interface that sequesters ~500 A?
of surface area (10) (Fig. 4G). Fig. 4H shows spectra from
S13 and G146 reporters that are proximal to the interface, lo-
cated on the Vi and C; domains, respectively. Interestingly a
linear titration of cross-peak position as a function of mutation is
noted that suggests, most simply, a rapid exchange between
conformers where the Vi-C; interaction is ecither intact or
broken. The data establish that the cis-peptide bond at position
145 is critical for stabilizing the interface, as S13 and G146 cross-
peaks are at similar positions in spectra of the P145A+C215S
JTO-FL construct and of either the WT JTO-V, domain (S13;
compare gray and red contours) or the P145A+C215S Cp do-
main (G146; compare gray and red, inset), with the isolated Vi,
and C; domains, of course, lacking the interface. Simultaneous
weakening of the V-V and C;—-C_ interfaces through the
F101D and C215S substitutions, respectively, leads to an inter-
mediate situation that reflects rapid exchange between conformers

with and without the heterodomain interface with approximately
equal populations (purple), as established by chemical shifts for
S13 and G146 that are between those of the FL protein and of
the individual domains.

As described above, the dimeric interface between isolated Cp.
domains is weak and easily disrupted by removal of the inter-
domain disulfide bond. We were thus interested in establishing
whether the presence of the Vi domains in the context of the FL.
protein provides stability to the C;—C;, interface. Fig. 54 shows a
superposition of selected regions from 'H-'>N HSQC spectra
recorded on different mutants of JTO-FL that have been in-
troduced in the previous sections, highlighting a subset of Cp
domain residues that report on the C;—Cp interface. Analysis of
amide cross-peak positions for these residues and others like them
that report on the relative populations of monomeric and dimeric
C.—Cy. interfaces provides a rapid means of assessing the stability
of Cp -domain interactions. Notably, and unlike what was observed
for the isolated C215S Cr, domain (gray), the C215S mutation in
the JTO-FL background (green) only slightly decreases the extent
of C;—-C, dimerization (200 pM protein concentration). This is
readily noted by the similar positions of C;. domain cross-peaks in
the C215S JTO-FL and WT JTO-FL proteins, where in the latter
case the C;—Cp interface is completely formed (compare green
and blue in Fig. 54), as shown in the X-ray structure of the FL LC
(10). Thus, the presence of the Vi interface in the full protein
stabilizes interactions between the C domains. That this is the case
can be further appreciated by the results obtained for the F101D
FL protein where V-V contacts are severely reduced by the
presence of Asp residues at the Vi dimer interface (Fig. 4). In this
case the similar positions of C; -domain cross-peaks for the F101D
and C215S JTO-FL proteins suggests, qualitatively, that elimina-
tion of the Vi -V interface through charge repulsion across the
VL dimer (F101D mutant) destabilizes the C;—-C;, interface to a
similar degree as elimination of the interchain disulfide bond. A
value of K§; = 0.12 + 0.03 is calculated for the unimolecular
dissociation of the C domains (still connected via a disulfide) in the
context of the F101D JTO-FL protein that is in good agreement with

WT FL 1295
C215S FL = 130.0
F101D+C215S FL o 1305 A
1205
P145A+C215S FL | B 130.0
P145A+C215S C, 150
00

D c, -c, interface for JTO-FL
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WT 100%
% closed at FL]=

c215s 93%
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Fig.5. A WT YV, domain interface strengthens the C,—C_ interaction. (A) Superpositions of selected regions of 'H," N HSQC spectra of WT and mutants of JTO-
FL recorded at 37 °C and 14.1 T that report on the C,-C interface and color-coded as indicated in the panel to the right. Gray arrows extend from peaks that
derive from a monomeric C, interface (i.e., C,-C, dimer interaction is not present; gray) to those from a WT-dimer interface (blue). (B) As A but for WIL-FL. (C)
Correlation between observed and fitted Aw values (inset for P145A+C215S JTO-FL only) for variants of JTO-FL, where Aw = w; — W, and @, is the shift for
residue i from the isolated C; domain (either P145A+C215 or C215S, depending on whether the residue of interest derives from the P145A or P145 FL
construct). (D) Kinetic models and percentages of closed (WT-like) C,—C, interface for FL LCs. The disulfide bond connecting the C, domains in the
C215 samples is indicated by a blue line. Concentrations of closed interfaces were calculated via a global fit of chemical shifts at a single protein concentration,
assuming fast exchange. The concentration at which the percent closed C,—C, interface values were estimated, based on chemical shifts, is indicated for the
C215S samples where the LCs are not covalently linked. (E) Transverse relaxation rates of TROSY BN magnetization components, averaged over structured
regions of JTO-FL or WIL-FL with error bars indicating 1 SD. Rates have been adjusted to account for different protein concentrations used in the mea-

surements (S/ Appendix).
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K§, = 0.18 + 0.01 obtained from a similar analysis of peak positions
for the isolated WT Cp. domain (Fig. 3E). Finally, when both the Vi,
interface is eliminated and the disulfide reduced (F101D+C215S
double mutant, purple) the interactions between the constant
domains are also eliminated, as can be seen by the superposition of
peaks from F101D+C215S FL and C215S C_ constructs (compare
purple and gray peaks). Recall that the C215S C; domain is mo-
nomeric (K4 = 11 mM; Fig. 3E). The F101D+C215S double mutant
is thus monomeric. The importance of the V;-V| interface in sta-
bilizing the C;~C; dimer is also made clear from similar analyses of
the WIL-FL proteins establishing that, unlike for the isolated C.
domain, the C;—C; dimer is predominant in solution in the WT
WIL-FL context (Fig. 5B, green vs. gray peaks). Our data thus
clearly establish that both Vi-V and C;-C_ interfaces coopera-
tively maintain the dimeric FL structure.

To quantify interactions between the domains more fully we
have fit the relative positions of amide peaks from C; domain
residues in each mutant of JTO-FL (Fig. 5C) to extract the ex-
tent to which the C;-C; interface is formed in each case, as
summarized in Fig. 5D. A value of 93% closed (C dimer) was
obtained for the C215S JTO-FL mutant, similar to that for the
C215S WIL-FL protein. By means of comparison, a value of
3.5% closed is obtained for the isolated C215S Cp domain
based on a K§ value of 11.2 mM (Fig. 3E) and assuming a
total protein concentration of 0.2 mM, as was used in mea-
surements of the FL protein, further emphasizing the role of
the V-V interface in providing stability to the Cp domain
interactions.

A similar picture is also obtained from measured "°N transverse
relaxation rates, R,, for the JTO-FL and WIL-FL constructs con-
sidered here. R, rates are sensitive both to molecular size and to
internal dynamics that can change with structure (39, 42). Thus, a
comparison of average R, values, <R,>, in the FL constructs pro-
vides further insight into whether domain interfaces are properly
formed. Fig. SE plots <R,> from structured regions of the C;, do-
mains of the FL proteins. The similar <R,> rates for WT-FL (blue)
and C215S FL (green) indicates, as expected based on chemical shift
data, that both constructs are similarly dimeric, reinforcing the no-
tion that the V-V interface stabilizes interactions between Ci
domains, with a well-formed C;, dimeric structure even in the ab-
sence of the disulfide. Notably, <R,> values for the P145A+C215S
FL double mutant (red) decrease relative to the WT protein, con-
sistent with a destabilized C;—C; interface and in keeping with the
nearly identical chemical shifts for constant domain amide probes in
the P145A+C215S FL and C;, constructs (Fig. 5 4 and B, red vs.
black). As expected, a lowered <R,> rate for BN spins of the Cp.
domains of the F122D+C215S FL protein is also measured, con-
sistent with destabilization of the C;—C; dimer interface.
Notably, <R,> for the F101D+C215S FL construct, with desta-
bilizing mutations in both of the Vi (F101D) and Cp (C215S)
domains, is approximately half the value of the WT FL protein,
consistent with the complete dissociation of the double mutant
into monomers.

Summary of Mutations at Dimeric Interfaces. The combined chemical
shift and relaxation data analysis that has been described allows
definitive conclusions to be drawn about the formation of the Vi -
Vi, Ci—C;, and intramolecular V;—C;_ interfaces for each of the
mutants considered, as discussed above. It also establishes that
destabilization of the V1 -V interface has a negative effect on the
C;—C;, interface, and vice versa, as summarized in Table 1. We
have also included two additional mutants, L76G+C215S and
L121G+C215S, in our analysis, not mentioned to this point (S/
Appendix, Figs. S5-S9). The replacement of Leu at position
76 with a Gly severely destabilizes the Vi domain so that it no
longer folds (SI Appendix, Figs. S5 and S6). Cross-peaks derived
from the Cr, domain of L76G+C215S JTO-FL superimpose with
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Table 1. Formation of interfaces and unfolding

thermodynamics based on NMR data

Protein construct V-V, c-C  VvV-C AGy AGc

JTO-FL
WT v v v 7.9 +0.1 8.1+0.1
C215S v v v 59+ 0.1 5.5+ 0.1
L76G+C2155* X X X <=2 29+03
F101D X v v.X 2.7 + 0.1 54 +0.1
F101D+C215S X X v,X 2.3 +0.1 41+0.2
L121G+C215S" v v v 37+02 0.0+02
F122D+C215S v X v,X 4.5 + 0.1 32+03
P145A+C215S v X X 3.9+0.1 <1.5

WIL-FL
WT v v v 4.8 + 0.1 7.3 +0.2
C215S v v 2.7 £ 0.1 47 +0.2
P145A+C215S X X X nat at

Details of NMR experiments are described in S/ Appendix. Measurements
were made at protein concentrations of 0.2 mM (monomer), with the exception
of L76G+C215S JTO-FL (0.1 mM), WT JTO-FL (1.1 mM; note that AG values are
concentration-independent as monomers are disulfide-linked), and C215S WIL-
FL (0.4 mM). Check marks (crosses) indicate populations of closed interfaces
higher than or equal to 80% (lower than 20%). In cases where the closed in-
terface fractional population lies between 20% and 80% both check marks and
crosses are indicated. AG values are given in kilocalories per mole. n.a., not
available.

*V domain is not able to fold so that the V.-V, and V,-C, interfaces are
nonexistent while the C,-C, interface is not present as well.

"Two sets of C, domain peaks are observed in NMR spectra, derived from
molecules with folded and unfolded C, domains (S/ Appendix, Fig. S7). For
the folded population (~50%) both C,-C, and V,-C, interfaces are present,
while they are absent in molecules containing unfolded C, domains.
*Hydrogen exchange data not measured. (Note that it is expected AGc <
1.5 as per the JTO construct.)

those from the isolated C215S C;, domain (monomer), establish-
ing that the C;. domain of the double-mutant protein retains na-
tive structure but is not dimeric in the FL protein. Thus, L76G+
C215S JTO-FL is monomeric at the millimolar concentrations
used in the present study. The substitution of Gly for Leu at po-
sition 121 in the hydrophobic core of the isolated C; domain
significantly destabilizes it, with approximately equal populations
of both folded and unfolded C; domain observed in 'H,"°N
HSQC spectra (SI Appendix, Fig. S7). Similar to the isolated
L121G+C215S Ci, domain, the corresponding region in the FL
protein is also in equilibrium between folded and unfolded con-
formers. Notably, however, the dimeric V| structure is preserved
in this construct (SI Appendix, Figs. S8 and S9). We have cross-
validated our NMR analyses described above by recording ana-
lytical ultracentrifugation (AUC) data on the JTO-FL and WIL-
FL mutants (SI Appendix, Fig. S10). Very similar conclusions are
reached regarding the influence of the mutations on the dimeric
structure of the constructs, with the small differences reflecting the
fact that the AUC data are recorded at significantly lower con-
centrations (10 pM) that shift the monomer—dimer equilibrium
toward a monomeric state. Notably, the power of the NMR
method lies in the fact that individual domains of the FL protein
can be interrogated independently, unlike the case for other
methods such as AUC where it is only possible to obtain a readout
of whether the FL protein is monomeric or dimeric. Having
characterized the structural properties of each mutant it is now
possible to evaluate the relative importance of each of the do-
mains and their interfaces in stabilizing the soluble LC form, as
described subsequently. Free energy differences for the unfolding
of Vi, (AGy) and Cr. (AG¢) domains in the context of the FL
protein, as measured by solvent hydrogen exchange NMR (35, 36),
are reported in Fig. 64 (see SI Appendix for details and SI Ap-
pendix, Fig. S11) and Table 1, which also includes a summary of
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Fig. 6. Thermodynamic stabilities and aggregation propensities of LC vari-
ants. (A) AG values for unfolding of V| and C, domains in the context of the
FL protein. In most cases the column heights and error bars indicate the
estimated value and the SE, respectively, except for V, of L76G+C215S and
for C_ of P145A+C215S, where the only possible estimates are upper limits
of -2 and +1.5 kcal/mol, respectively. Dashed horizontal lines indicate the
AGy value for WT JTO-V, and the AGc value for C215S C.. (B) ThT
fluorescence-based kinetics of the aggregation of C215S JTO-FL (Top,
21 profiles in green thick solid lines) and F101D+C215S JTO-FL (Bottom,
18 profiles in purple thick solid lines) and the corresponding JTO-V, coun-
terparts: WT (Top, 17 profiles in green thin dashed lines) and F101D (Bottom,
12 profiles in purple thin dashed lines). (C) ThT fluorescence kinetics of the
aggregation of several JTO-FL mutants indicated at the top of each panel;
12 profiles are shown for each protein.

the interfaces that are formed. All of the constructs studied are
listed in SI Appendix, Table S1.

The C, Domain Is Protective Against Aggregation in FL Proteins. The
factors that influence whether a particular LC will form amy-
loid fibrils in vivo are not well known. As a first step to address
this, we asked how different regions of an LC protect against
aggregation in vitro by measuring aggregation of 10 pM LC variants
in PBS at pH 7.4, 37 °C with continuous agitation in 96-well plates.
We compared the kinetics of fibril formation of FL LC variants
using thioflavin T (ThT) binding (43) and observed substantial
variation between replicates, which we ascribe to the stochastic
nature of the aggregation process under these conditions. A
second method for quantifying aggregation using a differential
filtration assay (44) was also performed and consistent results
were obtained by both methods (SI Appendix). ThT binding data
for JTO-FL variants is shown in Fig. 6 B and C, with similar
behavior observed for WIL-FL variants (SI Appendix, Fig. S12).
The morphology of the aggregated material was further inspec-
ted by electron microscopy, establishing the formation of fibrillar
structures that are very similar for both WIL-FL and JTO-FL
proteins (SI Appendix, Fig. S13). Both WIL-V and JTO-V_
aggregate in a few hours (Fig. 2G) but lose their aggregation
propensity in the context of C215S FL, which includes the C.,
domain (Fig. 6B, Top). A similar scenario occurs when the
F101D mutation, which destabilizes the Vi -V interface (Fig. 4),
is introduced into the V| domain. Notably, the isolated Vy do-
main aggregates rapidly, with significantly reduced levels of ag-
gregation for the corresponding C215S FL protein (Fig. 6B,
Bottom). Taken together, these results provide strong evidence

Rennella et al.

that the C;, domains are protective against aggregation in FL
proteins and further suggest that destabilization of the Cr region
might lead to increased aggregation.

We therefore looked at the aggregation of FL constructs with
point mutations located in the Cp domain (L121G+C215S,
F122D+C215S, and P145A+C215S; Fig. 6C). Strikingly, fibril
formation is observed on a timescale of 10-100 h for the two FL
proteins with severely destabilized Cp. domains, L121G+C215S
JTO/WIL-FL (AGc = 0.05 + 0.04 kcal/mol for JTO-FL mutant)
and P145A+C215S JTO/WIL-FL (AG¢ < 1.5 kcal/mol for JTO-
FL mutant). Aggregation is also observed for F122D+C215S
WIL-FL (SI Appendix, Fig. S12) but not for F122D+C215S JTO-
FL, which likely reflects the stronger Vi—Vy interface for the
JTO construct.

Discussion

The most common systemic amyloid disease is LC amyloidosis
that results from misfolding and/or aggregation of Ig monoclonal
LGCs (7, 8), leading to patient death within 1-10 y of onset in the
absence of treatment. Although high-resolution X-ray structures
of LCs are available (10) showing that they arrange as dimers with
extensive Vi-Vi, C~Ci, and intramolecular Vi-C; interfaces
(Fig. 1), sequestering surfaces of ~1,600, 2,400, and 500 A2 re-
spectively, the role of these interfaces in preventing aggregation
and the importance of the intrinsic Vi and C; domain stabilities in
this regard are not well established. Herein we assess the relative
importance of domain interactions in stabilizing the dimeric LC
structure and, relatedly, in preventing LC aggregation using a
mutagenesis strategy in which mutations are introduced that
destabilize one or more interfaces. The resulting structural
properties of the mutants are established by NMR spectros-
copy, the effect of each mutation on domain stability is quan-
tified by hydrogen exchange NMR experiments, and the
mutants are assayed for aggregation by ThT fluorescence
measurements.

A number of mutations were used in our study, including those
that introduce charges in the Vi -V (F101D) or C;~C; (F122D)
interfaces or cavities in the cores of Vi (L76G) or Cr. (L121G)
domains, as well as P145A and C215S substitutions that affect
the C;—Cr interface. The P145A mutant, with a trans peptide
bond at residue 145, acts as a surrogate for a LC folding in-
termediate, as the WT protein with a cis-prolyl peptide bond in
its native state is formed via an on-pathway folding intermediate
with a trans peptide bond at this position (45). Therefore, the
P145A mutant may serve as a mimic of a misfolded LC in the
plasma, in the absence of the necessary proteostasis machinery to
properly refold the protein. The C215S mutation is biologically
important as the interchain disulfide is reduced in 10-50% of FL
LC proteins in the serum (46, 47).

We first evaluated the strengths of the V-V interfaces for
individual Vi domains from JTO and WIL A6 LC proteins. NMR
spin relaxation experiments and chemical shift changes as a
function of protein concentration establish that the Vi dimer
dissociation constant is three orders of magnitude lower for
JTO-V relative to WIL-Vy, while the intrinsic thermodynamic
stability of the monomeric JTO-Vy domain is ~1.5 kcal/mol
higher than for the corresponding WIL-Vy, monomer. Our re-
sults thus provide a rationale for the higher aggregation pro-
pensity of WIL-VL, in comparison with JTO-V, (Fig. 2), in
agreement with previous findings (28).

A similar NMR analysis of the isolated C; domains indicates
an unexpectedly weak C;—C; interface, with a unimolecular Ky
value of ~0.18 for the WT domain (that contains the in-
termolecular C215S disulfide) and bimolecular Ky values of
11 mM and 130 mM for C215S C; and P145A+C215S C;, re-
spectively (Fig. 3). These data establish that the intermolecular
disulfide is required for the formation of the C; —Cy_ interface, as
the covalent bond increases the effective molarity of the Cp
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domains. Furthermore, the presence of a nonnative trans-prolyl
bond at position 145 causes subtle structural changes in the ad-
jacent B-sheet, as evidenced by chemical shift perturbations in
NMR spectra, further decreasing the affinity of C;, domain di-
merization by at least one order of magnitude.

Our NMR studies of a variety of mutants of FL LCs (Figs. 4-6)
show that the strengths of the V-V and C;-C_ interfaces
are interrelated. For example, C215S JTO-FL has a 100% closed,
WT-like V|-V interface and a predominately closed C;-C,
interface (~93% closed), while at the same 200 uM protein
concentration the isolated JTO-V; domain has a monomeric
population of about 10% while the isolated C215S C;, domain is
largely monomeric. This effect is even more pronounced for
C215S WIL-FL where both V;-Vy and C;-C; interfaces are
predominately closed (~95% and ~93%, respectively), despite
the fact that the equilibria for the isolated domains are highly
skewed toward the monomeric states. This cooperative effect is
caused by the fact that when one of the two interfaces forms the
second interface is generated through a unimolecular process
that is favored by the increased effective molarity of the reac-
tants. The net effect of the increased thermodynamic stability is a
decrease in the unfolded state population for C215S FL in
comparison with its isolated domains, as measured by solvent
hydrogen exchange rates (Fig. 64). Notably, free energy differ-
ences obtained by these measurements are in good agreement
with calculated values based on measured affinities for V-V
and C;-C dimerization (SI Appendix), validating a proposed
unfolding scheme that has been determined for FL Ig LCs (see
SI Appendix for details).

As expected, introduction of mutations in either Vi or Cp
domains or at V-V or C,—C_ interfaces can have disruptive
effects and we have exploited these to understand how domain—
domain interactions and domain stability influences aggregation
propensities of the LC Ig proteins (discussed below). Introduc-
tion of Asp residues not only breaks the interface within which
they are located but also destabilizes the adjacent interface, due
to the cooperative effect described above for the C215S FL pro-
tein. For example, the F101D mutation completely disrupts the
V1 -V_ interface but also leads to a predominantly opened
C1—Cy. interface (~5% closed) in F101D+C215S JTO-FL, as for
the isolated C215S Cp domain. Accordingly, the unfolding free
energy for the C;, domain in F101D+C215S JTO-FL, as calcu-
lated from hydrogen exchange, AGg, (4.1 + 0.2 kcal/mol; Table
1) is almost the same as for the isolated C215S Cy. domain (3.7 +
0.2 kcal/mol; Fig. 64). A similar situation occurs for the double
mutant F122D+C215S JTO-FL, with an abolished C;-Cy in-
terface, where the strength of the Vi~V interface is similar to
that for the corresponding isolated JTO-Vy domain. The coop-
erativity between V-V and C;-C interfaces is abolished in
P145A+C215S JTO-FL, which serves as a mimic of the LC
folding intermediate. Like F122D+C215S JTO-FL, P145A+
C215S JTO-FL no longer can form a C;—C; interface, although
the Vi~V interface remains largely closed (~85%) and notably
the V —C interface is eliminated in the P145A+C215S double
mutant as well. The effect of not forming a cis amide bond at
position 145 is very destabilizing for the Cp. domain of JTO-FL,
as evidenced by the very rapid exchange of amide protons with
solvent. Finally, two mutations, L76G and L121G, were in-
troduced in the hydrophobic core of Vi and C. domains, re-
spectively, to probe the effect of thermodynamic stability on
aggregation without directly perturbing residues at the Vi-Vp
and C;-C_, interfaces. As expected, these mutants severely de-
stabilize the domains in which they are introduced, leading to a
completely unfolded Vi domain in L76G+C215S JTO-FL and
an approximately equal population of folded and unfolded Cr,
domains in L121G+C215S JTO-FL. The presence/absence of
domain interfaces for each of the examined mutants is summa-
rized in Table 1.
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Having characterized the structures and thermodynamics of a
number of FL mutants we next carried out fibril formation assays
(Fig. 6 and SI Appendix, Fig. S12) so as to identify the factors that
determine aggregation risk in LC proteins. Aggregation rates of
FL proteins are much slower than for isolated V; domains
(compare Fig. 2G and Fig. 6), implying that the C; domains play
a protective role against aggregation. This protective effect is not
just the result of the cooperativity between the C;—~C, and V-
V. interfaces, nor can it be explained exclusively in terms of the
dimeric FL structure, since no aggregation is observed for mo-
nomeric F101D+C215S FL proteins. In this context it is note-
worthy that the F101D mutation does not prevent fibril
formation per se as F101D V| aggregates rapidly, as does the
F101D+L121G+C215S JTO-FL triple mutant (SI Appendix, Fig.
S12). Destabilization of C;. domains partly abolishes protection
against aggregation in FL proteins, as for the L121G+C215S,
P145A+C215S and F101D+L121G+C215S variants, but fibril
formation of the isolated V| domains is still at least one order of
magnitude faster. Therefore, the presence of the C; domain
slows down the aggregation cascade of FL proteins, even when
the C.. domain does not form native structure. The cause of this
residual protection may reflect the fact that the Cp. domain is
much less prone to form fibrils than the Vi domain, as observed
in our ThT fluorescence based assays (SI Appendix, Fig. S12),
and/or that the unfolded C; domain may lead to off-pathway
interactions that divert the protein from the fibril cascade.

Notably, fibril formation is observed in cases where either of the
VL or C, domains in the FL protein is severely destabilized, with
AGy or AGg values less than 2 kcal/mol (L76G+C215S, L121G+
C215S, P145A+C215S, and F101D+L121G+C215S). Our data,
however, do not allow us to distinguish whether unfolding of a single
domain is sufficient for aggregation or whether ultimately both
domains must lose their native structure to be accommodated in the
fibril architecture. It is worth noting that while AG; values less than
2 kcal/mol are predictors of the formation of fibrillar aggregates,
is not possible to rank order aggregation propensity on the basis
of thermodynamic stability alone. For example, the monomeric
F101D+C215S JTO-FL (AGy = 2.3 % 0.1 kcal/mol) is less prone to
form fibrils than WT JTO-Vy, (AGy = 4.6 + 0.1 kcal/mol), despite
its lower thermodynamic stability.

Taken together our results demonstrate that differences in
fibril formation between isolated Vi domains and FL proteins
cannot be ascribed only to the protective role of dimeric inter-
faces or only to the thermodynamic stability of Vi domains.
Instead, the Cp. domains play a critical role in protection. The
fact that C; domains are more conserved than their Vi coun-
terparts may establish the C;—Cy, interface as a preferred target
for the development of drugs against AL. In fact, alignment with
the Clustal Omega program (48) shows that the constant do-
mains within the lambda family are 89% identical and 98%
similar, while all human constant domains, including both kappa
and lambda families, are 33% identical and 76% similar. A drug
that tightly binds to the C;—Cy. interface would be expected to (i)
boost the population of closed states for both V-V and C-C.,
interfaces, thus increasing both AGy and AGc so as to protect
against aggregation, as well as to (i) stabilize the native state of
Cr. and hence reduce the risk of proteolysis within the C;. domain,
thus avoiding the release of aggregation-prone fragments con-
taining the Vi domain. It is clear that a rigorous understanding of
the physical chemistry of FL immunoglobulin LC molecules will
aid in the rational development of therapeutics to stabilize these
proteins and hence prevent their aggregation.

Materials and Methods

All NMR experiments were performed on a Bruker Avance Il HD 14.1 T
spectrometer equipped with a cryogenically cooled, x,y,z pulse-field gradient
triple-resonance probe. All spectra were recorded at 37 °C using protein
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concentrations that varied between 25 pM and 2 mM, depending on the
application. Detailed information concerning preparation of samples for
NMR, NMR experiments and data analysis, aggregation assays, electron mi-
croscopy, analytical ultracentrifugation, and a multistep model for unfolding
of FL LCs with a C215S mutation is provided in S/ Appendix.
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