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Aggregation of the circulating protein leukocyte-cell-derived
chemotaxin 2 (LECT2) causes amyloidosis of LECT2
(ALECT2), one of the most prevalent forms of systemic
amyloidosis affecting the kidney and liver. The I40V mutation
is thought to be necessary but not sufficient for ALECT2, with a
second, as-yet undetermined condition being required for the
disease. EM, X-ray diffraction, NMR, and fluorescence experi-
ments demonstrate that LECT2 forms amyloid fibrils in vitro in
the absence of other proteins. Removal of LECT2’s single
bound Zn2+ appears to be obligatory for fibril formation. Zinc-
binding affinity is strongly dependent on pH: 9–13 % of LECT2
is calculated to exist in the zinc-free state over the normal pH
range of blood, with this fraction rising to 80 % at pH 6.5. The
I40V mutation does not alter zinc-binding affinity or kinetics
but destabilizes the zinc-free conformation. These results
suggest a mechanism in which loss of zinc together with the
I40V mutation leads to ALECT2.

Leukocyte-cell-derived chemotaxin 2 (LECT2) is a 133-
residue protein synthesized in the liver for secretion into the
blood. LECT2 plays roles in immunity (1–3), inflammatory
cytokine responses (4, 5), liver angiogenesis (6), and other
processes (7–10). In accordance with its multifunctional sta-
tus, LECT2 is associated with numerous diseases. One of these
is amyloidosis of LECT2 (ALECT2). Though ALECT2 was
only first reported in 2008 (11), it is now recognized as one of
the most prevalent forms of systemic amyloidosis (SA) in the
United States (12). SA is a class of disorders that result from
misfolding of one of �30 circulating proteins into amyloid
fibrils. These fibrils deposit in various organs—the liver and
kidney in the case of ALECT2—and eventually lead to their
failure (13–15).

The causes of ALECT2 are not known, but one clue comes
from the genetics of the disease: all patients examined thus far
are homozygous for the I40V mutation in LECT2 (12, 16, 17).
I40V is a common polymorphism (16, 18), however, which has
led researchers to reason that I40V is necessary but not suf-
ficient for the disease and that a second condition is required
(12, 19).
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LECT2 contains three disulfide bonds and binds a single
Zn2+ coordinated by H35, D39, and H120 with the fourth site
occupied by water (Fig. 1). Zn2+ appears to serve a structural
role rather than a catalytic one (20). Because amyloid fibrilli-
zation often proceeds from a partially unfolded conformation,
it is reasonable to speculate that loss of zinc from LECT2 could
lead to impairment of structure and/or stability and be the
second risk factor for ALECT2. Indeed, removal of Zn2+ has
been shown to promote aggregation of LECT2 in vitro (21),
although no study has yet demonstrated that purified LECT2 is
capable of forming amyloid fibrils on its own. V40 abuts the
metal binding pocket and is adjacent to D39 (Fig. 1). Here, we
determine the effect of the I40V mutation on the structure,
stability, and aggregation of LECT2 in the presence and
absence of zinc, in order to test the hypothesis that I40V in
combination with zinc loss triggers amyloid formation.
Results

Native properties of recombinant LECT2

The protocol formulated by Tanokura et al. for purifying
bacterially expressed LECT2 involved high-pressure denatur-
ation and refolding (22). We developed a cleavable fusion
protein system for expressing soluble LECT2 in bacteria and
purifying it under exclusively native conditions, with yields
>20 mg/(liter culture) of 95 % pure LECT2.

WT and I40V LECT2 eluted as monodisperse, monomeric
species by size-exclusion chromatography (SEC) (Fig. S1A and
Fig. S1B). We confirmed the presence of correctly-paired S-S
bridges by MS (Fig. S1, C and D). Finally, to assay for activity
we measured binding of LECT2 to the extracellular domain of
the tyrosine kinase with Ig-like and EGF-like domains 1 (TIE1)
receptor. We constructed and purified two TIE1 constructs:
the 360–436 fragment originally reported by Xu et al. (6) and
the longer 360–440 fragment that we surmised might be more
representative of the TIE1 extracellular domain. We predicted
that the 360–436 sequence would terminate four residues
short of a full β-strand, based on homology modeling with the
related TIE2 receptor (23). WT and I40V LECT2 bound with
similar dissociation constants (8–12 μM) to both TIE1 con-
structs as determined by fluorescence anisotropy (Fig. S2).
These values are higher than that reported by Xu et al.
(0.52 μM), possibly due their different conditions (maltose
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Figure 1. X-ray crystal structure of I40V LECT2. V40 (red) is buried and
adjacent to the zinc-binding site, shown by Zn2+ (gray) and the three
coordinating residues (green). Disulfides are in yellow. PDB 5B0H (20).
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binding protein LECT2 fusion and surface plasmon reso-
nance). Together, our data signify that recombinant WT and
I40V LECT2 are folded and active.
Figure 2. Zinc binding and stability of LECT2. A, WT and I40V LECT2 bind zin
half-times of 32–36 s at pH 6.5. C, GdnHCl denaturation finds that zinc loss de
both LECT2 and apoLECT2, but it destabilizes the latter to a greater extent. E
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Zinc-binding affinity and kinetics

The fluorescence spectrum of the single Trp residue in
LECT2 shifts to higher wavelengths and increases in intensity
upon zinc removal (Fig. S1E). We took advantage of this dif-
ference to measure Kd and the off-rate (koff) of the Zn2+

interaction. Figure 2A shows that WT LECT2 binds zinc
tightly (Kd = 0.79 ± 0.45 nM; Table 1) at pH 7.5, close to the
normal value of the blood. Lowering pH weakens zinc binding
substantially, increasing Kd to 6.6 ± 2.0 nM (pH 7.0) and 49 ±
19 nM (pH 6.5) (Fig. S3A). Kd values of I40V and WT LECT2
are indistinguishable within error. The 60-fold decrease in zinc
affinity from pH 7.5 to pH 6.5 is not due to pH-induced
unfolding or destabilization, as LECT2 is more stable at pH
6.5 than it is at pH 7.5 (Table 1). It is instead likely caused by
protonation of one or more of the side chains that directly
coordinate Zn2+. Plotting log(Kd) versus pH provides an esti-
mate of the number of ionizing residues participating in metal
binding (Fig. S3B). The slope of this line is 1.78 ± 0.29 for WT
LECT2 and 1.71 ± 0.13 for I40V, suggesting that two of the
three zinc-binding residues, most likely H35 and H120, ionize
over this pH range.
c with sub-nM Kd at pH 7.5. B, Zinc dissociates from WT and I40V LECT2 with
stabilizes WT and I40V LECT2 (pH 7.5, 37 �C). The I40V mutation destabilizes
rror bars are s.d. (n = 3).



Table 1
LECT2 stability and zinc binding

LECT2 Tm (�C) ΔG (kcal mol-1) Cm (M) Kd (nM) koff (s
-1)

WT holo 65.77 ± 0.20a

72.90 ± 0.56c
−4.16 ± 0.10a

−6.87 ± 0.06c
1.61 ± 0.04a

1.81 ± 0.02c
0.79 ± 0.45a

6.6 ± 2.0b

49 ± 19c

0.0098 ± 0.0021a

0.0194 ± 0.0005c

I40V holo 65.03 ± 0.21a

71.07 ± 1.00c
−3.90 ± 0.006a

−6.69 ± 0.08c
1.51 ± 0.002a

1.76 ± 0.02c
0.76 ± 0.27a

6.0 ± 1.4b

40.9 ± 3.36c

0.0093 ± 0.0010a

0.0217 ± 0.0005c

WT apo 63.8 ± 0.096a

64.26 ± 1.51c
−2.65 ± 0.05a

−3.92 ± 0.03c
1.02 ± 0.02a

1.32 ± 0.006c

I40V apo 61.24 ± 0.28a

63.12 ± 1.12c
−2.18 ± 0.02a

−3.70 ± 0.05c
0.84 ± 0.006a

1.24 ± 0.02c

All parameters are at 37 �C except Kd (22 �C). apH 7.5. bpH 7.0. cpH 6.5. Errors are s.d. (n = 3).
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Our results indicate that the percentage of LECT2 in the
zinc-free (apo) state is significant at typical blood pH and
furthermore can shift dramatically over a physiologically
accessible pH range. The total concentration of Zn2+ in the
blood is micromolar but most is bound by albumin, leaving
[Zn2+]free ≈10 nM (24). Using this figure and the data in
Table 1, the fraction of LECT2 in the apo form is calculated to
Figure 3. CD characterization of LECT2. A, Zinc removal slightly increases the
I40V LECT2 (red, after 15 m of heating at 90 �C) appears to increase β-structure
original native features upon cooling back to 20 �C (blue). Sample conditions
be 9.0 % at pH 7.45 and 13 % at pH 7.35, the pH range
considered to be normal in blood. As pH is further lowered to
7.0 and 6.5, apoLECT2 increases to 40 % and 80 %. pH can
drop as low as 5.5 as fluids travel from the kidney cortical
interstitium to the papilla of the kidney collecting duct (25).
Since LECT2 amyloid deposits are found in the cortical
interstitium in addition to kidney vasculature (16), it is possible
apparent β-structure content of LECT2. B, The thermally denatured state of
content compared with 20 �C (black). The CD spectrum recovers most of its
are 5 μM LECT2, 20 mM Tris (pH 7.5), 0.15 M NaCl.

J. Biol. Chem. (2021) 296 100446 3
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that LECT2 may be transiently exposed to acid conditions that
cause the apo form to predominate.

Zinc dissociation rates were measured at pH 7.5 and pH 6.5
by adding excess EDTA to LECT2 and monitoring the increase
in Trp fluorescence (Figs. 2B and S3C). Off-rates of WT and
I40V are similar (Table 1). Zinc dissociates with a half-time of
1.2–1.5 m at pH 7.5 and 37 �C, revealing that apoLECT2 will
be generated rapidly in the body once LECT2 encounters a
metal chelator such as serum albumin. Off-rates increase at pH
6.5 in agreement with the equilibrium binding results
(Table 1). From the thermodynamic and kinetic binding data,
we conclude that there is no evidence that the I40V mutation
enhances fibrillization by facilitating loss of zinc from LECT2.
This finding suggests an alternate mechanism in which the
I40V mutation may increase the aggregation propensity of the
zinc-free protein by perturbing its structure or stability.
Stability and CD analysis of LECT2

WT and I40V LECT2 yield weak CD spectra consistent with
their high content of beta sheet and loops (Fig. 3A) (22). An
atypical positive peak at 232 nm is observed for both holo
proteins, which diminishes in the apo state. Zinc removal does
not unfold LECT2; rather, it increases the negative intensity of
the molar ellipticity over the range of 210–235 nm, suggesting
an increase in β-sheet content. Thermal denaturation pro-
duces a similar but more pronounced effect: it does not unfold
LECT2 but appears to induce extensive additional beta
structure (Fig. 3B). We used SEC to test whether CD changes
observed upon zinc removal could be due to aggregation.
ApoLECT2 and LECT2 eluted as monomeric peaks even after
concentrating them to 210 μM at 4 �C (Fig. 1B).

We assessed the thermal stability of LECT2 by monitoring
the change in ellipticity at 232 nm (Fig. S4A). Zinc-bound
samples used in stability experiments (2–5 μM LECT2) con-
tained a threefold excess of ZnCl2 and a ninefold excess of
iminodiacetic acid (IDA), a weak zinc chelator, to buffer
[Zn2+]free at 6–8 μM. Denaturation was �90 % reversible
(Fig. 3B). At pH 7.5, removing zinc destabilizes WT LECT2 as
evidenced by a 2 �C lower melting temperature (Tm) of the apo
protein (Table 1). The I40V mutation does not appreciably
change thermal stability of LECT2 (ΔTm <1 �C), but it
significantly destabilizes apoLECT2 (ΔTm = -2.6 �C). The main
effect of lowering pH to 6.5 is to stabilize both holo and
apoLECT2, especially the former (ΔTm = 7.1 �C for WT). The
I40V mutation destabilizes the holo and apo proteins to similar
extents (ΔTm = 1.2–1.3 �C).

As an additional probe of stability, we performed guanidi-
nium hydrochloride (GdnHCl) denaturation experiments us-
ing Trp fluorescence to report on conformation (Fig. 2C and
S4B). Unfolding was again reversible in all cases, lending
confidence in the reported values of folding free energy
(ΔGfold) and midpoint of denaturation (Cm). We judge changes
in stability by ΔCm rather than ΔΔGfold because Cm is more
accurately determined than ΔGfold. In agreement with the
thermal melting data, the I40V mutation destabilizes apo-
LECT2 (ΔCm = -0.29 M) more so than the holo protein
4 J. Biol. Chem. (2021) 296 100446
(ΔCm = -0.10 M) at pH 7.5 (Table 1). Decreasing pH to 6.5
globally stabilizes LECT2. Together, the thermal and GdnHCl
denaturation data show that: (i) zinc removal destabilizes
LECT2 and appears to increase β-sheet content, and (ii) the
I40V mutation destabilizes both holo and apo LECT2 with this
effect being more pronounced on the latter.

NMR analysis of holo and apo LECT2

We recorded 15N heteronuclear single-quantum correlation
(HSQC) NMR spectra to gain insight into how loss of zinc
affects LECT2 structure. In agreement with the HSQC data of
Zheng et al. (22), we observed that WT LECT2 produces
sharp, resolved cross peaks indicative of a well-folded protein
(Fig. 4A). The I40V mutation causes �12 peaks to shift slightly,
consistent with minor perturbation of structure.

In contrast to LECT2, apoLECT2 HSQC spectra exhibit a
mixture of sharp and broad cross peaks and substantial
collapse of chemical shift dispersion (Fig. 4B). These effects
were not due to aggregation: SEC verified that apoLECT2
samples were monomeric prior to NMR data collection
(Fig. S1B). Zinc loss appears to disrupt the tertiary structure of
LECT2 and impart structural heterogeneity with conforma-
tional exchange occurring over a range of time scales. This
result is surprising given the similarity in CD spectra and
stabilities of the apo and holo proteins. Our HSQC spectrum
of WT apoLECT2 also stands in contrast to that of Zheng et al.
(22), which was similar to their spectrum of WT LECT2. The
likely reason is that Zheng et al. generated apoLECT2 by
employing IDA instead of EDTA to chelate zinc. Using the Kd

values of IDA⋅Zn2+ (3.2 x 10-5 M) and (IDA)2⋅Zn2+ (4.8 x 10-
9 M2) (26) and the data in Table 1, only 18 % of LECT2 is
calculated to exist in the apo form under conditions of their
NMR experiment (0.2 mM LECT2, 1 mM IDA, pH 7.0).

Structural characterization of amyloid

As an initial screen for aggregation, we performed centri-
fugation assays to explore a range of holo and apo LECT2
concentrations (5–20 μM) and incubation conditions, all at 37
�C and pH 7.5. Two factors proved to be essential for aggre-
gation. The first condition was vigorous agitation. In its
absence, LECT2 and apoLECT2 remained soluble and
monomeric for weeks. Shaking the samples at 200 rpm in an
orbital shaker was also insufficient to cause precipitation. Only
by mechanically agitating the LECT2 solutions, either by
magnetic stir bar (stirring method) or by shaking in the
presence of silica beads (bead shake method), were we able to
observe precipitation within 24–72 h. The second essential
condition was removal of Zn2+ (vide infra).

We performed X-ray fiber diffraction to probe whether
precipitated apoLECT2 contains amyloid structure. Apo-
LECT2 samples were stirred for 72 h and centrifuged. Amyloid
fibrils are characterized by a strong 4.8 Å reflection corre-
sponding to the H-bonding distance between β-strands, and a
more diffuse 8–12 Å ring arising from the intersheet spacing
(27, 28); 4.8 Å and 8.3 Å reflections were detected for WT and
I40V apoLECT2, as well as a 5.8 Å ring that has been reported



Figure 4. 800 MHz 15N-HSQC NMR spectra of LECT2 (A) and apoLECT2 (B) show pronounced chemical shift changes upon zinc removal.WT and I40V
LECT2 are indicated in black and red, respectively. Sample conditions are 0.2 mM LECT2, 20 mM sodium phosphate (pH 6.8), 0.15 M NaCl, 25 �C.
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for other amyloid fibrils (27) (Fig. S5). Fiber diffraction data
could not be collected for LECT2 without first removing zinc
by EDTA, as these proteins did not precipitate.

To further confirm amyloid fibrils and characterize their
morphology, we used negative stain transmission EM to image
apoLECT2 during stirring. At 48 h, the predominant species
were soluble, globular oligomers (<20 nm diameter) and short,
individual fibrils that were present in the supernatant after
centrifugation (Fig. 5A). No pellets were visible. A rapid
transformation took place over the next 24 h in which most of
the protein had precipitated and very little was detected in the
supernatant. EM analysis of the insoluble fractions revealed
extensive amyloid fibrils (Fig. 5B). WT and I40V appeared
similar at both time points. Unlike the individual filaments that
are frequently reported for other amyloid-forming proteins
such as Alzheimer Aβ peptide (28,29), LECT2 fibrils tended to
associate with each other and sometimes formed large
“islands” that resembled amyloid deposits isolated from
ALECT2 patient kidneys (c.f. Fig. 2F of reference (16)). Our
data show for the first time that purified, recombinant LECT2
can form amyloid fibrils in the absence of other proteins and
identify zinc loss and agitation as two critical factors for
fibrillization.

Effect of the I40V mutation on aggregation

To compare aggregation propensities of WT and I40V
LECT2, we employed the bead shake method in the presence
of thioflavin T (ThT), a dye that fluoresces more strongly upon
binding to amyloid fibrils. The negative controls (WT and
I40V LECT2 containing excess ZnCl2/IDA) failed to show
ThT binding after extended shaking times, confirming that
zinc removal is required for aggregation (Fig. 5C). In the
presence of EDTA, apoLECT2 followed sigmoidal nucleation-
growth-saturation kinetics typical of amyloid formation. The
more aggressive bead shake technique resulted in shorter lag
phases compared with those observed in EM and X-ray ex-
periments. WT apoLECT2 yielded reproducible curves from
experimental replicates (performed using samples prepared
independently from the same frozen protein stocks) as well as
technical replicates (aliquots of the same experimental repli-
cate, agitated in different wells of the microtiter plate)
(Fig. 5C). I40V apoLECT2 also exhibited sigmoidal kinetics but
with more variability. The lag times of I40V and WT were
similar, but the growth phase of I40V could be less or more
pronounced than that of WT, leading to lower or higher
apparent saturation levels. We observed this variability among
experimental and technical replicates alike, implying that ag-
gregation of I40V apoLECT2 is inherently more chaotic than
that of WT apoLECT2.

ThT binds most strongly to mature amyloid fibrils, but it
can also interact with protofilaments and soluble oligomers
(30). To investigate whether the variable ThT signal of I40V
apoLECT2 could be caused by different populations of these
species, we shook 12 samples in beads for 24 h, removed ali-
quots for measuring total ThT fluorescence (ThTtotal), then
centrifuged the remaining solution, and measured the ThT
fluorescence of the soluble fraction (ThTsoluble) as well as the
concentration of soluble protein in the supernatant (by means
of the bicinchoninic acid (BCA) assay). The supernatants
exhibited a large range of protein concentrations (45–89 % of
the starting amount), consistent with the variability seen in
Figure 5C, and only background levels of ThTsoluble (Fig. S6).
J. Biol. Chem. (2021) 296 100446 5
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The latter finding indicates that ThT binds only to insoluble
apoLECT2 and not to the soluble oligomers observed by EM.
No correlation was observed, however, between the fraction of
insoluble protein (given by 1 – (fraction soluble protein)) and
ThTtotal (Fig. S6). These results together suggest that there are
at least two forms of aggregated apoLECT2: one that binds
ThT and one that does not. The fluctuation in ThTtotal values
may be caused by apoLECT2 partitioning to one form or the
other, with I40V exhibiting more pronounced variability than
WT.

Discussion

Prior to this work, it had not been established whether
LECT2 forms amyloid fibrils on its own or requires other
factors, nor had any hypotheses been tested regarding a
second-hit condition for ALECT2. A recent study of LECT2
fragments found that the 52–58 and 79–88 peptides formed
amyloid fibrils (31). These residues comprise the third and fifth
β-strands of the β-barrel (Fig. 1). The zinc-binding residues
D39 and H120 reside in the first and second strands. It is
possible that loss of the bridging zinc ion weakens the inter-
action between strands 1 and 2 and that the destabilizing effect
propagates down the β-sheet to expose the amyloidogenic
sequences in strands 3 and 5. Consistent with this view, apo-
LECT2 is less thermodynamically stable than LECT2, and
Figure 5. Aggregation of apoLECT2 characterized by EM and ThT. A, EM im
mostly small, globular aggregates and short filaments, both detected in the sol
fibrils that further associate into clusters. Images of WT apoLECT2 appeared sim
monitored by ThT fluorescence show greater variability for I40V (red) compar
periments (with three technical replicates per time point). Negative controls a
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NMR spectra show loss of tertiary structure upon zinc
removal.

The extreme dependence of zinc affinity on pH suggests a
potential route of ALECT2 pathology. Unlikemany proteins that
tetrahedrally coordinate zinc via four amino acids including 2–4
Cys, LECT2 employs two His, one Asp, and one water. The pKa

value of His is lower than that of Cys and is in the physiological
range. LECT2 is especially vulnerable to pH-induced zinc loss.
Our data predict that a significant fraction of LECT2 (9–13 %) is
already in the apo state at normal blood pH and that apoLECT2
can become the dominant form under mildly acidic conditions.
Aggregation rates depend critically on the concentration of
nucleating species, so it seems reasonable to speculate that
ALECT2 may be driven in part by abnormally low pH in the
blood, kidney, or the liver cells that produce LECT2.

Zinc deficiency is another condition that can result in
improper demetallation of zinc-binding proteins. Most
ALECT2 patients are older adults and, in the United States,
�90 % are Hispanic (15, 32, 33). The Third National Health
and Nutrition Examination Survey (34) found that total daily
zinc intake is significantly lower for 18+ year adult Hispanics
in the United States compared with whites, and this gap pro-
gressively widens in the 51–70 years and 71+ years age groups.
At least some of the discrepancy appears to be due to the
higher use of zinc-containing supplements by whites.
ages of I40V apoLECT2 recorded after 48 h of stirring (pH 6.5, 37 �C) reveal
uble fraction. B, After 72 h of stirring, I40V apoLECT2 forms insoluble amyloid
ilar. Scale bars are 50 nm. C, Aggregation kinetics of apoLECT2 (pH 6.5, 37 �C)
ed with WT (black). Circles, squares, and triangles indicate independent ex-
re denoted by x and +.
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While the role of zinc in ALECT2 remains speculative, the
known risk factor for ALECT2 is homozygosity of the I40V
allele. Our studies reveal that the main effect of the I40V
mutation is to destabilize LECT2 when it is in the apo form.
Thus, the I40V mutation does not facilitate zinc loss, but
instead may affect the aggregation propensity of apoLECT2 by
increasing the conformational heterogeneity of the partially
unfolded ensemble. ThT experiments provide some support
for this scenario: I40V apoLECT2 exhibits more chaotic
behavior compared with WT apoLECT2, with aggregation
kinetics of I40V appearing faster or slower in seemingly
random fashion. Further structural and dynamic studies of
apoLECT2 are needed to resolve this question.

High metal concentrations have long been suspected to
contribute to disease by facilitating improper binding to pro-
teins. Aggregates of proteins such as Alzheimer Aβ peptide, α-
synuclein, and amylin have been found with nonnative metal
ions bound to them including zinc and copper (35, 36). Even a
small molar excess of free zinc drives misfolding of p53 (37).
The opposite is true for LECT2: adding extra zinc protects
against aggregation, and removing it strongly facilitates amy-
loidogenesis. In the latter respect, apoLECT2 is reminiscent of
the zinc-deficient form of superoxide dismutase (38). As with
many other aggregating protein systems, vigorous agitation
greatly accelerates fibrillogenesis of apoLECT2. Pressing
questions remain as to whether mechanical disruption of
LECT2 structure is required for its aggregation in vivo, and in
what form this disruption may manifest in the body.

Experimental procedures

Full gene construction, protein expression, and purification
protocols are included in SI Methods. Amino acid sequences
of proteins used in this study are shown in Fig. S8. Experi-
mental buffers are listed in Fig. S9.

Zinc and TIE1 binding

LECT2 was purified with �1 equivalent of bound Zn2+ as
determined by incubating it with (2-pyridylazo)resorcinol
(ε492 = 71,500 M-1 cm-1) (39) in 6 M GdnHCl. ApoLECT2 was
generated by incubating LECT2 with 0.1 mM EDTA for at
least 24 h at room temperature.

For zinc-affinity measurements, [Zn2+]free was fixed at the
indicated values by mixing 1.6 mM ZnCl2 and 2.0 mM EGTA
in buffer 1, performing serial dilutions, and calculating
[Zn2+]free using the MaxChelator software (https://somapp.
ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/). Trp
fluorescence spectra were recorded using a SpectaMax i3x
plate reader (Molecular Devices) with excitation at 275 nm.
Fluorescence intensity at 350 nm was fit to the one-site
binding equation to determine zinc Kd values. Zinc koff was
determined by mixing LECT2 with 0.1 mM EDTA and fitting
the increase in Trp fluorescence at 340 nm to a one-
exponential function.

TIE1 was labeled at its N-terminal amine by treating it with
a 1.5-fold excess of fluorescein NHS ester (Thermo Fisher) and
removing unreacted label (DG-10 column, BioRad). TIE1
(50 nM) was mixed with the indicated concentrations of
LECT2 in buffer 2, and fluorescence anisotropy was recorded
on the plate reader. Anisotropy data were fit to the one-site
binding equation to determine Kd values.

Protein stability

GdnHCl denaturation experiments were performed by
mixing 2 μM LECT2 (in buffer 3) with 2 μM LECT2 in 4 M
GdnHCl at various ratios. Trp fluorescence was recorded using
a FluoroMax 4 fluorimeter (Horiba) with excitation at 280 nm.
Fluorescence intensities from 320 to 325 nm were summed
and fit to the linear extrapolation equation (LEE) (40) to
determine ΔG, Cm, and m-values. WT and I40V data were fit
using a single, pooled m-value (2.84 ± 0.07 and 3.67 ± 0.11 for
LECT2 at pH 7.5 and pH 6.5, respectively, and 2.54 ± 0.08 and
2.88 ± 0.08 for apoLECT2 at pH 7.5 and pH 6.5, respectively,
in units of kcal mol-1 M-1). CD scans and thermal melts were
recorded on a Model 420 spectropolarimeter (Aviv Biomed-
ical) with heating steps of 1 �C/2 m. The data were fit to the
LEE to obtain apparent Tm values.
ThT fluorescence

Samples consisted of 10 μM LECT2, 20 μM ThT containing
0.1 mM EDTA (or 30 μM ZnCl2, 90 μM IDA for negative
controls), in buffer 4. In total, 150 μl aliquots were placed in
96-well round-bottom, black, polystyrene plates (Corning)
with six 1-mm diameter polystyrene beads (BioSpec) per well.
Plates were shaken on a vortexer (37 �C) and scanned with
excitation at 410 nm and emission at 490 nm. BCA assays were
performed following the manufacturer’s protocol (Thermo
Fisher).
NMR, EM, X-ray, and MS
15N-labeled LECT2 samples in buffer 5 were concentrated

and run through a Superdex S200I column (Cytiva) to ensure
no aggregation had taken place, at which point monomeric
protein was transferred to the NMR spectrometer. Data were
acquired on an Avance III 800 MHz NMR spectrometer
equipped with a cryogenic probe (Bruker Daltonics).

Aggregated protein samples for EM and X-ray diffraction
experiments were prepared by stirring 0.5 ml of 10–20 μM
LECT2 in buffer 1 and 0.1 mM EDTA with a 3 x 10 mm spin
bar (SP Bel-Art) in a 1.5 ml microfuge tube (37 �C). Samples
were centrifuged at 16,100×g for 15 m. For EM experiments,
the pellets were resuspended in 20–50 μl buffer 1, placed on
carbon-coated copper grids, washed with water, and stained
with 1 % C4H6O6U. Samples for X-ray diffraction were
resuspended in 5 μl water, then placed between two capillaries
as described (41). EM and X-ray data were collected on a JEM-
1400 electron microscope (JEOL) with Orius 832 CCD (Gatan)
at 200,000X magnification and an Excalibur PX Ultra diffrac-
tometer with Onyx CCD detector (Oxford Instruments).

For MS analysis, I40V LECT2 was digested with MS grade
trypsin (Promega). One-half of the sample was reduced with
dithiothreitol, then alkylated with iodoacetamide. Data were
J. Biol. Chem. (2021) 296 100446 7
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acquired on an Orbitrap XL mass spectrometer (Thermo
Fisher). MS data from the two samples were compared to
identify the locations of the disulfide bonds.

Data availability

All data are contained within the article and supporting
information.
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