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ABSTRACT

Secreted apolipoprotein L1 (APOL1) is well known as an innate immune factor, protecting against African
trypanosomiasis. The intracellular form has multiple functions, including regulating autophagy,
intracellular vesicle trafficking, and ion channel activity. The APOL1 protein (GO) has two common variants
(denoted G1 and G2) in the C-terminal region and are associated with a high risk of chronic kidney disease
(CKD) and progression to end-stage kidney disease. Our previous studies using molecular modeling
suggested that APOL1 G1 and G2 stabilize an autoinhibited state of the C-terminus, leading to impaired
intracellular interactions with SNARE proteins. To characterize the structural consequence of kidney
disease-associated APOL1 variants further, we assigned the C-terminal region proteins using *H, 3C, °N
multidimensional nuclear magnetic resonance (NMR) spectra in solution in the presence of membrane
mimetic dodecylphosphocholine micelles. We then derived models for the three-dimensional structure of
APOL1-GO, and -G1 and -G2 variant C-terminal regions using the chemical shifts of the main chain nuclei
followed by NMR relaxation measurements. The data suggest that changes in the three-dimensional
structure of APOL1 C-terminal region induced by kidney disease-associated variants, not least the
alteration of key sidechains and their interactions, could disrupt membrane association and the yet to be
characterized protein-protein interactions including its binding partners, such as SNARE proteins. Such
interactions could underlie the intracellular mechanisms that mediate the pathogenesis of CKD. In the
future, one may try to reverse such structural and dynamics changes in the protein by designing agents

that may bind and then mitigate APOL1 variant-associated CKD.
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INTRODUCTION

Common variants in the APOL1 gene (termed G1: mutation S342G & 1384M and G2: deletion of 2 residues,
N388 & Y389, Fig. 1A) in a recessive genetic model are associated with the risk of chronic kidney disease
(CKD) in individuals with African ancestry (1-4). In the healthy human kidney, the APOL1 protein is
synthesized and expressed in podocytes, glomerular and extraglomerular endothelium, and circulates as
a complex with HDL (5-7). The variant protein that is expressed in kidney cells itself is directly associated
with the risk of CKD (8,9). Not all individuals with two copies of APOL1 variants develop kidney disease

Ill

suggesting that an additional genetic, immune or environmental “second stress” stimuli is necessary to
manifest clinically significant kidney disease (1). Studies aimed at understanding the molecular
mechanisms by which APOL1 variants result in CKD pathogenesis and progression are evolving. These
studies have shown that APOL1 variants dysregulate cellular homeostasis resulting in increased lysosomal
permeability, loss of mitochondrial membrane integrity and cellular energy depletion, endoplasmic
reticulum stress, and disordered vesicular trafficking (6,10-21). In principle, these studies suggest that a
change in the protein structure-function relationship could be responsible for the increased CKD risk of
the two APOL1 variants, G1 and G2 (22). The biological function of proteins is usually intricately linked to
their three-dimensional structure and, in many cases, also their stability, if not specific dynamic
fluctuations in the protein. As shown in other studies, gene variations resulting from single amino acid
changes can have drastic effects on a protein's structure, dynamics, and function (23-25).

The protein structures of the reference APOL1 (GO0) and of the G1 and G2 variants have not been
experimentally studied. Previously, our group and others have used computational methods using
template-based and ab initio modeling to characterize the structure of APOL1 protein domains (6,26-30).
The domain organization of APOL1 is as follows (Fig. 1A): An N-terminal pore-forming domain (M60-

W235) is predicted to adopt a helical bundle structure similar to bacterial colicins, and the membrane

addressing domain (Q239-P304) is predicted to form a pH-sensitive helix (28,31). The C-terminal
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trypanosomal SRA interacting region of APOL1 is where the G1 and G2 variants are located (M329-L398)
and this has been predicted to form an amphipathic helix (2,6,26,31). We previously modeled this C-
terminal region of APOL1 using a protein structure predictive threading algorithm, followed by all-atom
molecular dynamics (MD) simulations (6). These studies suggested that APOL1 C-terminus adopts an a-
helical hairpin structure, and the presence of G1 or G2 variants appears to stabilize the secondary
structure in the C-terminal region while impairing functional protein interactions. In this study, we present
structural models for GO and the G1, G2 variants, derived from experimental chemical shift data in
solution NMR spectra. We found that the C-terminal region of APOL1 forms an amphipathic two helix
bundle with relatively unstructured N-terminal residues in DPC micelles. The amino acid substitutions in
the G1 variant likely result in the loss of a salt bridge (E355-K372) and altered interhelix hydrophobic
contacts. In the G2 variant, the C-terminal region seems to adopt a more stable helical hairpin
conformation by establishing additional, if not alternative interhelix hydrophobic contacts compared to
GO. These changes are corroborated by effects on the internal dynamics of the mainchain, measured by
15N relaxation experiments, which is shifted locally in frequency, if not in amplitude. These observations
add to our understanding of how the amino acid changes in the G1 and G2 variants result in an altered

function of the proteins.

METHODS

Protein expression and purification: The cDNA for APOL1 aa 305-398 (NCBI reference sequence:
NP_003652.2) was cloned into the Ndel and Xhol sites of the PET22b vector to generate pET22-APOL1
(305-398)-GO, -G1 and-G2 constructs as previously described (6). This added eight extra amino acids
(ELHHHHHH) to the C-terminus of APOL1 to assist protein purification. Protein expression and purification
were modified, as detailed below, from a previously published protocol (6). To assist with the NMR
assignments, four protein samples of the APOL1 G1 C-terminal region protein were also prepared with

Val to Ala mutants: V346A, V349A, V353A, V346A+V349A+V350A, generated using Quikchange Il Site-
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Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA). The plasmids were sequence confirmed
and were transformed into E. coli BL21 DE3 cells for protein expression. Three to four colonies were picked
from the LB plates and were inoculated into 10 ml of M9 medium and grown at 37°C overnight. Cells
obtained from these overnight primary cultures were transferred to 1 liter M9 medium and grown at 37°C.
For the preparation of NMR samples, ®NH4Cl (Sigma Aldrich, St. Louis, MO) and 3C-glucose (Cambridge
Isotope Laboratories, Tewksbury, MA) were used as the sole nitrogen and carbon source in the M9
medium. Protein expression was induced with 0.75 mM isopropyl-B-D-thiogalactopyranoside at ODgoo =
0.6 followed by incubation at 25°C for 20 hrs. Cells were harvested by centrifugation and were
resuspended in 20 mls of lysis buffer (50 mM Tris, 20 mM imidazole, 200 mM NaCl, 0.5% ZA-14 detergent,
20 mM glutamic acid, 20 mM arginine, pH 7.4) supplemented with protease inhibitors (100 uM leupeptin,
10 uM bestatin, 20 UM pepstatin A, 200 nM aprotinin and 1 mM phenylmethylsulfonyl fluoride). The
bacterial cells were lysed by sonication on ice (Branson digital sonifier 450) with a power level of 80% and
a pulse length of 10 seconds on-off, using three 10-pulse-trains with a two-minute interval on packed ice.
The lysate was then centrifuged at 16000xg for one hour at 4°C. The supernatant containing solubilized
protein was filtered using a 0.22 uM nylon membrane filter and incubated with 2 ml of nickel-
nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Germantown, MD) at 4°C, which had been previously
equilibrated with lysis buffer for one hour. Initial detergent screening for NMR was done using
dodecylphosphocholine (DPC, Avanti Polar Lipids, Alabaster, AL), sodium dodecyl sulfate (SDS, Sigma-
Aldrich, St. Louis, MO), n-dodecyl B-D-maltoside (DDM, Sigma-Aldrich, St. Louis, MO), n-octylglucoside
(0G, Sigma-Aldrich, St. Louis, MO), 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate
(CHAPS, Roche Life Sciences, Indianapolis, IN) micelles and also using 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC)/1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bicelles (Avanti Polar
Lipids, Alabaster, AL). Proteins bound to the Ni?* column were washed with 40 column volumes (CV) of

lysis buffer followed by buffer exchange to a wash buffer containing 50 mM Tris, 20 mM imidazole, 200
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mM NaCl, 20 mM glutamic acid, 20 mM arginine solution also containing the membrane mimetic
(containing one of 8 mM DPC, 0.4 % SDS, 5 mM DDM, 70 mM OG, 10 mM CHAPS or DHPC:DMPC bicelles
with lipid: detergent molar ratio (g) at 0.5). Bound protein was eluted from the column in the 5 ml wash
buffer with 500 mM imidazole. Eluted protein was concentrated with Amicon® 3 kDa MWCO concentrator
(Millipore, Burlington, MA) and injected into a 10/300 Superdex 75 size-exclusion chromatography (SEC)
column (GE Healthcare Bio-Sciences, Pittsburgh, PA) equilibrated with SEC/NMR buffer (50 mM sodium
phosphate, 100 mM NaCl, 20 mM glutamic acid, 20 mM arginine, separately with each detergent micelles
or lipid bicelles at pH 6.8) and fractions of interest were collected for downstream applications. 2D-H *N-
HSQC experiments were performed as described below to select conditions that gave the most cross-peak
signals and best spectral dispersion.

Circular dichroism (CD) spectroscopy: CD spectroscopy was performed under buffer conditions close to
those of the NMR experiments. APOL1 proteins were purified by size exclusion chromatography to 50 mM
sodium phosphate, 50 mM sodium chloride, 20 mM arginine, 20 mM glutamic acid, 5 mM DPC followed
by the addition of DPC to achieve a final concentration to buffer containing 150 mM DPC. However, we
observed a low signal/noise ratio between 225-190 nm in this condition. The sample was then buffer
exchanged using a Sephadex G-25 column (GE Healthcare Bio-Sciences, Pittsburgh, PA) to CD buffer (20
mM sodium phosphate, 50 mM sodium sulfate, 5 mM DPC) containing 20 uM protein, which improved
the signal to noise ratio below 225 nm. Far UV-CD spectra (190 nm to 260 nm) were recorded at 25°Cin a
quartz cuvette with 1 mm path length at varying pH (7.5, 6.8, and 5.0) on an Aviv CD spectropolarimeter.
The pH of the sample was adjusted by the addition of o-phosphoric acid. Spectra were obtained with 1
nm step from 260 nm to 190 nm with a measurement time of 10 seconds at each wavelength. Background
spectra were recorded for the CD buffer only and were subtracted from the corresponding spectra with
the APOL1 protein. The secondary structure composition was estimated with Dichroweb using the

CONTIN program (32-34).
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NMR spectroscopy: data acquisition, processing, and analysis

Structure determination experiments: °N and °N/*3C labeled APOL1 (aa 305-398) was concentrated to
0.6 mM in NMR buffer containing 50 mM sodium phosphate, 100 mM sodium chloride, 20 mM glutamic
acid, 20 mM arginine at pH 6.8 with 150 mM DPC, 10 uM DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid)
and D,0 at 10% v/v. All NMR experiments were performed at 313K on Bruker Avance 800, 900 MHz
spectrometer equipped with TXI cryoprobes and 800 MHz Bruker Avance Il HD spectrometer equipped
with a 4-channel QCI cryoprobe. Pulse programs were obtained from the Topspin v3.5 pl7 pulse program
library (Bruker, Billerica, MA). Chemical shift assighments were carried out using 2D-*H->N-HSQC, 3D-
HNCA, 3D-HNCO, 3D-HN(CO)CA, 3D-HNCACB, and 3D-CBCA(CO)NH experiments. Additional mutant
APOL1-G1 proteins (V346A, V349A, V353A, V346A+V349A+V350A) were expressed, purified, and analyzed
to facilitate assignments. Spectra were processed with TopSpin version 3.5 pl7 software (Bruker) and
analyzed using NMRFAM-Sparky version 1.412 (35) and CARA (36). Backbone chemical shifts were used
to indicate the secondary structure of the protein from TALOS-N (37), and models of the three-
dimensional protein structure informed by the chemical shifts were obtained using CS-ROSETTA v3 (38).
Figures of the structures were generated using Pymol version 2.0.4 (39). The assignments are deposited
in BMRB under accession numbers 50685, 50675, and 50605 for GO, G1, and G2 C-terminal domains,

respectively.

NMR relaxation experiments: N relaxation (Ri, R, [*H]-">’N hetNOE) experiments were performed using
5N |abeled C-terminus of APOL1 protein at a concentration of 0.6 mM in NMR buffer in 150 mM DPC, 10
% D,0 and 10 uM DSS. All NMR relaxation experiments were acquired on an 800 MHz Bruker Avance |l
HD spectrometer equipped with a 4-channel QCI cryoprobe at pH 6.8 and 313 K. Ry, Ry, relaxation, and
hetNOE spectra were recorded with spectral widths of 12,820 Hz sampled over 2,048 complex points in
the 'H dimension and 1,946 Hz over 128 complex points in the >N dimension with 16 scans. Relaxation

delays were 40, 400, 760 (x2), and 1160 ms (x2) for R1 and 2, 32, 62 (x2) and 92 ms (x2) for R1,. Duplicates
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of two relaxation times were done for all experiments for error estimations. Relaxation data were
processed using NMRPipe/nmrDraw software (40) in NMRbox and graphed using the OriginPro version
2020. NMR spectra were referenced to the internal DSS signal. R1 and Ry, values were calculated by fitting
peak intensities using the single exponential decay function I(t) = loexp(-Ri,t). R, was calculated using the
relation R, = (R1, — R1 cos?(6))/sin’(6), with 6 representing the effective field angle for each resonance and
is determined from 6 = tan(w/Q), w and Q represent the spinlock power and resonance offset

respectively. R, error was estimated as:

22\2 224012\ 2 202 (Rl_Rlp) 2
= [l 2+ (o, 222+, ) -

wZ
Heteronuclear [*H]-*>°N NOE values were measured without and with initial proton saturation with a
saturation period of 6 s. To calculate the hetNOE, cross peak intensities were measured as peak heights,
and errors were estimated from the standard deviation of the signal/noise ratios of individual peaks as
Onoe/NOE = ((Oisar/Isat)? + (Orer/Iref)?) /% Where lgar and |ref represent the signal intensities of the saturated and

reference spectra, respectively, and 0isqt and Oires represent the standard deviations of noise in the spectra.

RESULTS

Expression and purification of the APOL1 C-terminal domain: We have previously optimized a method
for purifying the C-terminal domain of APOL1 from inclusion bodies under denaturing conditions using
urea followed by on-column refolding (6). The kidney disease-associated APOL1 variants G1 and G2 are
located in the C-terminal region of APOL1 (Figure 1A). To study the structure and dynamics of the APOL1
C-terminal domain here, we expressed residues R305-L398 of APOL1-GO and the -G1 and -G2 variants in
a bacterial system and purified the recombinant proteins under non-denaturing conditions. Our studies
indicated that recombinant APOL1 C-terminal region protein has a high tendency to aggregate at the
concentrations needed for solution NMR experiments unless membrane mimetic micelle or bicelle were

added. After detergent screening, we found that the protein in dodecylphosphocholine (DPC) micelles
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gave the best H->"N HSQC NMR spectra with more uniform peak intensities and better dispersion
compared to other detergents/bicelles (see next paragraph). Upon purification in the presence of DPC
micelles, the purified APOL1 protein eluted in two peaks (Figure 1B). Peak 1 represents oligomeric or
aggregated fraction of APOL1 C-terminal region protein along with co-purified nonspecific bacterial
proteins, and peak 2 represents the nonaggregated fraction of the APOL1 protein (Figure 1C and 1D).
Using this method, we were able to obtain 1.4 mg of unaggregated >N/*3C-labeled APOL1-GO and -G1
proteins from one-liter M9 media culture. The yield of 1>N/*3C-labeled APOL1-G2 was slightly lower with
one-liter culture in minimal media yielding 0.9 mg of unaggregated protein. The purified proteins were
stable in the presence of DPC at 4°C for more than a month and at 40°C for more than two weeks, as
shown by the NMR studies.

NMR spectra of APOL1 C-terminal domain in DPC micelles: Initially, using the appearance of the APOL1
G1 protein in *H->N HSQC spectra, we screened detergent micelles and lipid bicelles including DPC,
sodium dodecyl sulfate (SDS), n-dodecyl B-D-maltoside (DDM), n-octylglucoside (0G), 3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) and 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bicelles. Protein
samples in DDM and SDS gave reasonable quality NMR spectra (Supplementary Figure 1), but the best
quality spectra were obtained using DPC micelles (Figure 2), showed 80 out of the 90 expected peaks in
GO0 and G1 and 84 out of the 88 expected peaks for the G2 C-terminal domain. To assist with assignments,
particularly of G1, we generated multiple protein constructs with mutations of certain valine residues to
alanine (V346A, V349A, V353A, V346A+V349A+V350A).

Secondary structure of APOL1 C-terminal domain in the presence of DPC micelles: Our prior studies
evaluating the secondary structure composition of APOL1 C-terminal domain using far-UV circular
dichroism (CD) spectroscopy in the absence of detergent micelles showed a predominant helical structure

and no substantial difference in the secondary structure composition between reference and variant
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APOL1s (6). Also, the C-terminal region of APOL1 interacts with membranes and is predicted to undergo
structural changes on lowering pH, mimicking the environment in late endosome and lysosome (27-29).
We analyzed the changes in the secondary structure composition of the APOL1 C-terminal region in
response to a low pH environment using CD spectroscopy in the presence of DPC micelles. This showed a
similar a-helical content between -GO and -G1 protein variants at pH 7.5 and 6.8, with an increasing a-
helical content at pH 5.0, but with G1 significantly higher than GO. The C-terminal region protein APOL1-
G2 exhibited a higher a-helical content compared to GO and G1 over the entire pH range tested (Figure
3A). Additionally, *H->°N NMR spectra of GO C-terminus obtained at a lower pH range (pH 6.8-5.0) showed
chemical shift changes consistent with pH-induced local conformational changes in the structure of the
APOL1-C-terminal region proteins (Supplementary Figure 2). Importantly, even at a pH of 5.0 there is no
indication that the protein’s tertiary structure is disrupted. The number of shifted resonances is roughly
in accord with the 17 Asp+Glu residue sidechains, which may start to become protonated, following the
earlier protonation of two histidines.

Using 3D-NMR spectra, 89 out of the 94 Ca atoms were assigned for the GO and G1 C-terminal
domain. Chemical shifts of 91 for the 92 Ca atoms were assigned for the G2 variant. Using backbone
chemical shifts obtained from NMR experiments, we analyzed the secondary structure of APOL1-GO, -G1,
and -G2 with TALOS-N and also considered chemical shifts of Ca atoms by themselves (Figure 3B-3C). This
shows a predominant a-helical character of APOL1 -GO, -G1, and -G2 C-terminal protein region with the
closely similar structural disorder at its N-terminal region (R305-S325). The two a-helical regions (1326-
L359 and S365-L398) are separated by a short loop that is similar for all three proteins by Ca chemical
shift and secondary structure profile. Overall, the C-terminal domain of APOL1 G2 showed more ordered
a-helical conformation than the GO and G1 variants but, except for the very C-terminal region (L385 to
L398) this appears to be due to missing data in the GO and G1, specifically around residue E370 (in GO),

L352 (in G1), and residues L378-E380 (in both) (Supplementary Figure 3C).

10
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Models for the structure of the APOL1 C-terminal protein region in the presence of DPC micelles: We
generated models for the three-dimensional structure of the C-terminal region of APOL1-GO, -G1 and -G2
using chemical shifts of the backbone atoms with CS-ROSETTA (Figure 4 and Supplementary Figure 4).
Consistent with the secondary structure calculations, the N-terminal region (R305-P340) of the APOL1-
GO, -G1, and -G2 C-terminal domain is mostly disordered. However, in many structures, a helical turn is
seen around S330 and in some also around V338. This is consistent with secondary structure predictions
and our previous modeling using sequence-structure threading (see discussion below). In the majority of
the top 10 structures obtained for each protein, the N-terminal segment is attached to different regions
of the protein (also see discussion). The remainder of the residues of the C-terminal region form two major
a-helices (aH1 and aH2) with an intervening short loop, which results in a hairpin configuration of the two
helices. The helices aH1 and aH2 extend over residues P340-E361 and S365-N388 in GO, P340-E361, and
A368-1391 in G1, and V341-E361 and E366-L392 in G2 —thus, noting that the second helix is a turn longer
in G1 and G2 (Figure 4). Amino acid variations induced by G1 and G2 altered the Ca-Ca and side chain
inter-helix contacts formed between the aH1l and aH2. Although their sidechains point outwards,
surprisingly, the S342G and 1384M amino acid substitution in the G1 variant results in the loss of multiple
interhelix (aH1-aH2) side chain hydrophobic contacts established by residues adjacent to S342 and 1384M
(P340-L385, V341-1L382, V341-1L385, F344-L378, F344-K381, F344-L382, F344-L385, and L345-L382) in the
G1 C-terminus compared to GO (Figure 5). Many of the low energy structures of the G1-C terminus showed
a considerable crossing angle between the two helices, although some are also almost parallel but the
helices are slightly rotated or shifted in G1 relative to GO, but one structure of G1 comes to within 4.4 A
of the lowest energy structure of GO. Noticeably, the salt bridge (E355-K372) that stabilized the helical
hairpin in GO and G2 is lost in the majority of low energy structures of G1, due to the helix rotation and/or
sliding (Figure 5). By contrast, the deletion of residues N388 and Y389 in the G2 variant likely results in a

stabilization of the helical hairpin by the formation of additional side chain contacts by multiple residues

11
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proximal and distal to the deletion compared to GO (Figure 6). The deletion of these two residues located
in the C-terminal region of the protein has made this second helix longer, and hence it is able to make
additional interactions (Figure 6). This leads to sliding of helix-2 (aH2) (down a little) relative to helix-1
(aH1) and is accompanied by an altered helix-helix packing mediated by a flip of F344 (around it’s Ca-Cp
bond) and different hydrophobic contacts in G2 (V341-1381, F344-L382, F344-L385, F344-N386, L347-
L378, L347-L382, L347-L385) compared to GO (P340-L382, \V341-L382, F344-1385, L347-L378) (Figure 7).
The comparison of energies derived from the ten lowest energy CS-ROSETTA structures show that the G2
C-terminal region has slightly better energy compared to GO, but the G1 structures have on average a
significantly worse energies (Figure 8).

We compared the three-dimensional structure of APOL1-GO obtained by solution NMR studies
with the structures we previously predicted by a sequence-structure compatibility method (the “threading
algorithm” iTASSER), and refined by all-atom MD simulations (6). The overall RMSD between the solution
NMR structure of APOL1-GO C-terminal domain (R305-L398) and pre-MD and post-MD (40 ns) ab initio
predicted structures was 10.78 A and 10.53 A, respectively. This structural divergence was largely driven
by the substantially disordered N-terminal residues (R305-P340) in the structures in presence of DPC
micelles. However, a comparison of the region of residues A339-L398, which predominantly comprise a-
helices aH1 and aH2 show lower RMSD values (pre and post-MD RMSD of 4.58 A and 4.28 A respectively)
for GO, but this is still substantial, as the ab initio prediction generated structures with three helices (Figure

9).

Backbone dynamics of APOL1 C-terminal region in DPC micelles: The protein backbone dynamics that
occur for main-chain amide bonds in the APOL1-G0, -G1, and -G2 C-terminal region proteins were probed
using °N-relaxation experiments, including R; and R, relaxation rates and [*H]-°N hetNOE experiments
(Figure 10). The R; and hetNOE measurements report on fast ps-ns motional amplitudes, whereas R; also
reports on ps-ms timescale motions. Except for a few isolated residues in GO and G1, the N-terminal region

12
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appears to be highly flexible until about residue S325. It is interesting that the dynamics of the regions
around residues S330 and V338 is similar in all three proteins, regions which have some helical turn
character in the structures. In the case of GO, the R; values are consistently slightly higher in the region
L335-P340 compared to G1 and G2, suggesting that this part of the protein may be sampling several
structures or contacts with aH1 and/or aH2 on the chemical exchange timescale. In fact, several residues
in aH1 in GO also shows slightly higher R, values. The a-helical regions aH1 and aH2 in the APOL1-GO0,-G1,
and -G2 C-terminal domains showed low R; and high R, relaxation rates, and high hetNOE value suggesting
rigid structures with relatively small amplitude conformational dynamics in solution (Figure 10). The inter-
helix turn shows considerable local ps-ns flexibility in all three proteins and another segment, towards the
end of the helix-2 (aH2) also shows similar large-amplitude ps-ns fluctuations. Finally, there is a systematic
difference between residues K390-A394, with the extended helix-2 (aH2) in G2 undergoing some higher
amplitude fluctuations on the ps-ns timescale. It is likely that N-H groups in all three proteins are affected
by helix-coil transitions or by a collective fluctuation of this segment, but those transitions are faster and
thus detected by the relaxation measurement in G2 (tighter structures leading to faster vibrations, shifted
into the ps-ns timescale).

DISCUSSION

Expanding on our previous study, which characterized the structure of the C-terminal domain of APOL1
using computational modeling and all-atom molecular dynamics (MD) simulations (6), we derived models
for the three-dimensional structure of APOL1-GO, -G1, and -G2 C-terminal region (aa: R305-L398) using
chemical shifts from solution NMR spectroscopy. The C-terminal domain of the wild type and variant
APOL1s were purified under non-denaturing conditions in the presence of lipid/detergent micelles. After
detergent and lipid bicelle screening, we chose DPC micelles as the detergent for our experiments, which
has been used to solve structures of multiple other proteins using solution NMR. As predicted

computationally in previous studies by our group and others (2,6,26,27,41), our solution NMR studies
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confirm that the C-terminal region of APOL1-GO, -G1 and -G2 formed an amphipathic a-helical hairpin
with a largely disordered N-terminal region. The NMR derived models suggest that amino acid changes in
the kidney disease-associated APOL1-G1, and -G2 variants induce moderate but overall considerable
changes in the crossing angle if not the rotational orientation of the helices in the domain of APOL1
compared to the reference, the GO wild type protein. The amino acid substitutions in G1 resulted in the
loss of multiple interhelix (aH1 and aH2) side chain contacts adjacent to $S342G and 1384M, causing a
change in the orientation of the C-terminal a-helical hairpin compared to GO. Consistent with the chemical
shift data, relaxation measurements, and secondary structural content estimated from far UV circular
dichroism, the two amino acid deletion towards the C-terminus of the G2 variant have an extended and
likely stabilized aH2 compared to GO.

It should be noted that here we studied the protein in the presence of DPC detergent micelles. A
noticeable difference is the reduced average linewidths in the center of the HSQC spectrum of the G1
protein, whereas G2 has more broadened peaks. This difference, although not manifest in the relaxation
data due to the different time-scale involved, -suggests differences in solution behavior, possibly a
chemical exchange in G2 (associated with the lengthened helix or a switch between helix-helix contacts)
or a transient aggregation of the protein, if not different interactions with the detergent. Regarding
interactions with DPC, this is the major difference between the current and our previous study (6),
necessitated here by the need for higher protein concentrations for NMR experiments. The interaction
with detergent, especially predicted for the N-terminal region of aH1 (V338-Y354) due to its hydrophobic
nature could disrupt interactions with other helices, which was inferred from sequence-structure
compatibility in our previous report. Although this helix was predicted to interact with both, what is called
helix-1 (R305-A339) and helix-3 (5365-N388) in our previously published computational model, molecular
dynamics refinement showed some distortion and partial unfolding. Here, in the presence of DPC only

two short segments, near the N-terminus of the C-terminal APOL1 region (from the computational model)
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are modeled as helical turns, while the entire N-terminal region is making contact with either the front or
more rarely the back-side of the helix-turn-helix structure. The relaxation data show that the N-terminal
segment, prior to $325 is highly flexible, but this still leaves residues 1326 to P340 to explore different
regions of the highly folded part of the GO, G1 and G2 proteins. Remarkably, the relaxation and chemical
shift data are very consistent in this region, with the exception of GO in region L335-P340 as noted above
and the overall impression of different linewidths particularly in the center of the HSCQ spectra of G1 and
G2 (in opposite directions) compared with GO. In case of G1, residue S342 has been changed to G which
may give this N-terminal region enhanced flexibility or ability to form interactions with the remainder of
the protein, either of which could result in the lower linewidths. The alteration in the interhelix orientation
will lead to changes in solvent-exposed residues in G1 and G2 variants compared to GO, which likely results
in different orientational preferences of the domain with respect to a membrane surface. Use of the
detergent, DPC only provides a very rough approximation and the presence of a more extended and planar
membrane model system, such as a bicelle or nanodisc, is likely to enhance the differences between the
reference and variant proteins. However, we also noted that the sidechains of the residue involved point
outwards and are not directly involved in helix-helix packing interactions. In that sense, our previous
model, where the G1 and G2 variants present a more stable autoinhibited structures in solution is not
impacted by the findings of this report. Similar to our study, computational molecular modeling and MD
simulation by Vanhamme et al. showed that the residues P340-L392 of APOL1-GO formed an a-helix,
which was then used to model the interactions with the trypanosomal SRA protein (27). The structure of
the SRA protein has recently been determined as that of a helical bundle, suggesting an extended
interaction surface with both aH1 and aH2 of the C-terminal region of APOL1 (42). Also, similar to our
previous study, the models proposed by Tzur et al. and Sharma et al. predicted an a-helical hairpin
structure for the C-terminus (S342-L398) of APOL1-GO, G1 and G2 (2,26). Sharma et al. also performed

2D-NMR studies on the C-terminus of APOL1-GO and -G1 C-terminus (26). It should be mentioned that the
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overall *H->N-HSQC spectra previously published by Sharma et al., albeit for a shorter protein construct
(A339-L398) in pure aqueous solution, are different from ours as many H-°N resonances are seen with
up-field chemical shifts, suggesting a B-hairpin or B-sheet structure. In the absence of chemical shift
assighments, it is even difficult to confirm whether or not APOL1 or another, possibly contaminant
protein, was studied. For example, the *H-1>N HSQC NMR spectra in their study showed 83 and 93 peaks
for the GO and G1 protein constructs, respectively, compared to the expected 79 peaks. By contrast, we
carried out resonance assignments and the chemical shifts of our spectra to derive a helix-hairpin
structure overall consistent with previous computational predictions. Moreover, the mutations of the G1
and G2 variants showed multiple peak shifts in the C-terminal domain of APOL1, which were not limited
to the variant residues (Figure 2 and Supplementary Figure 3), implicating non-local conformational
changes.

The membrane addressing domain (Q239-P304), which is located N-terminal to the region we
studied and the C-terminal region of APOL1 are predicted to undergo a large conformational change in
the presence of a low pH environment (27,31). In an acidic extracellular environment that mimic the
interstitial compartment of kidney, the APOL1-G1 and -G2 variants exacerbate mitochondrial structural
abnormalities in HEK293 cells (43). We observed that the helical content of the C-terminus of wild type
and variant APOL1s increased slightly in response to lowering pH with G2 C-terminal domain showing a
higher helical content at the lower pH. APOL1 inserts into membranes at low pH and demonstrates cation
channel activity in in vitro and in vivo models (10,13,29,44-48), but at least in the presence of DPC we
observed no evidence from NMR linewidth or peak intensities, that the C-terminal protein domain of
APOL1-GO forms dimers or higher-order associated states at the lower pH. It is likely that additional
protein domains and an extended bilayer membrane model is necessary for this behavior of the protein.
The protonation status of D348 within the predicted transmembrane (TM) domain of APOL1-GO C-

terminus (D337-E335) is involved in pH gating function (46) and the G1 and G2 variants demonstrated
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increased cation channel activity in phospholipid vesicles (48). This predicted TM region in the C-terminus
forms an a-helix with similar residue orientation in our NMR model. The changes in HSQC NMR spectra at
low pH in our study support the conformational change associated with protonation of D348 in helix-1
and subsequent membrane insertion. Although the membrane topology of APOL1 is not experimentally
proven, this conformation could place the helix-2 of C-terminus in the cytosolic domain during
intracellular translocation (49). The C-terminal domain of APOL1 is also known to be critical for other
biological functions of APOL1, SNARE protein interaction (e.g. with VAMPS8, which we demonstrated in
our previous study), and in vitro vesicle fusion (6,10,13,19,27,28,44,50). Deletion of C-terminal residues
V341-L398, which constitutes the a-helical hairpin results in the loss of APOL1 channel activity and these
residues by itself can mediate homotypic vesicle fusion (27,44). Consistent with observations from
published studies that suggested interaction of APOL1 with membrane and lipid compartments, (6,10,13-
15,17,18,44) our studies suggest that APOL1 C-terminus can interact with a membrane environment.
Additionally, the amphipathic helical membrane addressing domain (MAD) located N-terminal to the SRA-
interacting C-terminal region of APOL1 proteins has been postulated to be a pH sensor and acts as a
“hinge” structure between the C-terminus of APOL1 and the rest of the protein (41,51). APOL1 is known
to localize to the endosomal and lysosomal compartment (6,18,19,50,52) and exposure to low pH could
stabilize the membrane localization (46,47), given the presence of bis(monoacylglycero)phosphate and
phosphatidylinositols in the slightly negatively charged endolysosomal membranes (53,54). This
conformation can expose the C-terminal region of APOL1 to the cytoplasm, where interaction with
SNAREs and other effector proteins is feasible. Existing data suggest that APOL1 interacts with multiple
cellular organelle membranes including ER-Golgi network (20,55), mitochondria (14,16,21,56), endo-
lysosomal system (6,18,19,50,52) and plasma membranes (13,17,30). Membrane composition and hence

protein structure and orientation can differ among these different subcellular environments (57,58).
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The models we have presented need to be interpreted with caution because apart from tertiary
chemical shifts (such as those arising from the NMR active main chain nuclei of the phenylalanine aromatic
rings and charged moieties, such as two histidine residues), no other experimentally derived tertiary
restraints enter into the calculations. The higher energies of G1 structures and their variations across the
top ten best structure ensemble is likely partly due to a lack of assignments/chemical shift data,
particularly around L352, K357 and E379. G2, which has near complete assignments has a much more
uniformly predicted helix-2 (aH2). Whether or not this leads to a slight sliding and alternative packing of
hydrophobic sidechains at the aH1-aH2 interface would need confirmation from additional NMR
experiments, looking at sidechains. However, since our sidechain assignments are incomplete, this is
beyond the scope of the current project. Whether the NMR derived structures represent the actual
structure with alternate helix-helix packing or at a minimum indicate subtle conformational and dynamics
changes or arises because of missing data is not clear at present. The fact that with few exceptions which
were noted in the results section above, the NMR chemical shift as well as the relaxation data are highly
similar suggests that the structure of the GO, G1 and G2 C-terminal regions is also similar and that the
difference may be more subtle, such as the increased stability of the G1 and G2 variants to thermal and
chemical denaturation, noted in our previous study (6).

Lastly, we should mention that recent evidence has shown that genetic variations in APOL1 gene
other than the G1 and G2 variants which are inherited together (called haplotypes) may contribute to the
differential intracellular behavior of APOL1-G1 and -G2 variants compared to GO (59). Though these
haplotype associated residues are located far from the variant location in the primary sequence, protein
folding, or domain-domain/protein region interactions of full length APOL1 protein, can place these
residues spatially close to the C-terminal region of the APOL1 protein where the G1 and G2 variants are
located, impacting the protein structure and function. Our study concentrated on the protein region

where the variants primarily associated with kidney disease are located and did not take the whole protein
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into account. In this setting, future studies aimed at understanding the structure and effect of the kidney
disease-associated variants in the context of the full-length protein will be critical. In spite of these
limitations, our study provides clues to the structure and conformational dynamics of reference APOL1 C-
terminal region and suggested strong similarities but also subtle differences of the preferred
conformational states and the dynamics for the reference and variant APOL1s in DPC micelles based on
NMR chemical shift observations. Our study of the APOL1 C-terminal region structure complements and
advances our understanding of APOL1 structure and function (6,26,27,30), further appreciating the results
from computational modeling, by reference to experimental information. We also further advance the
hypothesis that subtle structural, if not protein dynamics/stability changes induced by APOL1 kidney
disease-associated variants could drive intracellular mechanisms in podocytes that predispose to the
pathogenesis of kidney disease (22). The C-terminal domain of reference and variant APOL1 could undergo
differential structural changes in response to a “second stress” stimuli attenuating the ability of the G1
and G2 variants to initiate and maintain the protein networks necessary to maintain normal podocyte
homeostasis. Strategies to modify the differential structural behavior of G1 and G2 variants will guide the
development of therapeutic strategies that could halt the progression of APOL1-variant associated CKD.
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Figure 1: Domain organization of APOL1 and purification of APOL1 C-terminus (aa. 305-398) under non-

denaturing conditions. (A) Schematic representation of APOL1 protein showing the different protein

domains and location of G1 and G2 variants. The blue and red rectangle in the serum resistance associated

(SRA) protein interacting domain represents location of the G1 and G2 variants, respectively. (B) Size

exclusion chromatography profile of APOL1 -GO, -G1 and -G2 C-terminal domain purified under non-

denaturing conditions in the presence of DPC micelles. Peak 1 is a large molecular weight state

representing either protein oligomers or aggregates. Peak 2 is the monomeric fraction, which was used

for CD and NMR studies. (C) Coomassie-stained SDS-PAGE gel of total eluate and peak 1 and peak 2

fractions from size exclusion chromatography of the wild type protein, GO. (D) Coomassie-stained SDS-

20


https://doi.org/10.1101/2021.03.16.435683

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.16.435683; this version posted March 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

PAGE gel of peak 2 showing purified APOL1 C-terminal domains of GO and G1 & G2 domains (MW: protein

molecular weight standard).
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Figure 2: *H-1N HSQC spectra of APOL1 GO, G1, and G2 C-terminal domain in DPC micelles. (A-C) APOL1-
GO0, -G1 and-G2 C-terminal domain (aa R305-L398) at 800 MHz. Panels below, represent expanded regions
from the corresponding HSQC spectrum (indicated there by a box) for better clarity. Residues, which occur
in APOL1-G2 after the N388 and Y389 deletion, are numbered based on the GO sequence. (D-F) Amino
acid residues R305 to L 398 of APOL-GO, -G1 and —G2 are shown. Asterisk represents residues with missing

H-NH assignments. Amino acid substitutions in G1 variant is shown in blue and deleted residues in G2 is

represented in red.
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Figure 3: Secondary structure analysis of APOL1-GO, -G1, and -G2 C-terminal domains in DPC micelles.

(A) CD spectroscopy of GO, G1 and G2 proteins in the presence of 5mM DPC micelles and at pH 7.5, 6.8,

and 5.0. Calculated a-helical content at each pH is shown. (B) TALOS-N predicted secondary structure

plotted as a function of sequence (C) Secondary structure determined using *Ca chemical shift index for

each residue. The residues with missing Ca assignments from the 3D-NMR experiments are highlighted

by black asterisk above the corresponding labeled residues. Prolines in the sequence are marked by red

dot. The location of the G1 and G2 variants are denoted by blue and red arrowheads, respectively.
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Figure 4: Models of structure for APOL1 C-terminal regions GO, G1, and G2 in presence of DPC micelles.
(A-C) Lowest energy structure of the domain (aa: R305-L398) out of the 40,000 structures generated by
CS-ROSETTA. The location of G1 (S342G & 1384M) and G2 (two residue deletion of N388 & Y389) variants
are highlighted (in case of G2 this is done in the GO structure). aH1 and aH2 represent the two major a-

helices. (N: N-terminus and C: C-terminus).
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E355-K372

Figure 5: Loss of interhelix (aH1-aH2) hydrophobic contacts and salt bridge in the G1 C-terminal region.
(A) GO C-terminal domain structure showing the interhelix (aH1- aH2) hydrophobic contacts (represented
in sticks and dot format) adjacent to the G1 variants S342G and 1384M (represented in cyan). The
interhelix salt bridge established between residues E355 and K372 is shown in yellow dotted line. The
location of G2 variants is represented in magenta. (B) G1 C-terminal region showing loss of hydrophobic
contacts adjacent to S342G and 1384 M residues and of the interhelix salt bridge. Notice that the helices
are rotated such that the sidechains point to opposite sides of the structure. (C) The C-terminal region of
G2 showing the location of E355-K372 contact. (D-F) Salt bridge (denoted in dashed yellow lines in GO and
G2) formed between E355 and K372 stabilizing the helical hairpin is lost in the G1 C-terminal region

compared to GO and G2.
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c

G2

Figure 6: Extension of C-terminal helix in G2 variant. (A-H) NMR structure model of C-terminal aH1 and
aH2 helices (residues D337-L398) from GO (green) (A-D) and G2 (magenta) (E-H) obtained from NMR
chemical shifts. Residues Y351, E355, E369, Q376 and 1384 are highlighted in stick representation as
reference which shows similar orientation in both GO and G2. Residue Q393 (cyan) distal to the two
deleted residues in G2 (N388 and Y389 represented in red and blue respectively) forms part of the
unstructured region in APOL-GO but remains in the helical region of G2 C-terminus. N and C represents N

and C-terminus of the protein.

26


https://doi.org/10.1101/2021.03.16.435683

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.16.435683; this version posted March 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Starting MD model MD 40 ns model NMR structure model

Figure 7: Comparison of helix packing of APOL1-GO0, -G1 and -G2 C-terminus. The C-terminal helices of
APOL1-GO (A-C), G1 (D-F) and G2 (G-l) before and after 40 ns MD simulations compared to the lowest
energy structure model obtained from NMR derived chemical shifts in CS-ROSETTA is shown. Selected
residues in aH1 and aH2 are shown in stick representation to highlight the relative orientation of the
helices. Amino acid substitution in G1 (1384M) and deletion of N388 and Y389 residues in the G2 variant

of APOL1 results in extension of the aH2 compared to GO. This is accompanied by a slight rotation and
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sliding of the aH2 helix, relative to aH1, resulting in altered interhelix hydrophobic contacts and helix
packing in the G1 and G2 C-terminus (B and C) compared to GO (A). N and C represents N and C-termini

of the protein.
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Figure 8: Comparison of CS-ROSETTA all-atom energy profiles of APOL1-GO0, -G1, and -G2 C-terminal
domain. All-atom CS-ROSETTA energy of ten lowest energy structures (out of the 40,000 structures) for

APOL1-GO, -G1, and -G2 C-terminus. (Line denotes mean)
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Figure 9: Comparison of the NMR derived model structures of APOL1-GO C-terminal domain with the
previously modeled structures. (A-C) Comparison of computationally modeled structure of APOL1-GO C-
terminus from |I-TASSER server in grey (A) and the structure obtained after 40 ns of all-atom MD simulation
in grey (B) with the NMR data derived structure in green (A305-L398) (C). (D-E) the NMR data derived
structure (A339-L382) overlapped with initial computationally modeled structure (D) and after 40 ns of

MD simulation (E). N and C represents N and C-terminus of the protein.
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Figure 10: Backbone amide dynamics measurements by NMR relaxation of APOL1-GO, -G1 and -G2 C-

terminal region in presence of DPC micelles. (A) Secondary structure representation of the C-terminus of

APOL1-GO, -G1 and -G2 obtained from NMR chemical shifts. The location of G1 and G2 variant residues

are marked by blue and red asterisk respectively. (B-D) Backbone dynamics demonstrated by >N R; (B),

5N R; (€), and [*H]-**N het-NOE (D) values for APOL1-GO (green), -G1 (blue) and -G2 (red) C-terminal

domains recorded at 800 MHz are plotted against the residue number.
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Supplementary Figure 1: NMR spectra of APOL1-G1 C-terminal in different detergents. 'H ->°N HSQC of
domain in (A) sodium dodecyl sulfate (SDS), (B) n-dodecyl B-D-maltoside (DPC), (C) n-octylglucoside (OG),
(D) 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) micelles and (E) DHPC:DMPC
bicelles. Protein concentration was maintained between 0.5-0.6 mM with the concentrations of
detergents and bicelles discussed in Methods. The HSQC experiments were TROSY based for all conditions

except for in SDS micelles.
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Supplementary Figure 2: *H->N TROSY-HSQC spectra of APOL1-GO C-terminal domain at different pH

conditions. 2D-HSQC spectra in response to varying pH.
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Supplementary Figure 3: Differences in the Ca chemical shifts of the C-terminal residues of APOL1 GO
and G1 (A) and GO and G2 (B). Asterisks represents unassigned residues in either GO, G1 or G2. Blue and

red arrowheads show the position of G1 and G2 residues respectively.
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Supplementary Figure 4: Strip plots of 3C chemical shifts of APOL1 GO from HNCA and HN(CO)CA
spectra. Representative plot of two sequential backbone Ca connectivities of (A) the N-terminal
disordered region and (B) the aH1 helix of APOL1 GO C-terminal region obtained using triple resonance
NMR experiments. Lines drawn between adjacent Ca atoms represent the sequential 3Ca connectivities
for all the residues in GO. The corresponding residues are indicated above the strip plots. The Ca atoms

from HNCA and HN(CO)CA are represented in red and blue colors, respectively.

35


https://doi.org/10.1101/2021.03.16.435683

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.16.435683; this version posted March 16, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

REFERENCES

10.

11.

12.

Genovese, G., Friedman, D. J., Ross, M. D., Lecordier, L., Uzureau, P., Freedman, B. I., Bowden, D.
W., Langefeld, C. D., Oleksyk, T. K., Uscinski Knob, A. L., Bernhardy, A. J., Hicks, P. J., Nelson, G. W.,
Vanhollebeke, B., Winkler, C. A., Kopp, J. B., Pays, E., and Pollak, M. R. (2010) Association of
trypanolytic Apol1 variants with kidney disease in African Americans. Science 329, 841-845

Tzur, S., Rosset, S., Shemer, R., Yudkovsky, G., Selig, S., Tarekegn, A., Bekele, E., Bradman, N.,
Wasser, W. G., Behar, D. M., and Skorecki, K. (2010) Missense mutations in the APOL1 gene are
highly associated with end stage kidney disease risk previously attributed to the MYH9 gene. Hum
Genet 128, 345-350

Kopp, J. B., Nelson, G. W., Sampath, K., Johnson, R. C., Genovese, G., An, P., Friedman, D., Briggs,
W., Dart, R., Korbet, S., Mokrzycki, M. H., Kimmel, P. L., Limou, S., Ahuja, T. S., Berns, J. S., Fryc, J.,
Simon, E. E., Smith, M. C., Trachtman, H., Michel, D. M., Schelling, J. R., Vlahov, D., Pollak, M., and
Winkler, C. A. (2011) APOL1 genetic variants in focal segmental glomerulosclerosis and HIV-
associated nephropathy. J Am Soc Nephrol 22, 2129-2137

Parsa, A., Kao, W. H., Xie, D., Astor, B. C., Li, M., Hsu, C. Y., Feldman, H. I., Parekh, R. S., Kusek, J.
W., Greene, T. H,, Fink, J. C., Anderson, A. H., Choi, M. J., Wright, J. T., Jr., Lash, J. P., Freedman, B.
l., Ojo, A., Winkler, C. A,, Raj, D. S., Kopp, J. B., He, J., Jensvold, N. G., Tao, K., Lipkowitz, M. S.,
Appel, L. J.,, Investigators, A. S., and Investigators, C. S. (2013) APOL1 risk variants, race, and
progression of chronic kidney disease. N Engl J Med 369, 2183-2196

Madhavan, S. M., O'Toole, J. F., Konieczkowski, M., Ganesan, S., Bruggeman, L. A., and Sedor, J. R.
(2011) APOL1 localization in normal kidney and nondiabetic kidney disease. J Am Soc Nephrol 22,
2119-2128

Madhavan, S. M., O'Toole, J. F., Konieczkowski, M., Barisoni, L., Thomas, D. B., Ganesan, S.,
Bruggeman, L. A., Buck, M., and Sedor, J. R. (2017) APOL1 variants change C-terminal
conformational dynamics and binding to SNARE protein VAMPS. JCI Insight 2, €92581

Ma, L., Shelness, G. S., Snipes, J. A., Murea, M., Antinozzi, P. A., Cheng, D., Saleem, M. A., Satchell,
S. C,, Banas, B., Mathieson, P. W., Kretzler, M., Hemal, A. K., Rudel, L. L., Petrovic, S., Weckerle, A.,
Pollak, M. R., Ross, M. D., Parks, J. S., and Freedman, B. |. (2015) Localization of APOL1 protein
and mRNA in the human kidney: nondiseased tissue, primary cells, and immortalized cell lines. J
Am Soc Nephrol 26, 339-348

Bruggeman, L. A., O'Toole, J. F., Ross, M. D., Madhavan, S. M., Smurzynski, M., Wu, K., Bosch, R.
J., Gupta, S., Pollak, M. R,, Sedor, J. R., and Kalayjian, R. C. (2014) Plasma apolipoprotein L1 levels
do not correlate with CKD. J Am Soc Nephrol 25, 634-644

Weckerle, A., Snipes, J. A., Cheng, D., Gebre, A. K., Reisz, J. A., Murea, M., Shelness, G. S., Hawkins,
G. A., Furdui, C. M., Freedman, B. I., Parks, J. S., and Ma, L. (2016) Characterization of circulating
APOL1 protein complexes in African Americans. J Lipid Res 57, 120-130

O'Toole, J. F., Schilling, W., Kunze, D., Madhavan, S. M., Konieczkowski, M., Gu, Y., Luo, L., Wu, Z.,
Bruggeman, L. A., and Sedor, J. R. (2018) Apoll Overexpression Drives Variant-Independent
Cytotoxicity. J Am Soc Nephrol 29, 869-879

Behar, D. M., Kedem, E., Rosset, S., Haileselassie, Y., Tzur, S., Kra-Oz, Z., Wasser, W. G., Shenhar,
Y., Shahar, E., Hassoun, G., Maor, C., Wolday, D., Pollack, S., and Skorecki, K. (2011) Absence of
APOL1 risk variants protects against HIV-associated nephropathy in the Ethiopian population. Am
J Nephrol 34, 452-459

Heneghan, J. F., Vandorpe, D. H., Shmukler, B. E., Giovinazzo, J. A., Raper, J., Friedman, D. J., Pollak,
M. R., and Alper, S. L. (2015) BH3 domain-independent apolipoprotein L1 toxicity rescued by BCL2
prosurvival proteins. Am J Physiol Cell Physiol 309, C332-347

36


https://doi.org/10.1101/2021.03.16.435683

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.16.435683; this version posted March 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

13. Olabisi, O. A., Zhang, J. Y., VerPlank, L., Zahler, N., DiBartolo, S., 3rd, Heneghan, J. F., Schlondorff,
J.S.,Suh, J. H, Yan, P,, Alper, S. L., Friedman, D. J., and Pollak, M. R. (2016) APOL1 kidney disease
risk variants cause cytotoxicity by depleting cellular potassium and inducing stress-activated
protein kinases. Proc Natl Acad Sci U S A 113, 830-837

14. Shah, S. S., Lannon, H., Dias, L., Zhang, J. Y., Alper, S. L., Pollak, M. R., and Friedman, D. J. (2019)
APOL1 Kidney Risk Variants Induce Cell Death via Mitochondrial Translocation and Opening of the
Mitochondrial Permeability Transition Pore. J Am Soc Nephrol 30,2355-2368

15. Chun, J., Zhang, J. Y., Wilkins, M. S., Subramanian, B., Riella, C., Magraner, J. M., Alper, S. L,
Friedman, D. J., and Pollak, M. R. (2019) Recruitment of APOL1 kidney disease risk variants to lipid
droplets attenuates cell toxicity. Proc Natl/ Acad Sci U S A 116, 3712-3721

16. Ma, L., Chou, J. W., Snipes, J. A., Bharadwaj, M. S., Craddock, A. L., Cheng, D., Weckerle, A.,
Petrovic, S., Hicks, P. J., Hemal, A. K., Hawkins, G. A., Miller, L. D., Molina, A. J., Langefeld, C. D.,
Murea, M., Parks, J.S., and Freedman, B. I. (2017) APOL1 Renal-Risk Variants Induce Mitochondrial
Dysfunction. J Am Soc Nephrol 28, 1093-1105

17. Hayek, S. S., Koh, K. H., Grams, M. E., Wei, C., Ko, Y. A,, Li, J.,, Samelko, B., Lee, H., Dande, R. R,,
Lee, H. W., Hahm, E., Peev, V., Tracy, M., Tardi, N. J., Gupta, V., Altintas, M. M., Garborcauskas,
G., Stojanovic, N., Winkler, C. A., Lipkowitz, M. S., Tin, A., Inker, L. A., Levey, A. S., Zeier, M.,
Freedman, B. I., Kopp, J. B., Skorecki, K., Coresh, J., Quyyumi, A. A, Sever, S., and Reiser, J. (2017)
A tripartite complex of suPAR, APOL1 risk variants and alphavbeta3 integrin on podocytes
mediates chronic kidney disease. Nat Med 23, 945-953

18. Lan, X., Jhaveri, A., Cheng, K., Wen, H., Saleem, M. A., Mathieson, P. W., Mikulak, J., Aviram, S.,
Malhotra, A., Skorecki, K., and Singhal, P. C. (2014) APOL1 risk variants enhance podocyte necrosis
through compromising lysosomal membrane permeability. Am J Physiol Renal Physiol 307, F326-
336

19. Kruzel-Davila, E., Shemer, R., Ofir, A., Bavli-Kertselli, I., Darlyuk-Saadon, I., Oren-Giladi, P., Wasser,
W. G., Magen, D., Zaknoun, E., Schuldiner, M., Salzberg, A., Kornitzer, D., Marelja, Z., Simons, M.,
and Skorecki, K. (2017) APOL1-Mediated Cell Injury Involves Disruption of Conserved Trafficking
Processes. J Am Soc Nephrol 28, 1117-1130

20. Wen, H., Kumar, V., Lan, X., Marashi Shoshtari, S. S., Eng, J. M., Zhou, X., Wang, F., Wang, H.,
Skorecki, K., Xing, G., Wu, G., Luo, H., Malhotra, A., and Singhal, P. C. (2018) APOL1 Risk Variants
Cause Podocytes Injury through Enhancing Endoplasmic Reticulum Stress. Biosci Rep 38,
BSR20171713

21. Granado, D., Muller, D., Krausel, V., Kruzel-Davila, E., Schuberth, C., Eschborn, M., Wedlich-
Soldner, R., Skorecki, K., Pavenstadt, H., Michgehl, U., and Weide, T. (2017) Intracellular APOL1
Risk Variants Cause Cytotoxicity Accompanied by Energy Depletion. J Am Soc Nephrol 28, 3227-
3238

22. Madhavan, S. M., and Buck, M. (2020) The relationship between APOL1 structure and function:
Clinical implications. Kidney360 2, 134-140

23. Damry, A. M., Mayer, M. M., Broom, A, Goto, N. K., and Chica, R. A. (2019) Origin of
conformational dynamics in a globular protein. Commun Biol 2, 433

24. Bhattacharya, R., Rose, P. W., Burley, S. K., and Prlic, A. (2017) Impact of genetic variation on three
dimensional structure and function of proteins. PLoS One 12, e0171355

25. Harrington, D. J., Adachi, K., and Royer, W. E., Jr. (1997) The high resolution crystal structure of
deoxyhemoglobin S. J Mol Biol 272, 398-407

26. Sharma, A. K., Friedman, D. J., Pollak, M. R., and Alper, S. L. (2016) Structural characterization of
the C-terminal coiled-coil domains of wild-type and kidney disease-associated mutants of
apolipoprotein L1. FEBS J 283, 1846-1862

37


https://doi.org/10.1101/2021.03.16.435683

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.16.435683; this version posted March 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

27. Vanhamme, L., Paturiaux-Hanocq, F., Poelvoorde, P., Nolan, D. P., Lins, L., Van den Abbeele, J.,
Pays, A., Tebabi, P., Van Xong, H., Jacquet, A., Moguilevsky, N., Dieu, M., Kane, J. P., De Baetselier,
P., Brasseur, R., and Pays, E. (2003) Apolipoprotein L-I is the trypanosome lytic factor of human
serum. Nature 422, 83-87

28. Perez-Morga, D., Vanhollebeke, B., Paturiaux-Hanocq, F., Nolan, D. P., Lins, L., Homble, F.,
Vanhamme, L., Tebabi, P., Pays, A., Poelvoorde, P., Jacquet, A., Brasseur, R., and Pays, E. (2005)
Apolipoprotein L-I promotes trypanosome lysis by forming pores in lysosomal membranes.
Science 309, 469-472

29. Bruno, J., Pozzi, N., Oliva, J., and Edwards, J. C. (2017) Apolipoprotein L1 confers pH-switchable
ion permeability to phospholipid vesicles. J Biol Chem 292, 18344-18353

30. Jha, A, Kumar, V., Haque, S., Ayasolla, K., Saha, S., Lan, X., Malhotra, A., Saleem, M. A., Skorecki,
K., and Singhal, P. C. (2019) Alterations in plasma membrane ion channel structures stimulate
NLRP3 inflammasome activation in APOL1 risk milieu. FEBS J 287, 2000-2022

31. Pays, E., Vanhollebeke, B., Vanhamme, L., Paturiaux-Hanocq, F., Nolan, D. P., and Perez-Morga, D.
(2006) The trypanolytic factor of human serum. Nat Rev Microbiol 4, 477-486
32. Provencher, S. W., and Glockner, J. (1981) Estimation of globular protein secondary structure from

circular dichroism. Biochemistry 20, 33-37

33. van Stokkum, I. H., Spoelder, H. J., Bloemendal, M., van Grondelle, R., and Groen, F. C. (1990)
Estimation of protein secondary structure and error analysis from circular dichroism spectra. Anal
Biochem 191, 110-118

34, Whitmore, L., and Wallace, B. A. (2008) Protein secondary structure analyses from circular
dichroism spectroscopy: methods and reference databases. Biopolymers 89, 392-400

35. Lee, W., Tonelli, M., and Markley, J. L. (2015) NMRFAM-SPARKY: enhanced software for
biomolecular NMR spectroscopy. Bioinformatics 31, 1325-1327

36. Keller, R. (2004) The Computer Aided Resonance Assignment Tutorial. ISBN 3-85600-85112-85603

37. Shen, Y., and Bax, A. (2013) Protein backbone and sidechain torsion angles predicted from NMR
chemical shifts using artificial neural networks. J Biomol Nmr 56, 227-241

38. Shen, Y., Lange, O., Delaglio, F., Rossi, P., Aramini, J. M., Liu, G., Eletsky, A., Wu, Y., Singarapu, K.
K., Lemak, A., Ignatchenko, A., Arrowsmith, C. H., Szyperski, T., Montelione, G. T., Baker, D., and
Bax, A. (2008) Consistent blind protein structure generation from NMR chemical shift data. Proc
Natl Acad Sci U S A 105, 4685-4690

39. Schrodinger, LLC. (2015) The PyMOL Molecular Graphics System, Version 1.8.

40. Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax, A. (1995) NMRPipe: a
multidimensional spectral processing system based on UNIX pipes. J Biomol Nmr 6, 277-293

41. Pays, E., Vanhollebeke, B., Uzureau, P., Lecordier, L., and Perez-Morga, D. (2014) The molecular
arms race between African trypanosomes and humans. Nat Rev Microbiol 12, 575-584

42. Zoll, S., Lane-Serff, H., Mehmood, S., Schneider, J., Robinson, C. V., Carrington, M., and Higgins,
M. K. (2018) The structure of serum resistance-associated protein and its implications for human
African trypanosomiasis. Nat Microbiol 3, 295-301

43, Freedman, B. I., Kistler, A. L., Skewes-Cox, P., Ganem, D., Spainhour, M., Turner, J., Divers, J.,
Langefeld, C. D., Murea, M., Hicks, P. J., Hemal, A. K., Snipes, J. A, Zhao, L., Abend, J. R., Lyles, D.
S., Ma, L., and Skorecki, K. L. (2018) JC polyoma viruria associates with protection from chronic
kidney disease independently from apolipoprotein L1 genotype in African Americans. Nephrol Dial
Transplant 33, 1960-1967

44, Thomson, R., and Finkelstein, A. (2015) Human trypanolytic factor APOL1 forms pH-gated cation-
selective channels in planar lipid bilayers: relevance to trypanosome lysis. Proc Natl Acad Sci U S
A 112, 2894-2899

38


https://doi.org/10.1101/2021.03.16.435683

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.16.435683; this version posted March 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

45, Giovinazzo, J. A,, Thomson, R. P., Khalizova, N., Zager, P. J., Malani, N., Rodriguez-Boulan, E.,
Raper, J., and Schreiner, R. (2020) Apolipoprotein L-1 renal risk variants form active channels at
the plasma membrane driving cytotoxicity. Elife 9, e51185

46. Schaub, C., Verdi, J., Lee, P., Terra, N., Limon, G., Raper, J., and Thomson, R. (2020) Cation channel
conductance and pH gating of the innate immunity factor APOL1 are governed by pore-lining
residues within the C-terminal domain. J Biol Chem 295, 13138-13149

47. Li, D., Snipes, J. A., Murea, M., Molina, A. J. A., Divers, J., Freedman, B. I., Ma, L., and Petrovic, S.
(2020) An Acidic Environment Induces APOL1-Associated Mitochondrial Fragmentation. Am J
Nephrol 51, 695-704

48. Bruno, J., and Edwards, J. C. (2021) Kidney disease-associated variants of Apolipoprotein L1 show
gain-of-function in cation channel activity. J Biol Chem, 100238, (Online ahead of print)

49, Lu, Y., Turnbull, I. R., Bragin, A., Carveth, K., Verkman, A. S., and Skach, W. R. (2000) Reorientation
of aquaporin-1 topology during maturation in the endoplasmic reticulum. Mol Biol Cell 11, 2973-
2985

50. Beckerman, P., Bi-Karchin, J., Park, A. S., Qiu, C., Dummer, P. D., Soomro, l., Boustany-Kari, C. M.,
Pullen, S. S., Miner, J. H., Hu, C. A,, Rohacs, T., Inoue, K., Ishibe, S., Saleem, M. A., Palmer, M. B.,
Cuervo, A. M., Kopp, J. B., and Susztak, K. (2017) Transgenic expression of human APOL1 risk
variants in podocytes induces kidney disease in mice. Nat Med 23, 429-438

51. Smith, E. E., and Malik, H. S. (2009) The apolipoprotein L family of programmed cell death and
immunity genes rapidly evolved in primates at discrete sites of host-pathogen interactions.
Genome Res 19, 850-858

52. Mikulak, J., Oriolo, F., Portale, F., Tentorio, P., Lan, X., Saleem, M. A., Skorecki, K., Singhal, P. C,,
and Mavilio, D. (2016) Impact of APOL1 polymorphism and IL-1beta priming in the entry and
persistence of HIV-1 in human podocytes. Retrovirology 13, 63

53. Casares, D., Escriba, P. V., and Rossello, C. A. (2019) Membrane Lipid Composition: Effect on
Membrane and Organelle Structure, Function and Compartmentalization and Therapeutic
Avenues. Int J Mol Sci 20

54, van Meer, G., and de Kroon, A. I. (2011) Lipid map of the mammalian cell. J Cell Sci 124, 5-8

55. Uzureau, S., Lecordier, L., Uzureau, P., Hennig, D., Graversen, J. H.,, Homble, F., Mfutu, P. E.,
Arcolino, F. O., Ramos, A. R., La Rovere, R. M., Luyten, T., Vermeersch, M., Tebabi, P., Dieu, M.,
Cuypers, B., Deborggraeve, S., Rabant, M., Legendre, C., Moestrup, S. K., Levtchenko, E., Bultynck,
G., Erneux, C., Perez-Morga, D., and Pays, E. (2020) APOL1 C-Terminal Variants May Trigger Kidney
Disease through Interference with APOL3 Control of Actomyosin. Cell Reports 30, 3821-3836

56. Ma, L., Ainsworth, H. C.,, Snipes, J. A., Murea, M., Choi, Y. A,, Langefeld, C. D., Parks, J. S.,
Bharadwaj, M. S., Chou, J. W., Hemal, A. K., Petrovic, S., Craddock, A. L., Cheng, D., Hawkins, G. A,,
Miller, L. D., Hicks, P.J., Saleem, M. A., Divers, J., Molina, A.J. A., and Freedman, B. |. (2020) APOL1
Kidney-Risk Variants Induce Mitochondrial Fission. Kidney Int Rep 5, 891-904

57. Pogozheva, I. D., Tristram-Nagle, S., Mosberg, H. I., and Lomize, A. L. (2013) Structural adaptations
of proteins to different biological membranes. Biochim Biophys Acta 1828, 2592-2608

58. Phillips, R., Ursell, T., Wiggins, P., and Sens, P. (2009) Emerging roles for lipids in shaping
membrane-protein function. Nature 459, 379-385

59. Lannon, H., Shah, S. S., Dias, L., Blackler, D., Alper, S. L., Pollak, M. R., and Friedman, D. J. (2019)
Apolipoprotein L1 (APOL1) risk variant toxicity depends on the haplotype background. Kidney Int
96, 1303-1307.

39


https://doi.org/10.1101/2021.03.16.435683

	Competing interests
	The authors declare that they have no conflicts of interest with the contents of this article.
	Author contribution

