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Zinc binding alters the conformational dynamics and
drives the transport cycle of the cation diffusion
facilitator YiiP

Maria Lopez-Redondo*, Shujie Fan>*@®, Akiko Koide3®, Shohei Koide*®, Oliver Beckstein?®, and David L. Stokes'®

YiiP is a secondary transporter that couples Zn?* transport to the proton motive force. Structural studies of YiiP from
prokaryotes and Znt8 from humans have revealed three different Zn?* sites and a conserved homodimeric architecture. These
structures define the inward-facing and outward-facing states that characterize the archetypal alternating access
mechanism of transport. To study the effects of Zn?* binding on the conformational transition, we use cryo-EM together with
molecular dynamics simulation to compare structures of YiiP from Shewanella oneidensis in the presence and absence of Zn?*.
To enable single-particle cryo-EM, we used a phage-display library to develop a Fab antibody fragment with high affinity for
YiiP, thus producing a YiiP/Fab complex. To perform MD simulations, we developed a nonbonded dummy model for Zn?* and
validated its performance with known Zn?*-binding proteins. Using these tools, we find that, in the presence of Zn?", YiiP
adopts an inward-facing conformation consistent with that previously seen in tubular crystals. After removal of Zn?* with
high-affinity chelators, YiiP exhibits enhanced flexibility and adopts a novel conformation that appears to be intermediate
between inward-facing and outward-facing states. This conformation involves closure of a hydrophobic gate that has been
postulated to control access to the primary transport site. Comparison of several independent cryo-EM maps suggests that
the transition from the inward-facing state is controlled by occupancy of a secondary Zn?* site at the cytoplasmic membrane
interface. This work enhances our understanding of individual Zn?* binding sites and their role in the conformational dynamics

that govern the transport cycle.

Introduction

YiiP is a Zn** transporter from bacteria belonging to the family
of cation diffusion facilitators (CDFs), also known as SLC30, with
representatives in all kingdoms of life. YiiP functions as a Zn?*/
H* antiporter and is capable of using the proton motive force to
remove Zn>* from the cytoplasm (Cotrim et al., 2019). Although
Zn?* is a prevalent substrate for other family members, there is
evidence for transport of other transition metal ions, such as
Mn?*, Co?*, Fe2*, Ni2*, and Cd>* (Montanini et al., 2007; Cubillas
et al., 2013). Human homologues include a group of 10 trans-
porters named Zntl-10, which are largely responsible for load-
ing various organelles with Zn?* (Kambe, 2012). There is
increasing appreciation for the physiological roles played by
Zn?* in a number of biological processes, including synaptic
transmission, oocyte fertilization, and insulin secretion (Liang
et al., 2016). It has been estimated that 10% of the mammalian
proteome is bound to Zn2*, either as a cofactor for enzymatic
reactions or as a structural element stabilizing a protein fold

(Andreini et al., 2006). Insufficient Zn?* in the diet has sig-
nificant health consequences, including chronic inflammation,
diarrhea, and growth retardation (Prasad, 2013), and genetic
defects in Zn?* transporters have been associated with diabetes
and Alzheimer’s disease (Lovell et al., 2005; Sladek et al., 2007).
Despite relatively high concentrations of total Zn (millimolar)
in cells, levels of free Zn?* are in the picomolar range (Maret,
2013) due to the high binding capacity of the proteome, inducible
expression of metallothionein, and complexation with free
amino acids, such as cysteine and histidine (Costello et al., 2011;
Kimura and Kambe, 2016). Given these unique physiological
considerations, a coordinated network of transporters, which
also includes ZIP family transporters (SLC39A), P-type ATPase
(ZntA), and ABC transporters (Cotrim et al., 2019; Neupane et al.,
2019), is required to maintain homeostasis of the organism.
CDF transporters share a common architecture presumed to
underlie a common mechanism of transport. X-ray structures of
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YiiP from Escherichia coli (ecYiiP; Lu and Fu, 2007; Lu et al.,
2009) revealed a homodimeric assembly in which each pro-
tomer is divided into a transmembrane domain (TMD) com-
posed of six helices and a C-terminal domain (CTD) with a fold
resembling a metallochaperone. Conserved metal ion binding
sites are seen in the TMD (site A), which is thought to function
as the transport site, as well as in the CTD (site C). YiiP also has a
nonconserved site in the M2-MS3 intracellular loop (site B) and a
second metal ion bound by nonconserved residues at site C
making a total of four Zn?* ions bound per protomer. Although
other CDF family members conform to this overall architecture,
many include a His-rich intracellular loop between M4 and M5
that has been postulated to play a role in delivering Zn?* to the
transport sites (Podar et al., 2012). Several x-ray structures have
been determined for isolated CTDs from various species showing
that it dimerizes on its own and undergoes a scissor-like con-
formational change upon binding Zn?* (Cotrim et al., 2019).
Cryo-EM structures of the intact YiiP dimer from Shewanella
oneidensis (soYiiP) were determined from ordered arrays in a
lipid membrane, which confirmed the overall architecture of the
E. coli protein, but revealed major conformational changes
(Coudray et al., 2013; Lopez-Redondo et al., 2018). Specifically,
accessibility of transport sites indicated that the x-ray structure
was in an outward-facing state, whereas the cryo-EM structure
was in an inward-facing state. In addition, the comparison
highlighted a large, scissor-like displacement of the TMD from
each protomer that was initially implicated in transport; how-
ever, disulfide cross-links engineered to prevent these move-
ments had no effect on transport function, suggesting that more
subtle conformational changes may be at play (Lopez-Redondo
et al., 2018). Hydroxyl radical labeling was used to identify hy-
drophobic residues at the cytoplasmic side of M5 and Mé6 that
were postulated to gate access to the transport sites (site A). This
result implies a rocking of the outer membrane helices (M1, -2,
-4, -5) relative to the inner membrane helices (M3 and -6) that
mediate the dimer interface (Gupta et al., 2014). Recent MD
simulations using a composite model for YiiP and cryo-EM
structures of the mammalian transporter Znt8 provide addi-
tional support for these motions and for the ability of the hy-
drophobic gate to control access (Sala et al., 2019; Xue et al.,
2020). In addition, the Znt8 structures revealed two unex-
pected Zn binding sites: although amino acid sequence is not
conserved, these two new sites appear in similar locations to site
B and site C on YiiP, and the former was proposed to play an
active role in recruiting ions for transport.

For the current study, we explored the effects of Zn** binding
on the conformational dynamics of soYiiP using cryo-EM and
MD simulation. To facilitate the cryo-EM analysis, we used a
phage display screen to develop an antibody Fab fragment rec-
ognizing the CTD. After using an in vitro transport assay to
ensure that the Fab did not interfere with function, we gener-
ated several cryo-EM structures before and after chelation of
Zn?* jons. 3-D classification and 3-D variability analysis of cryo-
EM datasets revealed conformational variability within indi-
vidual samples, which appear to correlate with Zn?* binding to
the site on the TM2-TM3 loop (site B). Two discrete structures
revealed distinct conformations corresponding to holo and apo
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states, whereas 3-D variability analysis elucidated the transition
between these states. The refined structures at 3.4 and 4.0 A
resolution, respectively, revealed a disordering of the TM2-TM3
loop and Zn site B, as well as a concomitant closing of the hy-
drophobic gate when Zn?* was removed. For MD simulation, we
developed a nonbonded dummy model for Zn?* ions and vali-
dated it against known Zn?*-binding proteins. MD simulations
of the apo and holo states of YiiP revealed enhanced dynamics in
the absence of Zn?* that were well correlated with the cryo-EM
structures. In particular, enhanced movements were observed
for the M2/M3 loop and for the CTD relative to the TMD in the
absence of Zn?*. Despite the enhanced flexibility and gate clo-
sure, dimer interfaces within the TMD and the CTD were pre-
served in both the cryo-EM structures and MD simulations.

Materials and methods

Protein expression and purification

WT YiiP was expressed in E. coli BL21-AI cells (Life Technolo-
gies) from a modified pET vector with an N-terminal deca-
histidine tag. Cells were grown in LB media supplemented with
30 pg/ml kanamycin at 37°C until they reached an Ao 0f 0.8, at
which point they were cooled to 18°C. Expression was induced
by addition of 0.1 mM isopropyl-B-D-thiogalactoside (IPTG)
followed by overnight incubation at 18°C. Cells were harvested
by centrifugation at 4,000 g for 1 h, resuspended in lysis buffer
(20 mM HEPES, pH 7.5, 100 mM NaCl, 10% glycerol, and 250 uM
tris(2-carboxyethyl)phosphine [TCEP]) and then lysed with
a high-pressure homogenizer (Emulsiflex-C3; Avestin). The
membrane fraction was collected by centrifugation at 100,000 g
and then solubilized by addition of 0.375 g n-dodecyl-B-D-mal-
toside (DDM; Anatrace) per gram of membrane pellet for 2 h at
4°C in lysis buffer. Insoluble material was removed by centrif-
ugation at 100,000 g for 40 min. The supernatant was loaded
onto a Ni-NTA affinity column pre-equilibrated in buffer A
(20 mM HEPES, pH 7.5, 100 mM NaCl, 10% glycerol, and 0.05%
DDM). The column was washed by addition of buffer A supple-
mented with 20 mM imidazole and protein was then eluted
using a gradient of imidazole ranging from 20 to 500 mM. Peak
fractions were combined, supplemented with tobacco etch virus
(TEV) protease (1:10 weight ratio of TEV:YiiP) to cleave the
decahistidine tag, and dialyzed overnight at 4°C against buffer A.
TEV protease was removed by loading the dialysate onto an Ni-
NTA column and collecting the flow-through fractions. After
concentration, a final purification was done with a Superdex
200 size-exclusion chromatography (SEC) column (GE Health-
care) equilibrated with SEC buffer (20 mM HEPES, pH 7.5,
150 mM NaCl, 0.2% n-decyl-B-D-maltoside, and 1 mM TCEP).

Transport assay

A fluorometric assay was used to measure transport, as de-
scribed previously (Lopez-Redondo et al., 2018). For this assay,
YiiP was reconstituted by mixing 25 pg of purified YiiP in re-
constitution buffer (20 mM HEPES, pH 6.5, and 200 mM K,S0,)
with 1.5 mg Triton X-100 and 2.5 mg of E. coli polar lipids (Avanti
Polar Lipids) in a volume of 250 pl. This protein/lipid/detergent
mixture was incubated at room temperature for 30 min and
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then SM2 BioBeads (BioRad) were added in three steps: 7.5 mg
BioBeads followed by 1.5 h incubation at room temperature,
15 mg BioBeads followed by overnight incubation at 4°C, and
15 mg BioBeads for 1 h at 4°C. The resulting proteoliposomes
were collected and stored at -80°C.

Prior to the transport assay, proteoliposomes were loaded
with 200 pM of FluoZin-1 (Thermo Fisher Scientific). After
adding dye, proteoliposomes were subjected to five cycles of
freeze-thaw using LN, and were then extruded 13 times through
0.4-pm polycarbonate membranes (Whatman Nucleopore; Mil-
lipore Sigma) pre-equilibrated with reconstitution buffer. Excess
FluoZin-1 dye was then removed by passing the sample through
a PD-10 desalting column (GE Healthcare) pre-equilibrated with
reconstitution buffer.

For the transport assay, proteoliposomes were introduced
into a fluorimeter (Fluoromax-4; Horiba Scientific) using a
stopped-flow apparatus (STA-20 Rapid Kinetic Accessory;
Hi-Tech Scientific). This apparatus mixed the proteoliposome
solution with an equal volume of reconstitution buffer supple-
mented with various concentrations of ZnCl, (0.125-64 mM in
reconstitution buffer) and has a dead time of ~50 ms. Fluores-
cence was excited at 490 nm and monitored at 525 nm. To
normalize the fluorescence signal, maximal fluorescence from
each individual preparation was determined after mixing 4%
B-octyl-D-glucoside and 64 mM ZnCl, with an equal volume of
proteoliposomes. In addition, a protein-free preparation of lip-
osomes was used to determine a baseline leakage of Zn. From
these data, the transport rate was quantified by plotting FP/
FPmax - FL/FLmax versus time, where FP and FL are the signals
from proteoliposomes and protein-free liposomes, respectively,
and FPmax and FLmax are the corresponding normalization
signals in the presence of B-octyl-D-glucoside. The initial rates
from each run were then fitted with the Hill equation to de-
termine Ko 5, n, and V., (Lopez-Redondo et al., 2018).

Fab selection, expression, and mutagenesis

Synthetic antibodies with an Fab architecture were selected
from a phage-display library (Miller et al., 2012; Sauer et al.,
2020). For this selection, purified YiiP retaining the His tag
was reconstituted into biotinylated nanodiscs (Ritchie et al.,
2009). We used a construct of the membrane scaffolding pro-
tein based on MSPIE3DI1 (Sigma-Aldrich) with a Cys residue
engineered into the C terminus (a gift from Dr. John F. Hunt,
Columbia University, New York, NY). Prior to reconstitution,
this Cys residue was labeled with biotin by incubation of
membrane scaffolding protein with a 20-fold molar excess of
maleimide-PEG11-biotin (Thermo Fisher Scientific) overnight at
4°C. For reconstitution of nanodiscs, E. coli polar lipids was
solubilized in DDM (1:2 weight ratio) and added to YiiP at a
molar lipid-to-protein ratio of 277:1 in nanodisc buffer (20 mM
Tris, pH 7.4, 100 mM NaCl, 0.5 mM EDTA, and 0.5 mM TCEP).
After incubation on ice for 10 min, biotinylated membrane
scaffolding protein was added at an eightfold molar excess to
produce 500 pl of a solution containing 2.5 mM E. coli polar
lipids, 72 pM membrane scaffolding protein, 9 uM YiiP, and
7.2 mM DDM. After incubation at 4°C for 1 h, BioBeads were
added in three steps (300 mg for 1 h, 200 mg for 30 min, and
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100 mg overnight) while the solution was gently stirred at 4°C.
Nanodiscs containing YiiP were then separated from empty
nanodiscs by incubating the solution with 0.5 ml Ni-NTA
beads pre-equilibrated with nanodisc buffer for 30 min at
4°C. These beads were packed into a column, washed with 1 ml
nanodisc buffer, and nanodisc-reconstituted YiiP was then
eluted with 2 ml nanodisc buffer supplemented with 0.3 M
imidazole. Peak elution fractions were pooled and concen-
trated with an Amicon concentrator (cutoff 50 kD). The con-
centrated sample was fractionated on Superdex 200 10/300
GL size-exclusion column pre-equilibrated and eluted with
nanodisc buffer.

For the phage display selection, biotinylated nanodiscs were
immobilized on streptavidin-coated magnetic beads and library
sorting was performed as published previously (Miller et al.,
2012; Dominik and Kossiakoff, 2015; Sauer et al., 2020). The
process comprised four rounds of binding, washing, and am-
plification of the bound phages in E. coli. In later rounds, en-
riched phage pools were reapplied either to reconstituted YiiP to
improve the selection or to empty nanodiscs to perform a neg-
ative selection. Clones were analyzed using phage ELISA. The
Fab genes of selected clones were subcloned into the Ptac-Fab-
accept vector that was constructed from the RH2.2IPTG vector (a
gift of Dr. Sachdev Sidhu, University of Toronto, Toronto, ON,
Canada) for large scale expression. After selecting a particular
Fab molecule for cryo-EM analysis (see below), a mutation was
made in the hinge between the two domains of the Fab heavy
chain in an attempt to produce a more rigid molecule. Specifi-
cally, the sequence *°SSASTKG!®¢, which is an invariate part of
the Fab scaffold, was changed to *°FNQIKG'®® (Bailey et al.,
2018).

For expression of Fab, E. coli strain 55244 was transformed
with the Fab expression vector. These cells were then cultured
in 1 liter of media composed of 12 g/liter tryptone, 24 g/liter
yeast extract, 12.5 g/liter K,HPO,, 2.3 g/liter KH,PO,, and 0.8%
glycerol for ~24 h at 30°C. Although this plasmid carries a T4
promoter, Fab expression was achieved without the addition of
IPTG. Cells were harvested by centrifugation at 8,000 g for 1 h
and the cell pellet was typically stored at -80°C. For purification,
the cell pellet was thawed and resuspended in 20 mM NazPO,
(pH 7), with 1 mg/ml hen egg lysozyme, 1 mM PMSF, and 1 ug/ml
DNasel/MgCl,. This cell suspension was incubated at room
temperature for 1 h followed by 15 min on ice and was then
passed through a high-pressure homogenizer (Emulsiflex-C3;
Avestin). The lysate was centrifuged at 34,000 g for 1 h at 4°C
and the supernatant passed through a 0.22-um filter. This so-
lution was loaded onto a 5-ml HiTrap Protein G HP column (GE
Healthcare) equilibrated with 20 mM NazPO, (pH 7.0) and eluted
with 0.1 M glycine-HCl (pH 2.7). Fractions of 2 ml were collected
in tubes containing 200 pl of 2 M Tris-HCI (pH 8). Pooled fractions
were dialyzed against 1 liter of 50 mM NaCH;CO, (pH 5.0)
overnight at 4°C. Finally, this dialysate was loaded onto a
Resource-S cation exchange column (GE Healthcare) equili-
brated in 50 mM NaCH3CO, (pH 5.0) and eluted with a 0 to
50% gradient of elution buffer (50 mM NaCH;3CO,, pH 5, and
0.5 M NaCl). Fractions containing pure Fab were pooled and
dialyzed against YiiP SEC buffer.
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Sample Complex Pretreatment SEC Grid preparation Images/ Resolution, symmetry,
particles structure ID
2DX YiiP helical crystals 5 mM EDTA 10 min No EDTA Dialysis/reconstitution 1,732 imgs
152,728 ptcls 4.2 A, D3, 2DX
213,454 ptcls 4.2 A D1, 2DX
SP1 YiiP + Fab2 No EDTA No EDTA Concentration 4,312 imgs
102,390 ptcls 3.8 A, C2,SP1
SP2 YiiP + Fab2r 0.5 mM EDTA o/n 0.5 mM EDTA Concentration 1,945 imgs
140,465 ptcls 4.0 A, C1,5P2
SP3 YiiP + Fab2r 0.5 mM EDTA o/n No EDTA Concentration, filter 2,898 imgs
151,898 ptcls 34 /&, C2, SP3sym
85,207 ptcls 4.2 A C1, SP3bent
SP4 YiiP + Fab2r 0.5 mM EDTA, 0.5 mM EDTA, Concentration, filter 8,234 imgs
0.5 mM TPEN o/n 0.5 mM TPEN

287,608 ptcls 35 /&, C2, SP4sym

140,971 ptcls 4.7 A, C1, SP4bent

o/n, overnight incubation; imgs, images; ptcls, particles.

Cryo-EM sample preparation and data analysis
A complex between YiiP and Fab was produced by incubating a
mixture of the two proteins at a 1:1 molar ratio for 1 h at 20°C
with a total protein concentration of ~17 uM. For initial char-
acterization of the complex, the sample was run on a Shodex
KW-803 size-exclusion column (Showa Denko America) that
was equilibrated with 20 mM HEPES (pH 7.5), 150 mM Nacl,
0.2% n-decyl-B-D-maltoside, and 1 mM N,N,N’,N’-tetrakis(2-
pyridinylmethyl)-1,2-ethanediamine (TPEN) using an HPLC
(Waters Corp) with a flow rate of 0.5 ml/min. The complex was
then purified on a Superdex 200 size-exclusion column equili-
brated with SEC buffer using fast protein liquid chromatography
(AKTA; GE Healthcare). Some of the samples were treated with
either EDTA or TPEN to chelate metal ions (Table 1). In those
cases, the complex was incubated with 0.5 mM EDTA or with a
combination of 0.5 mM EDTA and 0.5 mM TPEN for 16 h at 4°C,
and in most cases those chelators were also added to the SEC
buffer during final purification. Peak elution fractions were
pooled and concentrated to 3-4 mg/ml and used immediately for
preparation of cryo-EM samples. For this process, 3-4 pl of so-
lution were added to glow-discharged grids (C-Flat 1.2/1.3-4Cu-
50; Protochips) that were blotted under 100% humidity at 4°C
and plunge frozen into liquid ethane using a Vitrobot (FEI Corp).
For tubular crystals, we followed procedures described in
previous publications (Coudray et al., 2013; Lopez-Redondo
et al., 2018). In brief, purified protein containing 0.9 mg/ml
YiiP and 0.2% n-decyl-B-D-maltoside was mixed with a solution
of 2 mg/ml dioleoylphosphatidylglycerol solubilized with 4 mg/
ml DDM to achieve a lipid-to-protein weight ratio of 0.5. After
incubation for 1 h, this solution was dialyzed for 14 d at 4°C
against a buffer composed of 20 mM N-[tris(hydroxymethyl)
methyl]- 2-aminoethanesulfonic acid (TES), pH 7, 100 mM Nacl,
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5 mM MgCl,, and 5 mM NaNj. The presence of tubular crystals
was confirmed by viewing negatively stained samples. For cryo-
EM analysis, samples were diluted 30-fold and applied to grids
covered with home-made lacey carbon films. These grids were
then blotted from the back side of the grid and plunge frozen in
liquid ethane using a Leica EMGP (Leica Microsystems).

Samples of tubular crystals were imaged with a Talos Arctica
200-kV EM (FEI Corp) with a K2 Summit detector (Gatan), and
samples of the YiiP/Fab complex were imaged with a Titan Krios
G3i 300-kV EM (FEI Corp) equipped a Bioquantum energy filter
with K2 or K3 direct electron detector (Gatan). Pixel size was
~1 A/pix with a total dose of 50-80 electrons/A2. After selecting
micrographs free from excessive contamination, crystalline ice,
or imaging artifacts, images of the YiiP/Fab complex were
evaluated using cryoSPARC v2.15 (Punjani et al., 2017). Tem-
plates for particle picking were initially produced by manually
picking ~1,000 particles. 2-D class averages were then used to
select particles from all micrographs. The initial set of particles
were subjected to 2-D classification followed by successive
rounds of ab initio reconstruction using Cl symmetry, two
classes, and a resolution cutoff of 12 A to select a homogenous
population. These particles were binned twofold and used for
heterogeneous refinement against two or three reference struc-
tures derived from the ab initio jobs. A final selection of unbinned
particles was then used for nonuniform refinement with either
Cl or C2 symmetry. Postprocessing steps included calculation of
local resolution and evaluation of 3-D variability (Punjani and
Fleet, 2021). Images of the tubular crystals were analyzed using
Relion (Scheres, 2012) according to protocols previously de-
scribed (Lopez-Redondo et al., 2018).

For model building, we started with deposited Protein Data
Bank (PDB) models for YiiP (accession no. 5VRF) and a related
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Fab molecule (accession no. 4JQI). For Fab, we used MODELLER
(Webb and Sali, 2014) to produce a homology model for Fab2.
After rigid-body docking of these starting models to the map
from SP1, we used Namdinator (Kidmose et al., 2019) to apply
the Molecular Dynamics Flexible Fitting (MDFF) method
(Trabuco et al., 2008) followed by standard real-space refine-
ment with PHENIX (Adams et al., 2010). For SP1, SP2, and
SP3sym datasets, we also used Coot (Emsley et al., 2010) to
manually adjust the models to resolve errors or delete disor-
dered loops followed by real-space refinement with PHENIX.
This refinement process was iterated until acceptable metrics
were obtained (Table 2). The model for the SP1 dataset was used
as the starting point for model building into the SP2 dataset,
which required manually adjusting the membrane domain to
match the density map. Lower resolution in this region made it
difficult to define the structures for some loops and membrane
helices. For these regions, we used Namdinator models that
were generated from the 3-D variability analyses. In particular,
we used the 3-D variability job in cryoSPARC with a resolution
of 5.5 A to generate three principle components of variance in
the dataset. We then used the simple mode for a 3-D variability
display job to produce 20 maps representing the extent of var-
iability along each component. Next, the model from SP3sym
was fitted to the 10th map using Namdinator. The resulting
model was then fitted to the ninth map using Namdinator, and
that model was fitted to the eighth map, and so on. This stepwise
process of Namdinator fitting was repeated for maps 11 to 20.
This procedure represents an objective approach to model
building and resulted in the bent conformation characterized by
bends in M2 and M5 as well as a plausible structure for the
disordered M2/M3 loop. This Namdinator model was then
docked to the SP2 map and refined through several rounds of
Coot modeling and PHENIX real-space refinement.

Model for MD simulations

The cryo-EM structure of the zinc transporter YiiP from helical
crystals (PDB accession no. 5VRF) was used as the initial struc-
ture for all-atom MD simulations. All ionizable residues were set
to their default protonation states. For histidines in the binding
sites, protonation states were based on their orientation relative
to Zn ions in the cryo-EM structure: H73 and H155 were modeled
with the neutral HSE tautomer (proton on the N), while all
other histidines were modeled with the neutral HSD tautomer
(proton on Ns). As the cryo-EM structure contained zinc ions in
its binding sites, it was directly used as the initial Zn?**-bound
(holo) model. For the apo state, the initial model was generated
by simply removing the Zn ions from PDB accession no. 5VRF.

MD simulations

All-atom YiiP membrane-protein systems were built up in a
4:1 palmitoyloleoylphosphatidylethanolamine:palmitoyloleoyl-
phosphatidylglycerol (POPE:POPG) bilayer, which approximates
the composition of the plasma membrane from E. coli (Raetz,
1986), with a free NaCl concentration of 100 mM. We used
CHARMM-GUI v1.7 (Jo et al., 2008; Jo et al., 2009; Lee et al.,
2016) with the CHARMMS36 force field, the CMAP correction for
proteins (MacKerell et al., 1998; Mackerell et al., 2004) and lipids
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(Klauda et al., 2010), and the CHARMM TIP3P water model. The
size of apo systems was 117,394 atoms in hexagonal simulation
cells (a = 101 A, ¢ = 135 A) and that of holo systems was 115,068
atoms in hexagonal simulation cells (101 A x 101 A x 135 A).
Three repeats of 1-ps simulations were run for apo and holo
states, starting from the same initial system conformation but
with different initial velocities.

Simulations were performed using GROMACS 2019.6
(Abraham et al., 2015) on GPUs. Before the production equilib-
rium MD simulations, the systems underwent energy minimi-
zation and a 3.75-ns six-stage equilibration procedure with
position restraints on protein and lipids, following the
CHARMM-GUI protocol (Jo et al., 2008). All simulations were
performed under periodic boundary conditions at constant
temperature (T = 303.15 K) and pressure (P = 1 bar). A velocity
rescaling thermostat (Bussi et al., 2007) was used with a time
constant of 1 ps, and protein, lipids, and solvent were defined as
three separate temperature-coupling groups. A Parrinello-
Rahman barostat (Parrinello and Rahman, 1981) with time
constant 5 ps and compressibility 4.6 x 10~ bar™! was used for
semi-isotropic pressure coupling. The Verlet neighbor list was
updated every 20 steps with a cutoff of 1.2 nm and a buffer
tolerance of 0.005 kJ/mol/ps. Coulomb interactions under pe-
riodic boundary conditions were evaluated by using the smooth
particle mesh Ewald method (Essmann et al., 1995) under tinfoil
boundary conditions with a real-space cutoff of 1.2 nm, and in-
teractions beyond the cutoff were calculated in reciprocal space
with a fast-Fourier transform on a grid with 0.12-nm spacing
and fourth-order spline interpolation. The Lennard-Jones forces
were switched smoothly to 0 between 1.0 and 1.2 nm and the
potential was shifted over the whole range and reduced to O at
the cutoff. GROMACS was set to dynamically optimize neigh-
borlist updates and Coulomb real-space cutoff during the sim-
ulation. Bonds to hydrogen atoms were constrained with the
P-LINCS algorithm (Hess, 2008) with an expansion order of four
and two LINCS iterations or with SETTLE (Miyamoto and
Kollman, 1992) for water molecules. The classical equations of
motions were integrated with the leapfrog algorithm with a time
step of 2 fs.

Analysis of MD simulations

Simulation trajectories were analyzed with Python scripts based
on MDAnalysis (Gowers et al., 2016). Probability densities of
time series data were calculated as kernel density estimate
(KDE) using sklearn.neighbors.KernelDensity in the scikit-learn
package (Pedregosa et al, 2011) with a bandwidth of 0.2.
RMSDs were calculated using the qcprot algorithm (Liu et al.,
2010) as implemented in MDAnalysis; the calculation considered
C, atoms of the whole protein, TMD, and CTD after optimally
superimposing the atoms on the same C, atoms of the cryo-EM
structure. Root mean square fluctuation (RMSF) of all C,, atoms
were calculated by superimposing the protein either on all, on
only TMD, or on only CTD C, atoms. To quantify the flexibility of
the M2/M3 loop in apo and holo states, we also calculated the C,
RMSDs of the loop when the whole protein was superimposed
on itself or when just the loop was fitted on itself. To quantify
the relative motion between the two domains, we performed a
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Table 2. Cryo-EM data collection and model statistics

JGP

Dataset SP1 SP2 EDTA SP3sym EDTA SP3bent EDTA SP4sym EDTA/TPEN  SP4bent EDTA/TPEN
untreated treated treated treated treated treated
Deposition N/A N/A N/A N/A
PDB 7KZX 7KZZ
EMDB EMD-23092 EMD-23093
Data collection and
processing
Magnification 81,000 81,000 81,000 81,000 81,000 81,000
Voltage (kV) 300 300 300 300 300 300
Electron exposure (e’//&z) 83 77 65 65 50 50
Defocus range (um) 1.0-3.0 15-3.0 1-25 1-25 1-25 1-25
Pixel size (A) 1.035 1.035 1.048 1.048 1.079 1.079
Symmetry imposed 2 C1 (] C1 2 C1
Initial particle images (no.) 473,960 848,576 1,448,191 1,448,191 1,685,559 1,685,559
Final particle images (no.) 102,390 140,565 151,898 85,207 287,608 140,971
Map resolution (A) 3.83 4.00 3.42 418 3.52 4.66
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Model refinement MDFF2 MDFF?2 MDFF?2
Model composition
Nonhydrogen atoms 10416 10446 10470 10446 10468 10446
Protein residues 1362 1361 1364 1361 1364 1361
Ligands 8 0 8 0 0 0
RMS deviations
Bond lengths (A) 0.004 0.011 0.014 0.012 0.012 0.009
Bond angles (°) 0.884 1.103 2.397 1.275 1.238 1119
Validation
MolProbity score 2.39 231 213 2.73 241 2.65
Clashscore 20.96 19.88 2.30 40.62 21.56 34.86
Rotamer outliers (%) 0.00 0.00 411 0.00 0.00 0.00
CaBLAM outliers (%) 3.88 472 5.70 6.02 5.02 4.42
Ramachandran plot
Favored (%) 89.16 91.10 85.00 86.16 88.66 86.84
Allowed (%) 10.84 8.60 11.57 13.61 11.04 13.16
Disallowed (%) 0.00 0.30 3.43 0.22 0.30 0.00
Model vs. data CC (mask) 0.78 0.81 0.78 0.78 0.81 0.82

FSC, forward scatter.

2Models created by Namdinator, which removes Zn ligands during its fitting process.

CTD-TMD rotation angle analysis. The whole protein was first
superimposed on the TMD domain of a reference structure—
here, we used the experimental holo structure (PDB accession
no. 5VRF) as reference—and the rotation angle that minimized
the RMSD of the CTD was calculated from the rotation matrix.
To study the influence of Zn ions on the rigidity of the binding
sites, RMSDs for the side chains of the binding residues were
calculated. The opening of the hydrophobic gates in the TMD
was assessed using two collective variables—the distance
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between C, atoms of Ala4l and Alal83 as the periplasmic gate
and the distance between C, atoms of Leul54 and Leul99 for the
cytosolic gate. Native contacts analysis was used to describe the
stability of dimeric interfaces in the TMD and CTD. The refer-
ence native contacts were defined as pairs of atoms in the
TMD—primarily located in M3 and M6—or in the CTD between
protomer A and protomer B, whose pair distance was shorter
than 4.5 A in the cryo-EM structure (PDB accession no. 5VRF). A
soft cutoff (Best et al., 2013) with a softness parameter of 5 A~!
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and a reference distance tolerance of 1.8 was used for the native
contacts calculation, as implemented in MDAnalysis. Addition-
ally, the RMSD time series of the native contact atoms were
calculated. The distance between C, atoms of R237 and E281 was
used as another collective variable to describe the CTD dimeric
interface.

Trajectories from the holo and apo simulations were quan-
titatively compared with the experimental SP2 and SP3sym
cryo-EM maps. For this comparison, we used the EMMI module
(Bonomi et al., 2018; Bonomi et al., 2019) in PLUMED (PLUMED
consortium, 2019) using a modified version based on version
2.7.0 at https://github.com/plumed/plumed2/tree/isdb. To pre-
pare the cryo-EM maps for this comparison, we masked the
density corresponding to YiiP in the cryo-EM maps to remove
density for the Fab molecules, which were not included in the
simulations. This mask was generated based on the PDB coor-
dinates for the respective structures and using the molmap
feature of Chimera (Pettersen et al., 2004), specifying a reso-
lution of 15 A and cosine padding of 2 A. We then followed the
workflow described in steps 2A-2D by Bonomi et al. (2019). The
masked maps were fitted by Gaussian Mixture Models, and
the simulation trajectories were aligned to the C, atoms of M3
and M6 in the PDB structures generated from the density maps.
The cross-correlations were calculated for every 1,000th frame
from the trajectories by the EMMI module using the Gaussian
Mixture Models and aligned trajectories as input.

Classical force field model for zn(ll) ions

Divalent ions are challenging to simulate with classical force
fields, especially when ions need to be able to transition between
solution and binding sites, as for the transport site A and poten-
tially also for the B site in YiiP. Because only a simple nonbonded
soft-sphere model for zinc was available in the CHARMM force-
field, we developed a six-site nonbonded dummy model (Aqist
and Warshel, 1990; Duarte et al., 2014) for the Zn(II) ion in com-
bination with the CHARMM TIP3P water model. Following the
previous study (Duarte et al., 2014), the number of dummy sites
(n = 6) was selected based on the experimental coordination
number of Zn ions in water (Marcus, 1988), and the model was
optimized by reproducing the hydration free energy (HFE) of
-1,955 kJ/mol (Marcus, 1991) and an ion-oxygen distance (I0D) of
2.08 A (Marcus, 1988) in simulations with the CHARMM TIP3P
water model (Fig. S2). Each of the dummy sites (DM) was assigned
a mass of 3 u and a partial charge of 8 = +0.35e, while the central
site (ZND) was assigned a mass of 47.39 u and charge of -0.1le for a
total charge of +2e, where e is the absolute value of the electron
charge and u the atomic mass unit. Dummy atoms were con-
strained to be located at a fixed distance of 0.9 A from the central
atom. Overall arrangement of dummy atoms at the corners of
an octahedron was maintained by harmonic restraints between
dummy atoms (force constant 334,720 kJ/[mol nm?]) and angle
restraints (force constant 1,046 kJ/[mol rad?]). A genetic algorithm
(Eiben et al., 1994) was used to optimize the Lennard-Jones pa-
rameters, which model van der Waals interactions, of both atom
types. We first randomly generated eight sets of parameters.
These sets were ranked based on the computed HFEs and IODs.
HFEs were calculated via stratified all-atom alchemical free energy
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perturbation MD simulations (Klimovich et al., 2015; Fan et al.,
2020), and a finite size correction (Reif and Hiinenberger, 2011)
was applied to the simulated free energy values. In particular, a
total correction of -150.1 kJ/mol—consisting of a type C; correc-
tion of -149.8 kJ/mol for the use of a Ewald method to evaluate
electrostatics, a type C, correction of -1.3 kJ/mol to correct for the
artifactual constraint of vanishing average potential in the Ewald
method, and a type D (PBC/LS) correction of +1.0 kJ/mol to adjust
for the difference in the dielectric permittivity between the water
model and real water—was added to obtain final HFE that could be
compared with the experimental value. IODs were calculated from
15-ns equilibrium MD simulations in the NPT ensemble at stan-
dard conditions as the position of the first peak of the radial dis-
tribution function (RDF) between Zn ions and the oxygen atoms of
all water molecules. The best four sets of parameters were kept in
the next generation. Four new sets were generated by taking a
random weighted average of the parameters of two sets from the
previous generation. Together with another four randomly gen-
erated parameter sets, a new generation with 12 candidates was
again simulated and ranked by HFEs and IODs. After repeating
these steps, we obtained a converged set of van der Waals pa-
rameters in the sixth generation that reproduced the experimental
coordination number in water (n = 6), I0D (model: 2.088 A; ex-
periment: 2.08 A), and HFE (model: -1,956 kJ/mol; experiment:
-1,955 kJ/mol; Fig. S2 A). The optimal Lennard-Jones parameters
for the dummy sites (DM) were € = 4.541995 x 10~* kJ/mol, ¢ =
4.99926 x 1072 nm; and € = 21.2999497535 kJ/mol, ¢ =1.30117 x 107!
nm for the central ZND site. The final parameters were deposited
in the Ligandbook repository (https://ligandbook.org/; Domanski
et al,, 2017) with package ID 2934 as input files for GROMACS.

As discussed in Results, our CHARMM Zn(II) nonbonded
dummy model was validated with MD simulations using ex-
perimental crystal structures for B-1,3-1,4-endo-glucanase (PDB
accession no. 1UOA, resolution 1.64 A), stromelysin-1 (PDB ac-
cession no. 2USN, resolution 2.20 A), and the & subunit of E. coli
clamp-loader complex (PDB accession no. 1A5T, resolution 2.20
A). Three independent repeats of 200-ns simulations were
performed for each structure. The simulation systems were built
with CHARMM-GUI v1.7 and the simulations were run with
GROMACS 2019.6. Simulation settings were the same as for the
YiiP simulations, except that we used isotropic pressure cou-
pling and two separate temperature-coupling groups: protein
and solvent. RMSDs of backbone atoms, all binding site residues,
and ligand atoms were calculated to assess the stability of the
Zn-bound structures. RDFs between the zinc ion and binding
site ligand atoms were compared with the distances from crystal
structures using RDF.InterRDF_s in Parallel MDAnalysis (Fan
et al., 2019).

Online supplemental material

Supplemental figures show details of image processing used for
structure determination, the process for generating the Zn
dummy model used for MD simulations, as well as data dis-
cussed in the manuscript that extend or complement the main
figures. Fig. S1 shows steps in structure determination of tubular
crystals grown from EDTA-treated YiiP. Fig. S2 shows the pa-
rametrization and validation of the nonbonded dummy model
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for Zn?*. Fig. S3 shows steps in structure determination of the
untreated YiiP/Fab complex from the SP1 dataset. Fig. S4 shows
the stability of Zn binding sites in MD simulations of YiiP. Fig. S5
shows the RMSD plot for the remaining two MD simulations
(mdo and md2) of the holo state. Fig. S6 shows steps in structure
determination of the EDTA-treated YiiP/Fab complex from the
SP2 dataset. Fig. S7 shows steps in structure determination of
the EDTA-treated YiiP/Fab complex from the SP3 dataset. Fig. S8
shows steps in structure determination of the YiiP/Fab complex
treated with both EDTA and TPEN from the SP4 dataset. Fig. S9
shows RMSD plots for the remaining two MD simulations (md0
and md2) of the apo state. Fig. S10 shows the quantitation of M2/
M3 loop movements during the MD simulations showing greatly
enhanced dynamics in the apo state. Fig. S11 shows the quanti-
tative comparison of cryo-EM density maps and conformations
from the MD simulation. Fig. S12 shows that dynamics of the
CTD are influenced by Zn binding. Fig. S13 shows 3-D variability
in the SP4 dataset.

Results

Zn?* is required for formation of tubular crystals

In previous work, we employed an automated screening pipeline
to produce tubular crystals of YiiP within reconstituted bilayers
(Kim et al., 2010). Cryo-EM and helical reconstruction were then
used to generate structures of the twofold symmetric homo-
dimer in a membrane environment (Coudray et al., 2013; Lopez-
Redondo et al., 2018). Although Zn2* was not added during pu-
rification or crystallization, a high resolution structure revealed
strong densities at each of the four metal ion binding sites
(Lopez-Redondo et al., 2018), suggesting that metal ions either
copurified with the protein or were scavenged from buffers used
for purification and crystallization. As a first attempt to evaluate
the structural effects of removing metal ions, we treated samples
with 5 mM EDTA for 10 min before reconstitution and crystal-
lization (Table 1). After EDTA treatment, tubular crystals readily
formed under standard conditions, which involved two weeks
of dialysis in buffers lacking both Zn2* and EDTA (Fig. S1).
After imaging these samples by cryo-EM, 2-D classification
revealed two prevalent helical morphologies characterized by
D1 and D3 symmetries, as has been previously described
(Lopez-Redondo et al., 2018). The global resolution of these
structures (referred to as 2DX) was 4.2 A resolution though, as
previously observed, the resolution in the TMD was consid-
erably better than the CTD. Docking our previous model from
tubular crystals (PDB accession no. 5VRF) to these new den-
sity maps illustrated that the conformation was unaffected by
the EDTA treatment (Fig. 1). Furthermore, strong density is
visible at Zn sites A and B, suggesting that metal ions re-
mained at these sites; the lower resolution of the CTD made
site C difficult to evaluate. This observation suggests either
that the off rate for metal ions is extremely low or that the
affinity is high enough to scavenge trace metal ions from the
dialysis buffers used to produce the tubular crystals. The ad-
dition of 0.5 mM EDTA to the dialysis buffer prevented crystal
formation, suggesting that effective removal of Zn?* may
produce a conformational change.
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Development of an antibody fragment for cryo-EM analysis
Single-particle cryo-EM is an alternative approach for structure
determination, in which buffer conditions can be manipulated
without the physical or chemical constraints of crystallization;
however, the small size of the YiiP dimer (65 kD) represents a
challenge that we overcame by making a complex with Fab
molecules. To identify high-affinity Fab clones, we screened a
phage-display library containing ~10" unique Fab fragments
(Miller et al., 2012; Sauer et al., 2020) using YiiP reconstituted
into biotinylated nanodiscs (Dominik and Kossiakoff, 2015). The
various candidate Fabs were initially evaluated by ELISA (Fig. 2
A) and those demonstrating specific binding were sequenced
and cloned into a vector for expression in E. coli. In this way, we
identified four Fab clones that were purified in large quantities
suitable for biophysical evaluation. Specifically, formation of a
stable complex was examined using SEC, where a shift in the
elution volume indicated the presence of a stable complex (Fig. 2
B). Fab2 and Fab3 showed single, uniform SEC peaks consistent
with a 2:2 complex (Fab:YiiP). Fab7 produced two discrete peaks
superimposed with isolated YiiP and isolated Fab, indicating a
lack of complex formation. Fab4 produced an asymmetric peak,
suggesting a heterogeneous preparation composed of 2:2 and 1:
2 complexes (Fab:YiiP). We selected Fab2 for our cryo-EM work.
Although initial complexes were formed using the 4D5 Fab
framework employed for the phage-display library (Miller et al.,
2012), we later introduced mutations into the hinge between
variable and constant domains in the heavy chain (VH and CH,
respectively) in an attempt to increase rigidity and thus the
resolution of cryo-EM structures (Bailey et al., 2018). In par-
ticular, we substituted the SSAST sequence in the heavy chain
with FNQI to generate a construct denoted Fab2r. SEC profiles
and cryo-EM analysis discussed below indicated that this sub-
stitution had no negative effect on complex formation with YiiP.

Prior to structural studies, a transport assay was used to
ensure that Fab binding did not interfere with the functionality
of YiiP and, hence, its ability to undergo conformational changes
associated with transport. For this assay, the complex was
formed by incubation at a 2:1 molar excess (Fab2:YiiP) followed
by reconstitution into proteoliposomes using established pro-
cedures (Lopez-Redondo et al., 2018). The results (Fig. 2 C) show
that the Fab had no apparent effect on either Ky or Vi,y, sug-
gesting that Fab binding did not interfere with conformational
changes associated with the transport process.

Development of a Zn model for MD simulation

To complement cryo-EM studies, we used MD simulation to
assess the effect of Zn?* on the structural dynamics of YiiP. To
start, we developed a representation of metal ions that freely
exchange between binding sites and the aqueous solvent, which
has proved challenging for classical force fields (Li and Merz,
2017). Similar to previous work (Duarte et al., 2014), we pa-
rametrized a nonbonded dummy atom model for the CHARMM
force field consisting of a central Zn atom surrounded by an
octahedral configuration of six dummy atoms (Fig. S2 A). A
genetic algorithm (Eiben et al., 1994) was used to adjust the van
der Waals parameters of the atoms to reproduce a hydration
energy of Zn?* ions in water of -1,955 kJ/mol (Marcus, 1991) and
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an ion-water oxygen distance of 2.08 A (Marcus, 1988). After six
cycles of optimization, the algorithm converged to within 1% and
0.3% of the target values, respectively (Fig. S2 B) and produced
the experimentally observed coordination of six oxygen atoms
in water (Marcus, 1988; Fig. S2 C). The model was then validated
by performing 200-ns all-atom simulations in water (three re-
peats each) using the x-ray crystal structures for B-1,3-1,4-en-
doglucanase (PDB accession no. 1UOA), stromelysin-1 (PDB
accession no. 2USN), and the 8 subunit of E. coli clamp-loader
complex (PDB accession no. 1A5T). These structures were chosen
for their high resolution—1.6, 2.2, and 2.2 A, respectively—and
for the diversity in their coordinating residues, namely HHDD,
HHHD, and CCCC. His (H) and Asp (D) residues are most
relevant given their presence in the binding sites of YiiP; the
Cys (C) site was included for completeness. In all three cases,
the Zn ion remained stably bound, despite movements of
protein elements around the site. RDFs for the Zn ion bound by
His and Asp residues showed that distances to coordinating
oxygen or nitrogen atoms were only very slightly longer
than in the x-ray structures (0.1 and 0.2 A, respectively),
indicating that the dummy model was highly suitable for
these sites (Fig. S2, D-I). The excellent performance for
oxygen is expected due to reliance on Zn-oxygen interac-
tions for the parametrization process, and the very good
performance for N is probably due to the overall good bal-
ance of the force field. On the other hand, Zn bound by Cys
residues displayed somewhat larger distance disparities
(0.25-0.3 A; Fig. S2, J-L), indicating that further improve-
ments for sulfur-based sites may be warranted, for example
by including sulfur compounds in the parametrization pro-
cess. Nevertheless, the exclusive presence of His and Asp
residues in the Zn2* binding sites of YiiP means that the
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Figure 1. Cryo-EM structure (2DX) of EDTA-treated YiiP from
tubular crystals. (A) Density map at 4.2-A resolution of an isolated
YiiP dimer masked from 3-D reconstruction of tubular crystals from
EDTA-treated WT YiiP. The previous structure from untreated tu-
bular crystals (PDB accession no. 5VRF) is docked as a rigid body,
illustrating the similarity in the conformation. Horizontal lines in-
dicate the membrane boundary. (B) The previous structure (5VRF)
derived from tubular crystals showing the overall architecture of
the dimer and the location of the three Zn binding sites. Zn ions are
shown as pink spheres. (C) Detailed view of Zn binding site A at
which the map from EDTA-treated YiiP reveals strong density, in-
dicating that a metal ion is bound at this site. (D) Detailed view of
Zn binding site B showing an ordered loop between M2 and M3 and
density associated with the metal ion and coordinating residues.
Side chains do not perfectly match the density, because 5VRF was
only fitted as a rigid body and was not explicitly refined to this map.

current version of our CHARMM Zn nonbonded dummy
model is well suited for our simulations.

Structure of the YiiP/Fab complex in the holo state

Single-particle cryo-EM was used to generate a structure of the
YiiP/Fab2 complex at 3.8-A resolution (Fig. S3). The resulting
density map, denoted SP1, reveals a homodimer of YiiP with Fab
molecules, composed of a heavy and a light chain, bound to each
CTD (Fig. 3). Although initial steps of image processing were
performed without symmetry, application of C2 symmetry
during the final refinement improved the resolution from 4.0 to
3.8 A, indicating that the twofold symmetry observed in both the
x-ray structure and the cryo-EM structure from tubular crystals
was preserved in these isolated particles. An initial atomic model
was built using the structure of YiiP from tubular crystals (PDB
accession no. 5VRF) and a homology model for the Fab, which
was fitted to the experimental density by Namdinator (Kidmose
et al., 2019) followed by several rounds of real-space refinement
by PHENIX (Adams et al., 2010) and manual building with COOT
(Emsley et al., 2010; Table 2). The resulting structure shows a
long complementarity-determining region 3 (CDR3) of the Fab
heavy chain making extensive contact with the C terminus of
YiiP. CDR1 and CDR2 of the heavy chain and CDR3 from the light
chain also interact with the first CTD helix of YiiP and with the
succeeding loop (residues 219-231 of YiiP). All of these interac-
tions are at the periphery of the CTD and do not appear to in-
terfere with Zn?* binding to site C, which is buried at the
dimeric interface of the CTDs. The resolution is higher in this
region of the map (3.5 A), suggesting that interactions between
Fabs and CTDs have a stabilizing influence (Fig. S3 D). Unsur-
prisingly, the distal, constant domains of the Fabs (CH and CL)
have lower resolution (4.5 A), reflecting flexibility in the hinges
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Figure 2. Development of antibody fragments that recognize YiiP. (A)
Screening was based on phage display of a large library of Fab constructs
against YiiP reconstituted in nanodiscs. Results from ELISA assay for several
candidates show preferential binding to YiiP embedded in nanodiscs com-
pared with empty nanodiscs, labeled as control. Data represent a single
replicate, as is typical for a screen. (B) Formation of a stable complex be-
tween detergent-solubilized YiiP and purified Fab candidates was evaluated
by SEC. A distinct shift in elution time and a symmetric peak for Fab2 (blue)
and Fab3 (purple) is consistent with a stoichiometric complex with YiiP. In
contrast, Fab7 (green) produced distinct peaks corresponding to dimeric YiiP
and to free Fab, indicating that it did not produce a complex at all. Fab4
(orange) produced smaller shift with an asymmetric peak, probably indicating
a nonstoichiometric complex with the YiiP dimer. Profiles for uncomplexed,
dimeric YiiP (black), and free Fab (dotted black) are provided for comparison.
(C) Transport assays in the presence and absence of Fab2r revealed that
complex formation does not affect transport activity of WT YiiP. Fitting of
the data (recorded from a single biological preparation in triplicate) with
the Michaelis-Menton equation yielded Ky = 1.4 (95% confidence limits,
0.58-3.08) and 1.8 mM (95% confidence limits, 0.83-3.58), Vimax = 1.2 (95%
confidence limits, 0.95-1.47) and 1.3 (95% confidence limits, 1.04-1.52) s~ for
YiiP and the YiiP/Fab2R complex, respectively. Error bars correspond to SEM.
These differences were well within the 95% confidence interval and therefore
not statistically significant.
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between the variable and constant domains. Within the TMD of
YiiP, the dimer interface mediated by M3 and M6 is reasonably
well ordered (3.9 A), but the bundle of peripheral helices (M1,
M2, M4, and MS5) is more flexible, making side chains difficult to
identify in this region. Accordingly, the distribution of resolu-
tion from single particles differs markedly from tubular crystals
(Fig. S1 D), which is likely influenced by crystal packing inter-
actions and physical constraints of the membrane environment.

Comparison of this detergent-solubilized SP1 complex with
the membrane-bound structure from tubular crystals (2DX)
indicates that the YiiP dimer adopts a comparable inward-facing
conformation, despite the differing conditions. Rigid-body
docking of the structure from tubular crystals (PDB accession
no. 5VRF) matched the map densities very well with a cross-
correlation of 0.82. Furthermore, comparison of 5VRF with the
atomic model refined to the SP1 map generated a low RMSD for
C, atoms of 1.53 A for the entire YiiP dimer (Table 3). When
individual monomers were compared, the RMSD decreased
slightly to 1.2 A, indicating slight flexibility in the angle between
the monomers. Conversely, this conformation differs substan-
tially from x-ray structures of detergent-solubilized YiiP from
E. coli (PDB accession no. 3H90), which show a scissor-like
displacement of TMDs that disrupts the interaction between
M3 helices (Fig. 3 C). Although the CTDs are virtually identical
(RMSD = 0.97 A), the TMDs are quite different (RMSD = 10.3 A)
due not only to the scissor-like displacement, but also to the
rocking of the four-helix bundle (M1, M2, M4, and M5) to pro-
duce the outward-facing state, as has been previously described
(Lopez-Redondo et al., 2018).

Like the structure from tubular crystals, the SP1 complex
appears to have metal ions bound at each of the Zn?* binding
sites. Strong densities are visible at each of these sites, encom-
passing both the ion sites themselves and the coordinating res-
idues (Fig. 3, D-F). Furthermore, the local resolution is enhanced
at these sites relative to the neighboring regions of the protein
(Fig. S3 D). This effect is particularly notable at site A within the
TMD (Fig. 3 D), where flexibility of the peripheral membrane
helices generally precluded side chain densities in this region.
Thus, like the structure from tubular crystals, the SP1 complex
appears to represent the Zn?*-bound holo state, despite the lack
of exogenous Zn?** in the buffers used for purification and
sample preparation.

To complement this experimental approach, we used MD
simulations to characterize the dynamics of YiiP in the holo
state. We used 5VRF as the starting model with a Zn ion—
parametrized with the nonbonded dummy model—placed at
each of the eight sites in the homodimer and equilibrated this
structure in a membrane composed of POPE and POPG lipidsina
4:1 ratio, approximating a typical E. coli plasma membrane
(Raetz, 1986). Three independent simulations were run for 1 ps
each, during which Zn?* remained stably bound at all of the
binding sites (Fig. S4). RMSDs for C, atoms in the TMD, the CTD,
and the whole dimer were calculated for all frames relative to
the starting model. Data from all three simulations (md0-md2)
were similar, with values ranging from 2 to 3.5 A (Fig. 3 G and
Fig. S5). As can be seen in the distribution of RMSDs (Fig. 3 H),
the average displacements were consistently higher for the
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Figure 3. Cryo-EM structure of the untreated YiiP/Fab complex (SP1). (A) Density map at 3.8 A overlaid with a refined atomic model with YiiP (cyan) and
Fab molecules (orange and red for the light chain and heavy chain, respectively). (B) Superposition of the refined atomic model from SP1 (cyan) with the
previous atomic model for YiiP (PDB accession no. 5VRF, dark blue) showing that both models represent the same inward-facing conformation (RMSD for Ca
atoms is 1.5 A; Table 3). Locations of the individual Zn sites (A, B, and C) are indicated by arrows. (C) Superposition of the SP1 model (cyan, orange, and red)
with the x-ray model of YiiP from E. coli (PDB accession no. 3H90, green). Substantial conformational differences in the TMD are evident and reflected in the
high RMSD for Ca atoms of 10.3 A (Table 3). (D-F) Close-up views of density at the individual Zn sites in the SP1 structure. Metal ions are displayed as pink
spheres. (G) C, RMSD plots for one of the three MD simulations (md1) of the holo state shows relatively little change in the dimer over the course of the
simulation. The three traces correspond to the different alignment schemes relative to the starting model (5VRF): “All” indicates global alignment based on the
entire molecule, “TMD” indicates alignment based on the TMD only, and “CTD” indicates alignment based on CTD only. Analogous plots for md0 and md2
simulations are shown in Fig. S5. (H) Distributions of RMSD derived from all three simulations using the alignment schemes indicated in the legend. These
RMSD distributions, as well as those shown in other figures, were generated with a KDE. (1) RMSF plotted for each residue based on the different alignment
schemes. RMSF profiles were averaged over both protomers and all three simulations, with the mean shown as the solid line and the error band indicating the
SD over these six profiles. The dashed line represents the boundary between TMD and CTD.

whole dimer relative to values for individual domains, which is
indicative of inter-domain movements. Per-residue RMSFs were
calculated after structurally superimposing frames on either the
whole dimer, the TMD, or the CTD (Fig. 3 I) and provide more

Lopez-Redondo et al.
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robust evidence of inter-domain movements. In particular,
profiles generated after alignment of CTDs show two to four
times higher RMSF values for the TMDs with peaks associated
with M1-M2 and M4-MS5 helix pairs. Despite these inter-domain
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Table 3. RMSDs between atomic models
3H90? 5VRF? SP1? SP3sym? SP4sym? sp2b SP3bent® SP4bent®
3H90
5VRF 83
SP1 103 15
SP3sym 8.7 16 12
SP4sym 8.6 18 14 12
SP2 143 4.4 4.4 4.4 41
SP3bent 14.2 4.2 4.0 39 3.8 15
SP4bent 15.0 4.6 45 4.5 4.2 15 1.8

Values in the table correspond to RMSD for all C, atoms in A.
aThese structures all display C2 symmetry.

bAlthough twofold symmetry is preserved in the CTD and TMD, the overall C2 symmetry of the complex is disrupted due to a ~25° bend between the two
domains. As a result, the structures were determined without imposing any symmetry (C1).

movements, the dimer interface within each of these domains
remains intact, as discussed below.

Structure of the YiiP/Fab complex in the apo state

Given the high avidity of YiiP for Zn?* and possibly other
transition metal ions, we explored various protocols for gener-
ating the Zn*-free apo state of the YiiP/Fab complex for cryo-
EM. In particular, the complex was incubated in 0.5 mM EDTA
or in combination 0.5 mM EDTA and 0.5 mM TPEN, which bind
a wide range of divalent cations with high affinity and are thus
expected to strip any such ions from binding sites of YiiP. For
this complex, we used the rigidified Fab2r construct, and three
independent datasets were collected from samples prepared
under slightly different conditions, as summarized in Table 1.
The most successful procedure involved incubating the complex
overnight in 0.5 mM EDTA and then purifying it in this same
EDTA-containing buffer. This sample, referred to as SP2, pro-
duced a reasonably homogeneous dataset and a refined structure
at 4.0-A resolution (Fig. S6 and Table 2). This density map re-
vealed a distinct bend between the CTD and TMD, which dis-
rupted the previously observed C2 symmetry. Two additional
datasets, denoted SP3 and SP4, were collected after incubation
with EDTA and/or TPEN in an attempt to improve the resolution
of this structure; however, these datasets were markedly het-
erogeneous and each produced two distinct structures resem-
bling the C2 symmetric SP1 structure and the asymmetric SP2
structure, respectively (Figs. S7 and S8). In this way, SP3 and
SP4 datasets generated four additional structures: SP3sym,
SP3bent, SP4sym, and SP4bent (Table 2). Due to an increased
number of particles and perhaps because of the use of the ri-
gidified Fab2r construct, the resolutions of symmetric structures
were improved (3.4 A and 3.5 A for SP3sym and SP4sym, re-
spectively). In contrast, resolutions of the asymmetric structures
were not improved relative to SP2 (4.2 A and 4.7 A for SP3bent and
SP4bent, respectively). Atomic models were generated for all of
these density maps, and pairwise comparisons indicated that there
was a high degree of consistency between the C2 symmetric and
asymmetric structures, respectively (RMSDs of 1-1.5 A; Table 3).

Lopez-Redondo et al.
Zinc-dependent conformational changes of YiiP

Juxtaposition of the two conformations reveals a ~25° bend
between the CTD of YiiP and the membrane domain (Fig. 4 A
versus Fig. 4 B). This bend is responsible for disrupting the C2
symmetry that characterized the holo state, even though the
dimeric interfaces in the CTD and TMD remain intact and local
twofold symmetry within these domains is preserved (Fig. 4, C
and D). Indeed, the overall architecture of the TMD is well
preserved, especially at the dimer interface where M3 and M6
can be superimposed with an RMSD of 0.7 A for C,. Similarly,
the CTD is relatively unchanged (RMSD = 1.99 A) and recogni-
tion by the Fabs was not affected by chelation of metal ions. As
before, the vicinity of the CTD/Fab interface generated the
highest resolution in the map with side chains clearly visible in
both molecules. Despite the use of the rigidified Fab2r molecule,
the local resolution of the distal, constant domains (CH and CL)
remained significantly lower than that of the proximal domains
(VH and variable light chain; Figs. S6, S7, and S8 D), suggesting
that the mutation did not completely eliminate flexibility of the
hinge. The resolution in the TMD was also significantly lower
than that of the holo structure, indicating increased flexibility
and ultimately representing the limiting factor in our cryo-EM
analysis.

Despite the lower resolution, the transmembrane helices are
clearly visible in the map and the overall architecture of the
TMD is consistent with the inward-facing conformation seen in
2DX and SPI structures; however, there is a substantial change
in the M2 helix, which undergoes a distinct bend toward its
cytoplasmic end (Fig. 4, E and G). This change is accompanied by
a complete disordering of the M2/M3 loop, which normally
carries a Zn?* binding site (site B). In addition, the cytoplasmic
end of M5 is bent such that it interacts with M6 (Fig. 4 G). The
bends in M2 and M5 both originate near residues that form Zn
site A: Asp5l and Hisl55. No densities are observed at Zn?*
binding sites within the membrane (site A) or in the CTD (site C;
Fig. 4, E and F), indicating that EDTA treatment was indeed ef-
fective in stripping metal ions from these sites. The lack of
density for the M2/M3 loop made it impossible to evaluate
whether Zn?* was bound at site B, but the disordering of
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Figure 4. Cryo-EM structure of EDTA-treated YiiP/Fab complex (SP2) and comparison with the untreated complex (SP1). (A) SP1 structure of un-
treated complex showing C2 symmetry (rotation axis indicated by arrow) with colors highlighting the following features: light cyan for the TMD, dark cyan for
the CTD, yellow for the TM2/TM3 loop, orange for the Fab light chain, and red for the Fab heavy chain. The location of Zn sites A, B, and C are indicated by
circles. (B) Comparable views of the SP2 structure for the EDTA-treated complex with the following colors: dark purple for the TMD, light purple for the CTD,
and yellow for the TM2/TM3 loop. The twofold symmetry is disrupted by the bend between the CTD and TMD. (C) Alignment of TMDs for the two structures
(cyan for SP1 and purple for SP2) shows preservation of the overall architecture of this domain including the dimer interface and twofold symmetry (arrow).
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Individual protomers are shown in different shades. (D) Alignment of the CTDs for the two structures shows preservation of the dimer interface and twofold
symmetry (arrow), with a modest increase in separation in the apo state. (E) Close-up of Zn site A in the TMD from the SP2 structure showing a lack of density
at the ion binding site and a bend in the M2 helix near Asp51. (F) Close-up view of Zn site C in the CTD with lack of density indicating an absence of ions at this
site. (G) Comparison of M2 and M5 in apo and holo states shows bends originating at Zn site A. (H) C, RMSD plots for one of the three MD simulations (md1) of
the apo state (traces for md0 and md2 are shown in Fig. S9). The three traces correspond to the different alignment schemes as indicated in the legend and
described in Fig. 3. (1) Distributions of RMSDs derived from all three simulations using the three alignment schemes. (J) RMSF profiles averaged over both
protomers from all three simulations based on the different alignment schemes. Error bands indicate the SD over these six profiles. The dashed line represents

the boundary between TMD and CTD.

coordinating residues within this loop is a very plausible re-
sult of removing the metal ions from this site. Thus, we believe
that this structure represents the apo state of the YiiP.

MD simulations were used to evaluate the dynamics of the
apo state. Similar to the holo state, we used 5VRF as a starting
model for three independent microsecond-long simulations, in
which Zn ions were removed from all of the binding sites. As
with the holo structure, RMSDs and RMSFs were lower for in-
dividual domains relative to the whole dimer (Fig. 4, H-J; and
Fig. S9). The RMSD values were approximately twofold higher
for the apo state compared with the holo state, with the excep-
tion of CTD, which displayed a lesser increase. To compare holo
and apo simulations more directly, we plotted RMSF values for
aligned TMDs and aligned CTDs for each monomer (Fig. 5 A). As
might be expected, these plots show distinct peaks for loops
connecting secondary structure elements in both TMD and CTD.
It is notable that the M2/M3 loop undergoes a dramatic increase
in flexibility in the apo state, which correlates with the dis-
ordering of this loop in the cryo-EM structures. Increased flex-
ibility in the apo simulations is also evident from the increased
RMSD for C,, atoms in the loop, from <1 A for the holo state to ~4 A
in the absence of a stabilizing ion (Fig. 5 B and Fig. S10). The
differing mobility is depicted in Fig. 5, C and D, which shows the
range of conformations sampled by the M2/M3 loop in the two
simulations. We also quantified stability of the dimer interface
and angles between TMD and CTD during the simulations
(Fig. 6). Like the cryo-EM structures, dimeric interfaces in the
simulations remained largely intact, especially in the TMD
where the fraction of residues maintaining native contacts is close
to 1 (Fig. 6 A). Contacts within the CTD are somewhat less stable
and deteriorate in the apo state, although the overall architecture
of the dimer remains intact (Fig. 6, B and D). The hinge between
the TMD and CTD, which governs the overall C2 symmetry of the
dimer, displays enhanced flexibility in the apo state with a mean
angle of ~30° compared with ~15° for the holo state (Fig. 6 E).

In addition, we performed a direct comparison between
conformations sampled during the simulation and the experi-
mental structure obtained by cryo-EM (Fig. Sl1). We used
Gaussian mixture models as described by Bonomi et al. (2018,
2019) to produce cross-correlation coefficients for individual
frames from the apo and holo simulations relative to the SP2 and
SP3sym density maps. For the holo simulation, much higher
correlations were obtained for the SP3sym map relative to the
SP2 map; however, for the apo simulation, correlations were low
without any distinction between the two maps. This result in-
dicates that, even with the distinct dynamic properties seen in
the apo simulation, the 1-us time scale of the simulation was not
sufficient to sample the stable conformation seen by cryo-EM.

Lopez-Redondo et al.
Zinc-dependent conformational changes of YiiP

Structural heterogeneity induced by metal ion chelation

Comparison of the various density maps for the C2 symmetric
and asymmetric, bent conformations revealed subtle differences
at the ion binding sites (Fig. 7). For the C2 symmetric maps, SP1
and SP3sym maps have clear densities at all three Zn?* binding
sites, whereas SP4sym lacks density at site A in the membrane
(Fig. 7 B) and at site C in the CTD (Fig. 7 C). In contrast, the M2/
M3 loop is well ordered in all three maps with density visible at
site B (Fig. 7 D). This observation suggests that occupancy of
site B may be the key to maintaining this symmetric confor-
mation, whereas occupancy of sites A and C is secondary. A
similar comparison of the asymmetric maps (SP2, SP3bent, and
SP4bent) indicates that they all lack density at Zn2* site A and
have bent M2 helices (Fig. 7 F). Furthermore, the asymmetric

e APO
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Figure 5. MD simulations show greater flexibility of the M2/M3 loop in
the apo state. (A) RMSFs calculated for each YiiP monomer for all of the MD
simulations in apo state (purple) and the holo state (cyan). RMSFs for resi-
dues in the TMD or CTD, indicated by the dashed line, were calculated after
superposition on the corresponding domain. RMSF profiles were averaged
over the two protomers and over the three independent simulations, with the
error bands indicating the SD for these six profiles. (B) C, RMSD distributions
(KDE) for the M2/M3 loop residues after superposition on the loop from the
starting model (PDB accession no. 5VRF). (C) M2/M3 loop (gold) con-
formations for the apo simulation md1l, protomer B. The image depicts 1,000
frames from the trajectory taken at 1-ns intervals with individual frames
superimposed on the C, atoms of the TMD. The Zn-free SVRF structure is
shown in purple. (D) M2/M3 loop (gold) conformations for the holo simula-
tion md1, protomer B (as in C); 5VRF starting conformation shown in cyan
with Zn ions in magenta.
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Figure 6. Stability of the dimer interface in MD simulations. (A) Dimeric interactions in the TMD quantified as the fraction of native contacts (from PDB
accession no. 5VRF) retained over the course of the simulations for apo (purple) and holo (cyan) states. Time series for all three repeats were averaged over 20-
ns intervals (solid line) with 95% confidence intervals shown as transparent bands. Distributions (KDEs) from all data are shown on the right. (B) Snapshots
from a holo MD simulation (md1) at the indicated times showing the TMD native contact residues (K79, L83, L86, A87, A90, F91, M93, G94, S95, F97, L98, L99,
Y102, E105, L207, and L208) and CTD native contact residues (R237, G255, L257, S258, L 259, N260, H263, E281, 1283, 1284, H285, Q286, D287, and P288) in
cyan. Magenta spheres represent Zn ions. The membrane, water, and other ions are omitted for clarity. (C) Dimeric interactions in the CTD as in A.
(D) Snapshots from an apo simulation (md1) at the indicated times showing that dimeric interactions remain intact despite large interdomain movements.
(E) Change in the angle between TMD and CTD from MD simulations. The angle corresponds to that required for optimal superimposition of the Ca atoms from
the CTD to the reference structure (5VRF) at each time point in the MD trajectory. This angle was determined after aligning the TMD with the starting structure.

maps all have disordered M2/M3 loops, indicating that Zn%*
site B is completely disrupted. However, comparison of the
CTDs (Fig. 7 G) shows a lack of density for metal ions at site C
in SP2 and SP4bent maps, but at least partial density in
SP3bent. In the corresponding atomic models, a more compact
CTD is correlated with the presence of Zn at site C. This dif-
ference is evident from the structure overlays in Fig. 4 D and
Fig. S12 as well as from the smaller distance between C, atoms
of Arg237 and Glu281 in C2 symmetric maps (average of 12.3
A) compared with SP2 and SP4bent (average of 15.2 A). The
smaller distance of 11.1 A measured for SP3bent is thus con-
sistent with the presence of Zn in this structure. An influence
of Zn?* at site C is consistent with our MD simulations in
which dimeric contacts in the CTD are gradually lost in the

Lopez-Redondo et al.
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apo state (Fig. 6 C) and the distance between Arg237 and
Glu281 is considerably more variable (Fig. S12 C).

The heterogeneity present in the SP3 and SP4 datasets pro-
vides an opportunity to visualize the structural transition be-
tween holo and apo states of YiiP. We used the 3-D variability
analysis in cryoSPARC (Punjani and Fleet, 2021) to visualize the
heterogeneity and ultimately to map the transition between the
two states. This analysis produces a series of maps that represent
the principal axes of variability within the population of par-
ticles. If conformational variability is present, it has the potential
to map the conformational transition. We generated animations
for the first three components of variability—representing the
highest variance—for both SP3 and SP4 datasets (Video 1 and
Video 2). Although each component shows unique aspects of
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Figure 7. Comparison of apo and holo states derived from the various independent datasets. (A) Overlay of density maps from C2 symmetric con-
formations from SP1, SP3sym, and SP4sym datasets. There is a 90° rotation between the two views and viewing angles in B, C, and D are indicated by arrows.
(B) Close-up view of Zn binding site A from the three datasets. Density is visible at the site in SP1 and SP3sym maps but absent from the SP4sym map.
(C) Comparison of site C in the CTD shows that extra density is present at site C in maps from SP1 (solid cyan surface) and SP3sym (mesh surface), consistent
with the presence of metal ions; however, these densities are much weaker in the SP4sym map (solid blue surface). (D) Comparison of site B in the TM2/TM3
loop shows that the loop is ordered and that density associated with a metal ion is present in all three maps. (E) Overlay of density maps from the asymmetric
conformations from SP2, SP3bent, and SP4bent datasets. There is a 90° rotation between the two views and viewing angles of F and G are indicated by arrows.
(F) Close-up view of Zn binding site A from the three datasets. All density maps show a lack of density at the Zn site A. (G) Comparison of site C in the CTD
shows a lack of density associated with metal ions in SP2 (solid purple surface) and SP4bent datasets (plum mesh); however, extra density is seen at this site in
the map from SP3bent dataset (dark red mesh). Density for the TM2/TM3 loop and Zn site B is not shown because it is completely absent in these maps.

heterogeneity, such as the pivoting of the distal Fab domain and
disordering of the TMD, the movements seen in component 1
from SP4 appear to capture the transition between the holo and
apo states. Over the course of this animation (Video 2 and Fig.
S13), a bend develops between the CTD and the TMD that is
accompanied by disordering of the M2/M3 loop. Also of interest
is component O from this SP4 dataset (Video 2) with movements
of the CTD that reflect flexibility of the CTD dimer interface

Lopez-Redondo et al.
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discussed above. Component 2 from the SP3 dataset (Video 1)
shows the membrane domain swinging from side to side as the
TM2/TM3 loops transition between order and disorder. This
behavior is consistent with the idea that movements of the TMD
relative to the CTD are coupled to Zn binding at site B. To
evaluate these structural changes more objectively and compare
them with the holo and apo state conformations, we generated a
series of models representing the 3-D variability. Although the
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accuracy of these models is limited due to the low resolution of
maps produced by 3-D variability analysis (5.5 A), the trajectory
based on component 1 from SP4 clearly illustrates the molecular
transition from the symmetrical holo state to the asymmetrical
apo state structures (Fig. S13 and Video 3). Given that these
models were generated in an automated fashion by MD flexible
fitting (see Materials and methods), they serve as objective
validation of the conformational transition represented by SP1
and SP2 datasets, featuring bending of M2 and M5 as well as
disordering of the M2/M3 loop.

Zn?* binding controls a hydrophobic gate

Comparison of structures representing apo and holo states as
well as the 3-D variability analysis suggest that a hydrophobic
gate on the cytoplasmic side of M5 and M6 is controlled by Zn
binding. Specifically, Leul54 on M5 and Leul99 on M6 are ho-
mologous to residues previously identified by x-ray-mediated
hydroxyl radical labeling of YiiP from E. coli and have been
proposed to control access to the transport sites (Gupta et al.,
2014). In our structures, these residues are brought together
during the transition from holo to apo state (Fig. 8). Although
full closure occurs only on one protomer in the 3-D variability
analysis of SP4 (Fig. S13 and Video 2), the homogeneous datasets
of the apo state (SP2, SP3bent, and SP4bent) show closure of this
gate on both protomers, with distances of 9.0-9.3 A between C,
atoms from the two Leu residues—side chain atoms are con-
siderably closer—compared with 12.8 A in the SP3sym structure
of the holo state. This distance is plotted for the series of models
from 3-D variability analysis, together with the distance be-
tween Ala43 and Alal85, which appear to form a gate on the
periplasmic side of the membrane (Fig. S13 D). Although these
plots support the closure of the hydrophobic gate on the cyto-
plasmic side of the membrane, there is no change in the peri-
plasmic gate, indicating that the molecule does not transition to
the outward-facing conformation.

To look for comparable movements in MD simulations, we
followed collective variables representing both cytoplasmic and
periplasmic gates. Like the cryo-EM structures, the periplasmic
gate—distance between Ala43 and Alal85—was invariant in
simulations of both apo and holo states (Fig. 8 H). The cyto-
plasmic gate was considerably more dynamic, especially in the
apo state. Although a stable closure did not occur, the distance
between L154 and L199 dipped below 10 A at several points
during one of the simulations, ending at a value close to 9 A
(dark purple trace in Fig. 8 I). This movement was only observed
in one molecule, indicating that cooperativity between the
monomers was weak. Thus, although the endpoint represented
by cryo-EM structures was not reached over the 1-ps time scale
of the simulations, there was clearly a difference in the dy-
namics of these helices associated with Zn binding.

Discussion

In this study, we have examined the effect of Zn binding on the
conformation and dynamics of YiiP from S. oneidensis. Like
previous work with tubular crystals, we found metal ions bound
to soYiiP despite their absence in buffers used for cell growth
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and protein purification. Metal ions remained bound even after
transient treatment with chelator before 2-D crystallization.
These results indicate that soYiiP has high innate binding af-
finity and that ion binding is a prerequisite for the formation of
tubular crystals. To facilitate single-particle cryo-EM studies, an
Fab was selected from a phage-display library and structures of
the YiiP/Fab complex were resolved before and after treatment
with the metal ion chelators. Although these datasets contained
heterogeneous populations of molecules, we were able to gen-
erate structures of YiiP in holo, apo, and partially bound states.
Comparison of these structures revealed large-scale conforma-
tional changes associated with the removal of metal ions. These
changes included an ~25° bend of the TMD relative to the CTD,
which broke the twofold symmetry seen in previous structures
(Lu and Fu, 2007; Lu et al., 2009; Coudray et al., 2013; Lopez-
Redondo et al., 2018), and bending of two key membrane helices
and disordering of the M2/M3 loop, which harbors one of the Zn
binding sites. Despite these dramatic changes, dimer interfaces
in both the TMD and CTD remained intact, together with the
local twofold symmetry in these domains. Comparisons of re-
fined structures, as well as 3-D variability analysis, suggest that
Zn binding at site B within the M2/M3 loop serves as a sensor
that triggers this conformational change. Within the TMD,
bending of M2 and M5 bring two hydrophobic residues together
that have previously been postulated to form a hydrophobic gate.

The hydrophobic gate was initially identified using hydroxyl
radical footprinting to probe conformational changes of ecYiiP
(Gupta et al., 2014). For this approach, EDTA-treated ecYiiP was
exposed to an intense x-ray source to induce nonspecific label-
ing of exposed residues that were then identified by mass
spectrometry. Addition of Zn to the buffer reduced labeling of
residues that coordinate Zn at site A, as expected. In addition,
the authors observed a significant decrease in labeling of Leu152
and Met197 (ecYiiP sequence), which reside on the cytoplasmic
ends of M5 and M6, respectively. Based on this result, the au-
thors postulated that Zn binding triggered the closure of this
gate to produce an occluded state before the transport step. This
report did not address the status of other Zn sites (B and C), nor
did it address the starting conformation of ecYiiP before the
addition of Zn. Although the current study confirms an inter-
action between these same hydrophobic residues (L154 and L199
in soYiiP), it suggests that the conformational dynamics are
more complex. In particular, whereas hydroxy radical foot-
printing indicated that Zn closes the hydrophobic gate in ecYiiP,
our cryo-EM study showed that the gate remained open in the
holo state and that closure was elicited by removal of Zn. This
discrepancy could reflect differing conformational equilibria of
the two homologues, in which ecYiiP preferentially adopts the
outward-facing state seen in x-ray structures (Lu and Fu, 2007;
Lu et al., 2009), whereas soYiiP prefers the inward-facing state
seen in cryo-EM structures, both from membrane-embedded
tubular crystals and from detergent solubilized YiiP/Fab com-
plexes. It is plausible that Zn binding has different structural
effects on these two states. Alternatively, the unwinding of TM
helices and the splaying of TMDs seen in the x-ray structures
(Lopez-Redondo et al., 2018) may reflect an instability in the
TMD of ecYiiP such that the environment—1lipid bilayer versus
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Figure 8. Zn binding controls a hydrophobic gate on the cytoplasmic side of the TMD. (A-C) Three orthogonal views of the cryo-EM structure of the
symmetric holo state (SP3sym) showing clear separation between Leul54 and Leu199. (B) 90° rotation about the vertical axis relative to A. (C) 90° rotation
about the horizontal axis relative to B. Helices in the TMD have rainbow colors ranging from blue for M1 to red for M6. (D-F) Analogous views of the cryo-EM
structure from the asymmetric apo state (SP2) showing how bending of M5 brings Leu154 and Leu199 close together. (G) Overview of the YiiP dimer showing
the locations of residues used as collective variables: Leu154 and Leu199 are blue, whereas Ala43 and Ala185 on the periplasmic side of the membrane are red.
Membrane helices have the same rainbow colors. (H) Distances between C, atoms of Ala43 and Ala185 (Dje.;) for each protomer during the three simulations in
the apo (purple) and holo (cyan) states. Distributions calculated as KDEs are shown on the right. The corresponding values of Dye; from the SP3sym and SP2
structures are shown as dashed horizontal lines; asymmetry in SP2 produces different values for each monomer. (1) Distances between C, atoms of Leu154 and
Leul99 (Dcyto) for simulations of the apo and holo states with distributions shown on the right. Dy, from the SP3sym and SP2 structures are shown as
horizontal dashed lines.
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detergent micelle—may play an important role in determining
the conformational effects of Zn binding. Although closure of the
hydrophobic gate was initially described as a mechanism for
occlusion, the transport sites are still accessible in our cryo-EM
structure of the apo state, suggesting that this is just one stepina
multistep process involving first occlusion and then transition
to the outward-facing conformation. Fig. 9 summarizes these
various conformational transitions in cartoon form.
Comparison of the various structures produced from the
heterogeneous datasets SP3 and SP4 suggest that Zn site B is the
trigger for the structural transition between apo and holo states.
More specifically, the symmetric structures from the SP1 and
SP3sym datasets show density at site A, but the SP4sym dataset
does not (Fig. 7 B). Asymmetric structures from the SP2 and
SP4bent datasets show a lack of density at site C, but the SP3bent
dataset appears to have retained ions at this site (Fig. 7 G).
Furthermore, the SP3bent structure retains the compact CTD
dimer interface that characterizes the holo state (Fig. S12). Thus,
the status of site B is the only consistent difference between
symmetric and bent conformations. Specifically, the M2/M3
loop is ordered with density visible at the binding sites in all
symmetric structures, whereas the loop is consistently disor-
dered in bent structures. Although this disorder makes it im-
possible to evaluate the presence of an ion, it seems unlikely that
the coordinating residues (D70, H73, and H77) would be able to
form a site in the disordered state. MD simulations are also
consistent with these experimental observations, showing that
the absence of Zn abolishes the binding site (Fig. S4 B) and
greatly enhances the dynamics of this loop as well as movements
of the CTD relative to the TMD (Figs. 5 and 6). This hypothetical
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Figure 9. Conformational changes in CDF transporters. The
dimer is depicted schematically with transmembrane helices in
rainbow colors from blue to red and the CTD shown as a tri-
angle. Zn ions are pink spheres and residues composing the
hydrophobic gate (Leu154 and Leu199) as bifurcated sticks. The
checkered blue/red rectangle symbolizes a conserved salt-
bridge between the protomers. Twofold symmetry axes are
indicated as gray lines as well as the operator symbol for those
dimers that retain overall symmetry. (A) Inward-facing (IF)
conformation obtained for soYiiP, both from tubular crystals and
from the YiiP:Fab complex. Zn ions are bound at all three sites,
the hydrophobic gate is open, and the structure retains twofold
symmetry. (B) Removal of Zn from site B causes disordering of
the M2-M3 loop of soYiiP and bending of M2 and M5 helices,
thus closing the hydrophobic gate. This hypothetical confor-
mation may correspond to an occluded state and thus an in-
termediate in the transport pathway. A bend between the TMD
and CTD breaks the overall twofold symmetry of the complex,
though local twofold symmetry within each domain is pre-
served. (C) Architecture of the outward-facing (OF) state as
seen in the cryo-EM structure of Znt8 (Xue et al., 2020). All the
Zn sites are occupied, though they are formed by different
structural elements in this homologue; overall twofold sym-
metry is retained. (D) Full removal of Zn from soViiP leads to a
loosening of interactions in the CTD. (E) The x-ray structure of
ecYiiP shows splaying of TMDs and unwinding of several
transmembrane helices on the extracellular side of the mem-
brane. Nevertheless, the general architecture of the TMD is
consistent with an outward-facing conformation and the overall
twofold symmetry of the dimer is intact.

state in which Zn dissociates at site B to produce an occluded
state is depicted in Fig. 9 B.

In earlier reports, a role for site B in transport by YiiP has
been largely overlooked due to its lack of conservation among
the family of CDF transporters (Kolaj-Robin et al., 2015); how-
ever, recent structural work on the mammalian homologue Znt8
revealed an unexpected Zn binding site that involves His137 in
the M2/M3 loop (Xue et al., 2020). This site was readily titrat-
able and the authors suggested that it might play a role in fun-
neling ions into the cavity leading to the transport site. For
ecYiiP, isothermal calorimetry indicated the presence of a low-
affinity site (Kq = 100 uM) that was distinct from the transport
site (Wei and Fu, 2005). It seems plausible that this binding iso-
therm might correspond to site B. More generally, His-rich cyto-
plasmic loops are a common feature of CDF transporters, though
they often appear in other locations in the primary structure
(Cotrim et al., 2019). In particular, the M4/MS5 loop is highly en-
riched in His and Asp residues in a number of transporters from
plants and yeast (Kawachi et al., 2008; Podar et al., 2012). The M4/
M5 loop from AtMTP1 was shown to bind Zn, and physiological
studies of truncation mutants suggested that it functioned as a Zn
sensor in a cellular context (Tanaka et al., 2015).

On the other hand, there is little evidence supporting a role
for the binuclear Zn site C in transport. In our study, cryo-EM
structures and MD simulations indicate that removal of Zn from
this site enhances the flexibility of the dimer interface between
the CTDs. The resulting movements, however, are modest and
the overall architecture of this domain remains unchanged.
In the CTD of Znt8, one of the Zn ions is coordinated by con-
served residues His234, His250, and Asp287 (site CL; Fig. S4 D).
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Although residues coordinating the second ion bound by the
CTD of YiiP (site C2, Asp287, His263, and His285) are not con-
served (Parsons et al., 2018), the CTD of Znt8 unexpectedly
bound a second ion via a unique CHC motif in a nonconserved
N-terminal extension. Like our studies of YiiP, ions were observed
bound to the CTD of Znt8 even when Zn?* was not present in pu-
rification buffers, indicating high affinity and poorly exchangeable
sites. Constitutive binding is also consistent with an unresolved,
high-affinity site detected in ITC binding studies with ecYiiP (Chao
and Fu, 2004). In contrast, a structural study of isolated CTDs from
CzrB showed that ions were readily exchangeable and that binding
was associated with a dramatic conformational change (Cherezov
et al., 2008); however, the CTD construct used for this study lacked
a conserved salt bridge between protomers at the membrane sur-
face (red and blue checkered rectangle in Fig. 9) and the entire
TMD, which likely serve as powerful constraints on CTD confor-
mation and thus on the innate affinity of site C.

Although our refined structures of apo and holo states show
both protomers in equivalent conformations, 3-D variability
analysis and MD simulations both suggest that each protomer
can function independently. In particular, component 1 from the
SP4 dataset shows conformational changes in M2, M5, and the
M2/M3 loop in only one protomer. Similarly, collective variables
from MD simulations show that one protomer can close the
hydrophobic gate at the cytoplasmic side of the TMD indepen-
dently of its partner. This noncooperative behavior is consistent
with the structural results from Znt8, which revealed a dimer
with alternate conformations for WT protein prepared in the
presence of Zn®* (Xue et al., 2020). Although this structure was
at lower resolution, it clearly showed movements of M1, M2, M4,
and M5 that convert the outward-facing state to the inward-
facing state in one protomer. Interestingly, the dimer interface
mediated by M3 and Mé was unaffected by these movements,
supporting results from cross-linking of cysteine residues placed
along M3 that also implied a static interface during transport
(Lopez-Redondo et al., 2018). In Znt8, residues governing the
hydrophobic gate are V219 in M5 and 1266 in M6, which are in
close apposition in the outward-facing state, but not in the inward-
facing state. Using this structure as a template for the endpoints of
the transport cycle, one could imagine that the apo conformation
that we have observed is a first step in the process, which involves
bending the cytoplasmic ends of M2 and M5. A second step in-
volving tilting of M1 and M4 and straightening of the periplasmic
ends of M2 and M5 would be required to complete the transition
(c.f, Fig. 9). Clearly the individual transporters have different
conformational energy landscapes that are likely to reflect the dif-
ferent physiological environments in which they function. In future
studies, effects of the environment used to preserve the membrane
domain (e.g., lipid bilayer versus detergent micelle) should be ex-
plored as they may hold the key to a better understanding of the
conformational changes that govern the transport cycle.
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Figure S1. Steps in structure determination of tubular crystals grown from EDTA-treated YiiP. (A) Representative micrograph. (B) Selection of 2-D class
averages showing different helical symmetries: purple outline for tubes with D1 symmetry, green outline for tubes with D3 symmetry, and yellow outline for
other, uncharacterized symmetries. (C) Helical reconstructions of tubular crystals with D1 and D3 symmetry. One dimer from the helical array has been
colored. (D) Masked dimers from each of the reconstructions colored according to the local resolution ranging from 4.1 to 6.5 A. The Fourier shell correlation
(FSC) plot for each reconstruction is also shown, indicating an overall resolution of 4.2 A.
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Figure S2. Parametrization and validation of the nonbonded dummy model for Zn?*. (A) Geometry of the nonbonded dummy model. The central ZND
site (magenta) is surrounded by six dummy sites DM (gray) forming a rigid octahedral shell. ZND-DM distances were maintained at 0.9 A. Each DM particle
carries a charge of &% = +0.35e and the central ZND particle carries -0.10e for a total charge of +2e. ZND and DM particles participate in van der Waals
interactions. The approximate van der Waals radii of the ZND and DM particles are shown in the space-filling representation. (B) Results from the genetic
algorithm parameter search. The Lennard-Jones parameters for the van der Waals interactions of the ZND and DM particles were optimized using a genetic
algorithm to reproduce the Zn2* HFE at standard conditions of —1,955 kj/mol and the 10D of 2.08 A in simulations with water. The optimization ran through six
iterations, at which point it reproduced the experimental values within 1% and 0.3%, respectively. (C) Zn dummy model in water. The RDF for the Zn (ZND)-
water oxygen distance, g(r), and its integral, N(r), show the first peak at the target I0D and the experimental number of water molecules in the first hydration
shell, n; = 6. (D) Validation with MD simulations of B-1,3-1,4-endoglucanase (PDB accession no. 1U0A, resolution 1.64 A). The Zn binding site (with ZN 5005) is
located in a dimer interface between chains A and C and formed by HHDD residues. (E) Binding site RMSDs of the three repeat simulations of 1U0A as time
series and distribution over all repeat simulations (computed as a KDE) where the trajectory frames were superimposed on the same residues that the RMSDs
was calculated for: backbone of the protein (N, C, Co, and O atoms for all protein residues in blue), backbone and side chain heavy atoms of the coordinating
residues (Asp161, His145 on chains A and C, orange and labeled residues), and coordinating atoms only (Os1/Os; for Asp161, N, or N for His145 on chains A and
Cin green and labeled atoms). (F) Radial distribution of the distances of coordinating atoms (O and N) in 1UOA to the Zn ion (measured to the ZND center).
Distributions were computed for each simulation repeat separately and averaged. The solid line shows the mean with bands, which are barely visible, indicating
the SD. The dashed vertical lines mark the distances in the crystal structure. (G) Validation with MD simulations of stromelysin-1 (PDB accession no. 2USN,
resolution 2.2 A). The Zn binding site (with ZN 258) is formed by HHHD residues. (H) Binding site RMSDs of the three repeat simulations of 2USN, as in E:
specifically, backbone and side chain atoms for His69, His84, His97, and Asp71; or N, or Ns for the three His residues and Og/Os, for Asp71. (1) Radial
distribution of the distances of coordinating O and N atoms in 2USN, as in F. (J) Validation with MD simulations of &’ subunit of E. coli clamp-loader complex
(PDB accession no. 1A5T, resolution 2.2 A). The Zn binding site (with ZN 501) is formed by CCCC residues. (K) Binding site RMSDs of the three repeat
simulations of 1A5T, as in E: specifically, backbone and side chain atoms for Cys50, Cys59, Cys62, and Cys65; or the C, of these four Cys residues. (L) Radial
distribution of the distances of coordinating S atoms in 1A5T, otherwise as in F.
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Figure S3. Steps in structure determination of the untreated YiiP/Fab complex from the SP1 dataset. (A) Representative micrograph. (B) Selection of
2-D class averages showing multiple views of the complex. (C) Heterogeneous refinement job in cryoSPARC was used to look for multiple conformations and to
select a homogeneous subset of particles for high-resolution refinement. (D) Nonuniform refinement job in cryoSPARC colored according to local resolution,
which ranged from 3.5 to 7.0 A for the best class. Fourier shell correlation (FSC) plot indicates an overall resolution of 3.8 A when C2 symmetry was imposed.
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Figure S4. Stability of Zn binding sites in MD simulations of YiiP. The RMSD of binding site residues, represented by their nonhydrogen atoms in the
backbone and side chain, was calculated after optimal superposition of each protomer for apo and holo simulations and each simulation repeat (md0-md2),
shown in shades of purple and cyan, respectively. To improve readability, the time series was averaged over blocks of 20 ns with the solid line showing the
mean and the error band containing 95% of the data. RMSD distributions generated by a KDE are shown to the right of the time series. On the far right, each
binding site in the SP3sym structure is shown with the Zn ion (magenta sphere) and the coordinating residues (licorice representation). (A) Site A in the TMD.
(B) Site B in the M2/M3 loop of the TMD. (C) Site C, in the CTD. (D) Site C; in the CTD.
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Figure S5. RMSD plot for the remaining two MD simulations (md0 and md2) of the holo state. The three traces correspond to the different alignment
schemes relative to the starting model (5VRF) as described in Fig. 3.
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Figure S6. Steps in structure determination of the EDTA-treated YiiP/Fab complex from the SP2 dataset. (A) Representative micrograph. (B) Selection
of 2-D class averages showing multiple views of the complex. (C) Heterogeneous refinement job in cryoSPARC was used to look for multiple conformations and
to select a homogeneous subset of particles for high-resolution refinement. (D) Nonuniform refinement job in cryoSPARC colored according to local resolution,
which ranged from 4.0 to 7.0 A for the best class. Fourier shell correlation (FSC) plot indicates an overall resolution of 4.0 A, which was determined without
imposition of symmetry. VL, variable light chain.
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Figure S7. Steps in structure determination of the EDTA-treated YiiP/Fab complex from the SP3 dataset. (A) Representative micrograph. (B) Selection
of 2-D class averages showing multiple views of the complex. (C) Heterogeneous refinement job in cryoSPARC revealed the presence of two distinct con-
formations, which were individually used for high-resolution refinement. (D) Nonuniform refinement jobs for each class in cryoSPARC colored according to
local resolution, which ranged from 3.0 to 7.0 A. Fourier shell correlation (FSC) plots indicate an overall resolution of 3.4 and 4.2 A for the symmetric con-
formation and the bent conformation, respectively. (E) Three principle components derived from 3-D variability analysis of the combined particles from both

classes.
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Figure S8. Steps in structure determination of the YiiP/Fab complex treated with both EDTA and TPEN from the SP4 dataset. (A and B) Repre-
sentative micrographs from two different imaging sessions. (C) Heterogeneous refinement job in cryoSPARC revealed the presence of two distinct con-
formations, which were individually used for high-resolution refinement. (D) Nonuniform refinement job in cryoSPARC colored according to local resolution,
which ranged from 3.3 to 7.0 A. Fourier shell correlation (FSC) plots indicate an overall resolution of 3.5 and 4.7 A for the symmetric conformation and the bent
conformation, respectively. (E) Three principal components derived from 3-D variability analysis of the combined particles from both classes.
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Figure S9. RMSD plots for the remaining two MD simulations (md0 and md2) of the apo state. The three traces correspond to the different alignment
schemes relative to the starting model (5VRF) as described in Fig. 4.
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Figure S10. Quantitation of M2/M3 loop movements during the MD simulations showing greatly enhanced dynamics in the apo state. (A-C) C, RMSD
for each protomer from the individual simulations (md0-md2) after alignment of the TMD relative to the starting structure (PDB accession no. 5VRF). (D) Cq
RMSD distributions for loop motion relative to the TMD, representing all the simulations as calculated by KDE. (E-G) C, RMSD for each protomer after
alignment of the loop relative to the starting structure. (H) C, RMSD distributions for the intrinsic loop motion, representing all the simulations in the apo and

holo states (repeated from Fig. 5 B to aid comparison).
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Figure S11. Quantitative comparison of cryo-EM density maps and conformations from the MD simulation. (A) Time series of the cross-correlation (CC)
between protein conformations in the apo simulations md0-md2 and the experimental density maps SP3sym (corresponding to the fully Zn-bound structure,
blue line) and SP2 (apo structure, orange line), together with the distribution of the CC, drawn as KDEs. (B) Comparison of best-fit conformation from the apo
MD simulations (ignoring the initial 100 ns during which the system relaxes) to the SP2 density at a contour level of 0.32 (6 6): snapshot from apo md1 at 369 ns
with CC = 0.28, shown as a magenta dot in A. Two views are shown at 90° orientations. (C) Comparison of the same apo MD snapshot to the SP3sym density at
a contour level of 0.6 (6 6). (D) CC time series of the holo simulations md0-md2 to SP3sym (blue) and SP2 (orange) density maps. (E) Comparison of best-fit
conformation from the holo MD simulations (ignoring the initial 100 ns during which the system relaxes) to the SP2 density: snapshot from holo md0 at 301 ns
with CC = 0.34, shown as a cyan dot in D. (F) Comparison of the same holo MD snapshot to the SP3sym density.
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Figure S12. Dynamics of the CTD are influenced by Zn binding. (A) Overlay of CTDs from the indicated cryo-EM structures showing close overlap of
secondary structural elements from the symmetric, holo structures: SP1, SP3sym, and SP4sym. The CTD from SP3bent also matches the configuration from the
holo state, which correlates with the presence of density at Zn site C (c.f., Fig. 7 G). (B) CTDs from SP2 and SP4bent (apo) are farther apart (14.5-16 A between
Cq atoms of Arg237 and Glu281) than those from SP3sym (12.2 A) and SP3bent (11.1 A), suggesting that Zn binding at site C has a stabilizing influence on this
domain. (C) The distance between C, atoms from Arg237 and Glu281 was used as a collective variable to monitor CTD dynamics during the MD simulations.
Data from all three simulations are plotted for apo and holo states with distributions from KDE calculations shown on the right. Time series were averaged over
20-ns intervals, with the solid line showing the average and the error bands contain 95% of the data. These data indicate that there are larger fluctuations in the
CTD for the apo state.
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Figure S13. Display of 3-D variability in the SP4 dataset. (A) Side view of 11 (from a total of 20) structures generated from one of the principal components
from the 3-D variability analysis. This series captures the conformational transition from the C2 symmetric conformation to the asymmetric conformation with
a bent TMD. CTDs from each structure have been aligned. Helices in the TMD are rainbow colored from blue to red, the CTD is gray, and the Fab chains are
orange and red. (B) Front view of the same 11 structures showing the bending of the M2 helix (cyan indicated by arrow) during the conformational transition.
(C) View from the cytoplasm toward Zn site A for a subset of five structures from the 3-D variability analysis illustrating the bending of M2 (cyan) and M5
(orange) during the conformational transition. (D) Plots of distances between C, atoms from Leul54 and Leul99 on the cytoplasmic side of the TMD and
between Ala43 and Alal85 on the periplasmic side for each of the components derived from 3-D variability analysis of the SP4 dataset. These plots are
analogous to those in Fig. 8. Evidence of TM gate closure can be seen in components 1 and 2.

Video 1. Animation showing each of the three components of 3-D variability for the SP3 dataset. Each frame represents one of the 20 structures
derived from this analysis. Text at the lower left indicates which of the three components is being displayed.
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Video 2. Animation showing each of the three components of 3-D variability for the SP4 dataset. Each frame represents one of the 20 structures
derived from this analysis. Text at the lower left indicates which of the three components is being displayed.

Video 3. Animation showing a morph of the atomic models produced by Namdinator for component 1 from the 3-D variability analysis of the SP4
dataset. Related to Fig. S13. These objectively built structures show the transition from the symmetric holo state to the asymmetric apo state, including
bending of the CTD relative to the TMD and bending of M2 and M5 helices. Residues surrounding Zn site A (Asp47, Asp51, His155, and Asp159) are shown as
simple sticks with elemental coloring; L154 and L199 representing the hydrophobic gate are shown in ball and stick representation in light and dark green
colors, respectively.
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