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Abstract: Na+ is the most abundant ion in living organisms and plays essential roles in regulating
nutrient uptake, muscle contraction, and neurotransmission. The identification of Na+ in protein
structures is crucial for gaining a deeper understanding of protein function in a physiological
context. LeuT, a bacterial homolog of the neurotransmitter:sodium symporter family, uses the Na+

gradient to power the uptake of amino acids into cells and has been used as a paradigm for the
study of Na+-dependent transport systems. We have devised a low-energy multi-crystal approach
for characterizing low-Z (Z ≤ 20) anomalous scattering ions such as Na+, Mg2+, K+, and Ca2+ by
combining Bijvoet-difference Fourier syntheses for ion detection and f” refinements for ion speciation.
Using the approach, we experimentally identify two Na+ bound near the central leucine binding
site in LeuT. Using LeuT microcrystals, we also demonstrate that Na+ may be depleted to study
conformational changes in the LeuT transport cycle.

Keywords: amino acid transporter; anomalous diffraction; element identification; multiple crystals

1. Introduction

Na+ is the most abundant ion in living organisms and plays essential roles in central
physiological processes [1]. For example, Na+ pumps create and maintain an electrochemical
gradient of Na+ across the plasma membrane, and this energy is used for nutrient uptake
into cells or neuronal signaling and cardiac muscle contraction [2]. A high concentration of
intracellular Na+ is toxic, and Na+ is continuously extruded by Na+ transporters and pumps [3].
Na+ is also essential for some enzyme activity as a co-factor, for example, β-galactosidase, factor
Xa, and thrombin [4]. Therefore, the identification of Na+ and the determination of its precise
location in protein structures can provide important clues for understanding the mechanisms of
Na+ transporters, channels, pumps, and Na+-dependent enzymes.

LeuT, a bacterial orthologue of the human SLC6 family [5] of the neurotransmit-
ter:sodium symporter (NSS) family, is a Na+-dependent amino acid symporter [6]. The
SLC6 family includes transporters for dopamine [2] and serotonin [7] that play essential
roles in the reuptake of neurotransmitters involved in synaptic neurotransmission [8]. The
dysfunction of SLC6 family transporters is related to various neurological and psychiatric
disorders in humans [9]. LeuT has been used as a model transporter to gain insight into
the structure-function relationship of the SLC6 family members. There is a consensus that
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LeuT has two Na+ sites that are part of an allosteric network that regulates Na+-coupled
amino acid symport [6,10,11]. However, to obtain a better understanding of how ions,
such as Na+, that are at the resolution of crystallographic approaches, coordinate protein
function, it is critical to developing methods to facilitate their unequivocal identification in
protein structures.

Assignment of ions into the electron density of X-ray crystallography or the coulomb
map of cryo-EM is not trivial. They can be confused with water molecules or other
solvent components, and this is especially true for ions such as Na+ and Mg2+ with low
atomic numbers (e.g., when Z ≤ 20) and when they are only partially occupied in a
protein. Anomalous scattering is a powerful method to identify low-Z anomalous scattering
elements in a crystal structure [12–14], but it is often difficult to identify low-Z elements
where it may not be readily feasible to perform anomalous scattering experiments across
the relevant absorption edge. To this end, we developed an f” refinement method for the
identification of low-Z elements in our native-SAD structures [14]. We have also used the
f” refinements to identify ions in studies of ion channels, notably so for vertebrate TRIC
channels [15] and a putative bacterial ion channel TehA [16]. However, the identification of
Na+ is particularly challenging since its anomalous scattering is very weak at the available
wavelength at synchrotron sources (f” = 0.22e at 6 keV). To address this issue, we recently
devised a multi-crystal assembly and rejection strategy using low-energy X-rays to enhance
anomalous signals from off-resonance weak scatterers [17–19]. Here, we describe the
optimization of the low-energy multi-crystal approach using 5 keV X-rays for studying
anomalous diffraction from native LeuT crystals. Using this approach, we experimentally
identified two Na+ in the two Na+ sites (termed Na1 and Na2) in LeuT. We also performed
Na+ depletion experiments to explore Na+-mediated conformational changes in the LeuT
transport cycle. This approach can be applied for the identification of ions, e.g., Na+, in
low-resolution crystal structures as well as to monitor protein conformational changes
upon Na+ depletion by using time-resolved serial crystallography.

2. Materials and Methods
2.1. Protein Purification, Characterization, and Crystallization

LeuT from Aquifex aeolicus (UniProt accession number O67854) was cloned into a
pNYCOMPS-C23 vector [20] including a C-terminal TEV cleavage site followed by a
10xHis-tag. LeuT was expressed in E. coli C41 (DE3) (ThermoFisher Scientific, Waltham,
MA, USA), cultured in terrific broth, after inducing gene expression by the addition of
0.3 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at an absorbance of 0.5 at 600 nm
(A600) at 20 ◦C for 20 h. Cells were disrupted by using an Emulsiflex C3 (Avestin) and
membranes were collected by ultracentrifugation at 185,000× g, 4 ◦C for 1 h. Membrane
pellets were washed twice with 200 mM Tris/MES, pH 7.5, 0.1 mM TCEP, and 5% glycerol
and solubilized with 30 mM n-dodecyl-β-D-maltopyranoside (DDM) for 2 h at 4 ◦C. In-
soluble material was removed by ultracentrifugation at 4 ◦C, 185,000× g for 40 min. LeuT
was purified by IMAC employing Ni-chelating resin (G-biosciences, St Louis, MO, USA)
and eluted in 50 mM Tris/MES, pH 7.5, 5% glycerol, 150 mM NaCl, 400 mM Imidazole,
0.1 mM TCEP, and 0.5 mM DDM. The C-terminal His-tag was removed by overnight TEV
digestion at 4 ◦C followed by size exclusion chromatography using a Superdex increase
200 10/300 GL column (GE Healthcare) equilibrated in 10 mM Tris, pH 8.0, 45 mM NaCl,
5 mM KCl, and 40 mM n-octyl-β-D-glucopyranoside (OG). Peak fractions containing LeuT
were pooled. For crystallization, the pooled fraction was concentrated to 7 mg/mL with a
Vivaspin 50 kDa cutoff centrifugal concentrator (SARTORIUS, Göttingen, Germany). Con-
centrated LeuT was mixed with 0.1 M HEPES pH 7.0, 100 mM NaCl, 20–25% PEG 550 MME
in a ratio of 1:1 (v/v) for crystallization by a sitting-drop method at 19 ◦C. Microcrystals of
LeuT grew in a few days and were harvested by centrifugation at 500× g for 5 min followed
by the removal of the supernatant. Microcrystals were then resuspended in a stabilization
buffer consisting of 0.1 M HEPES, pH 7.0, 100 mM NaCl, 20–25% PEG 550 MME, and
0.5 mM DDM. Microcrystals of LeuT were dehydrated by increasing the PEG 550 MME
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concentration to 30% with 2.5% increment steps. We used low-background polyimide
loops with only one crystal in each loop. To reduce the low-energy X-ray absorption of
the buffer, we removed the buffer from around the crystals using filter paper. Dehydrated
LeuT microcrystals were cryo-cooled in liquid nitrogen for diffraction data collection.

For functional characterization, LeuT was purified as described above without the
removal of the His-tag. To assess the effect of ‘trapped’ Na+ and Leu in LeuT preparations
that are known to remain bound from the cell culture and prevent binding of Na+ and Leu
to their respective binding sites [6,21], membrane vesicles of E. coli C41 (DE3) expressing
LeuT were subjected to the treatment with 10 mM Crown-5 (Sigma-Aldrich, St. Louis,
MI, USA) prior to the purification of LeuT. The activity of purified LeuT was assessed
using scintillation proximity assay (SPA)-based binding of 50 nM 3H-Leu (120 Ci/mmol)
(American Radiolabeled Chemicals, Inc. St. Louis, MI, USA) in assay buffer composed of
100 mM Tris/MES pH 7.5, 50 mM NaCl (or 150 mM Tris/MES for Na+-free conditions),
0.1 mM TCEP, 5% glycerol, and 5 mM DDM using 1.25 mg/mL of copper-coated YSi-SPA
beads (Perkin Elmer, Waltham, MA, USA) to immobilize His-tagged LeuT. The background
binding activity, i.e., the non-proximity signal (NPS), was assessed by performing the assay
in the presence of 800 mM imidazole which competes with the His-tag for binding to the
SPA beads. Samples were measured in a photomultiplier-tube-based microwell counter as
described [22] and shown as counts per minute (cpm).

2.2. Crown-5 Soaking

To remove Na+ from LeuT crystals, soaking experiments were performed at 4 ◦C.
Crown-5 at a stock concentration of 100 mM was diluted to 1 mM, 3 mM, 5 mM, and 10 mM
in a soaking buffer containing 0.1 M HEPES pH 7.0, 20–25% PEG 550 MME, and 0.5 mM
DDM. For soaking in different Crown-5 concentrations, microcrystals were repeatedly
(three times) incubated with the soaking solution for 5 min followed by centrifugation
to remove the soaking buffer. The soaked crystals were used for dehydration to a final
30% PEG 550 MME with a step of 2.5%. We mounted crystals using the same strategy
as native LeuT crystals. Soaked and dehydrated LeuT microcrystals were cryo-cooled in
liquid nitrogen for diffraction data collection.

2.3. Diffraction Data Collection

Both native LeuT and Crown-5-soaked data sets were collected at the FMX beamline
at National Synchrotron Light Source II (NSLS-II) with a cryostream operated at 100 K [23].
The FMX beamline is equipped with a DECTRIS Eiger X 16M detector (DECTRIS USA,
Inc., Philadelphia, PA, USA). To reduce the background and absorption of X-rays at low
energy, polyimide loops were used and buffer around the crystals was removed by pa-
per [17]. Raster scans were used for identifying well-diffracting microcrystals. To limit
X-ray absorption at low energy, we used only crystals of about 30 microns in size. Crystals
were of rod shape which allowed us to collect 600 frames using a vector data collection
method with 0.3 degrees per 0.02 sec exposure time. The X-ray energy was moved to
5 keV (wavelength = 2.48 Å) for enhanced anomalous signals from Na+. The beam size is
5 × 6 µm (V × H). For each Crown-5-soaked LeuT crystal, diffraction data were collected
at a sample-to-detector distance of 140 mm, and an exposure time of 0.02 sec per frame for
a total of 600 frames.

2.4. Data Reduction and Assembly

Seventy single crystal data sets (600 frames for each crystal) were indexed and inte-
grated independently as 10 accumulated wedges per crystal (1–60, 1–120, . . . , 1–600) using
PyMDA [19] which integrates the software DIALS, POINTLESS, and AIMLESS [24–27].
All wedges were scaled, and the largest wedges which have a CC1/2 value above 0.9 at 4
Å were chosen for each crystal. Seventy single-crystal data sets were classified based on
the variation of their unit cell parameters [28]. Among them, 35 crystals in cluster 4 (UC4)
had acceptable diffraction quality and were used for downstream assembly in PyMDA
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(Figure 1a). To remove outlier crystals, crystal rejection was performed one by one from
the 35 crystals using PyMDA, resulting in 32 crystals for the final data assembly. The
assembled data sets after each crystal rejection were further subjected to a different extent
of frame rejection by using PyMDA (Figure 1b). The extent of frame rejection is defined
by frame_cutoff = [min(SmRmerge) × (1 + decay)], where min(SmRmerge) is the lowest
SmRmerge, reported by AIMLESS, within a single-crystal data set; and decay is a rejection
ratio of none, 500%, 400%, 300%, 200%, and 100%. Frames with SmRmerge larger than
frame_cutoff were excluded from the assembly in AIMLESS. For example, 200% indicates
that frames with a SmRmerge of 200% more than min(SmRmerge) are rejected from scaling
and merging [18,19]. Data reduction and assembly statistics are shown in Table 1.

Crystals 2023, 13, x FOR PEER REVIEW  4  of  14 
 

 

PyMDA [19] which integrates the software DIALS, POINTLESS, and AIMLESS [24–27]. 

All wedges were scaled, and the largest wedges which have a CC1/2 value above 0.9 at 4 

Å were chosen for each crystal. Seventy single‐crystal data sets were classified based on 

the variation of their unit cell parameters [28]. Among them, 35 crystals in cluster 4 (UC4) 

had acceptable diffraction quality and were used for downstream assembly  in PyMDA 

(Figure 1a). To remove outlier crystals, crystal rejection was performed one by one from 

the 35 crystals using PyMDA, resulting in 32 crystals for the final data assembly. The as‐

sembled data sets after each crystal rejection were further subjected to a different extent 

of frame rejection by using PyMDA (Figure 1b). The extent of frame rejection is defined 

by frame_cutoff = [min(SmRmerge) × (1 + decay)], where min(SmRmerge) is the lowest 

SmRmerge, reported by AIMLESS, within a single‐crystal data set; and decay is a rejection 

ratio of none, 500%, 400%, 300%, 200%, and 100%. Frames with SmRmerge  larger than 

frame_cutoff were excluded from the assembly in AIMLESS. For example, 200% indicates 

that frames with a SmRmerge of 200% more than min(SmRmerge) are rejected from scal‐

ing and merging [18,19]. Data reduction and assembly statistics are shown in Table 1. 

 

Figure 1. Schematic workflow for Na+ identification. (a) Single‐crystal data set processing. Single‐

crystal  data  sets  were  independently  indexed,  integrated,  and  scaled  using  PyMDA  as  10 

Data #1

cc1/2>0.9, and
highest W Max (cc1/2)?

Rejected

Clustering by unit cell variation

Distance <4 ?

Data #... Data #M

RejectedRejected

Distance <4?

ACC>0.15?

Data assembly

Crystal and frame rejection

Anomalous signal search

cc1/2>0.9, and

highest W

cc1/2>0.9, and
highest W

Rejected

Yes YesYes

No No No

No

Yes

No

Yes

Scattering‐factor refinements

Structure determination

(a)

(b)

(c)

Peak height > 4σ?

Yes

Rejected

Element identification

Same b‐factor to 
closet atom?

Change occupancy
No

Yes

No

Figure 1. Schematic workflow for Na+ identification. (a) Single-crystal data set processing. Single-
crystal data sets were independently indexed, integrated, and scaled using PyMDA as 10 progres-
sively accumulated wedges (W) (W1, 1–60; W2, 1–120; . . . , W10, 1–600 frames). The largest wedges
which have CC1/2 > 0.9 were selected for further data analysis. (b) Data assembly and rejection. Data
sets classified with a unit-cell variation of less than 4 were combined. Unit-cell variation is defined as
Euclidean distances normalized by population variances as reported previously [28]. Assembled data
sets were subjected to crystal rejection followed by frame rejection by PyMDA. Only data sets that
showed significant anomalous signals (ACC > 0.15) were advanced to the next step. (c) LeuT structure
was determinized by molecular replacement using PDB code 3GJD as a search model. Anomalous
signals were searched by ANODE. Significant anomalous signals (>4σ) at the Na+ binding site were
subjected to f” refinement by PHENIX.REFINE. The occupancy of anomalous scatterers was changed
from 1.0 to 0.1 in 0.1 intervals to get refined individual B-factor and f” values. The refined f” value of
an anomalous scatterer that has a B-factor value closest to its neighboring atom(s) was selected. The
element was assigned by comparing the refined f” value with its theoretical value at 5 keV.
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Table 1. Data collection and refinement statistics.

Data Collection LeuT (Multi-Crystals) LeuT w Crown-5

Beamline FMX (NSLS-II) FMX (NSLS-II)
Wavelength (Å) 2.48 2.48

Space group C2 C2
Unit cell (Å)

a, b, c (Å) 87.11, 86.38, 80.73 86.44, 87.38, 80.80
a, b, γ (◦) 90.0, 95.3, 90.0 90.00, 95.1, 90.00

Solvent content (%) 53.2 53.5
Bragg spacings (Å) 38.04–4.001 (4.144–4.001) 39.44–3.8 (3.936–3.8)

Total reflections 595,518 (60,371) 19,702 (1975)
Bijvoet unique reflections 10,240 (1028) 11,251 (594)

Completeness (%) 99.65 (100.00) 98.50 (98.99)
<I/σ(I)> 26.6 (21.3) 2.3 (0.7)

Rsplit 0.027 0.272
Multiplicity 116 (117.9) 3.3 (3.3)

CC1/2 0.997 (0.996) 0.982 (0.535)
Refinement

Resolution (Å) 4 3.8
No. reflections 5110 (514) 5911 (589)

Rwork/Rfree 0.169/0.201 0.272/0.315
No. atoms 4263 4056

Wilson B factor (Å2) 60.79 122.14
Average B factor (Å2) 55.7 125.05

R.m.s. deviations
Bond length (Å) 0.004 0.002
Bond angle (◦) 0.69 0.49

PDB code 8FT4 8FT5

2.5. Structure Determination and Low-Z Element Identification

Data sets that showed significant anomalous signals (anomalous correlation coefficient
(ACC) > 0.15) were used for structure determination by molecular replacement employ-
ing PHENIX.PHASER [29] using PDB code 3GJD as a searching model [30]. Iterative
model building and refinement were performed by using the program COOT [31] and
PHENIX.REFINE [32], respectively. Bijvoet-difference Fourier maps and peak heights were
calculated using ANODE [33]. f” values for anomalous scatterers were obtained through
the f” refinement (Figure 1c) [14] using PHENIX.REFINE [32]. For the f” refinement, we
changed the occupancy of anomalous scatterers from 1.0 to 0.1 in 0.1 intervals and re-
fined individual B-factor and f” values. The refined f” value of an anomalous scatterer
that has a B-factor value closest to its neighboring atom(s) was selected. The stereochem-
istry of the refined structures was validated by using the programs MolProbity [34] and
PHENIX.REFINE. Structural refinement and validation statistics are listed in Table 1.

3. Results
3.1. Anomalous Diffraction of Na+ in LeuT

LeuT is a model transporter employed to understand the molecular mechanism of
the SLC6 family of the NSS. LeuT, a representative for NSS, utilizes the electrochemical
gradient to mediate Na+-coupled solute symport [10]. The original LeuT structure (PDB
code: 2A65) [6] revealed the presence of two Na+, and functional studies revealed the
importance of the two Na+ in the Na1 and Na2 sites for regulating LeuT conformational
transitions that appear to be the core of the transport cycle [5,10]. The crystallographic
characterization of the two Na+ by anomalous diffraction in LeuT provids a stepping stone
to gaining insight into the transport mechanism in LeuT and the SLC6 family transporters.
However, the K absorption edge of Na+ is 1.07 keV (http://skuld.bmsc.washington.edu/
scatter/AS_periodic.html (accessed on 17 January 2023)), which is not accessible at any
synchrotron crystallography facility. The lowest energy reported so far is 2.5 keV near

http://skuld.bmsc.washington.edu/scatter/AS_periodic.html
http://skuld.bmsc.washington.edu/scatter/AS_periodic.html
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the sulfur edge at the Diamond Light Source I23 [35]. We have recently developed a
multi-crystal assembly strategy to enhance anomalous signals from off-resonance weak
scatterers [16,19], and we, therefore, explored this method for the characterization of Na+

anomalous diffraction in LeuT (Figure 1).
We initially used 6 keV X-rays, which are commonly used for native-SAD phasing of

protein crystals of decent size [36]. However, we could not detect any anomalous signals
from the Na+ binding site in LeuT. To exploit the increased anomalous diffraction of Na+

at lower energy, we choose to use 5 keV to enhance Na+ anomalous signals (f” = 0.31e
at 5 keV vs. 0.22e at 6 keV) and microcrystals to reduce the absorption of low-energy
X-rays [37]. We collected 70 single-crystal data sets but none of the individual data sets
showed significant anomalous signals. To enhance weak anomalous signals, we performed
unit-cell variation analysis to find out compatible clusters for data assembly [28] (Figure 2a).
Those data sets were classified into four clusters (named UC1-4), UC1-3 have divergent
unit-cell parameters compared to our reference LeuT structure (PDB code: 3GJD), and
the largest cluster (UC4) has the closest unit-cell parameters (Figure 2a). The UC4 cluster
showed the best data quality with a resolution beyond 4.0 Å. We hence used UC4 data sets
for assembly. Figure 2b,c shows the data quality of the assembled data sets under different
rejection conditions. Most of the data sets show high CC1/2 (>98%) and low Rsplit (<10%)
values, confirming that these crystals were compatible with assembly. The anomalous
signals (reported as anomalous correlation coefficient, ACC) significantly increased with
the increased number of assembled crystals (Figure 2d).
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3.2. Speciation of Anomalous Scattering Elements in LeuT

The LeuT structure was solved by molecular replacement from assembled data set
which showed significant anomalous signals (ACC > 0.15), and anomalous scatterers were
searched in the solved structure by ANODE. Figure 3a shows anomalous difference in
Fourier peak heights from the 32-crystal data set which showed the highest anomalous
signals (Figure 2d). We were able to identify 19 peaks above 4.0σ including 11 sulfur (peaks
1–10 and 12), 1 chloride ion (peak 14), and 1 unknown (peak 11) (Figure 3b). Importantly,
peaks 13 and 16 have positions identical to the two Na+ ions in the LeuT structure [30].
The distances between the Na+ peaks and coordinating atoms are 2.3–2.5 Å, which is
appropriate for Na+ coordination (Figure 3d). Therefore, we conclude that these two peaks
correlate to the two Na+ in LeuT.
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Figure 3. Characterization of Na+ in LeuT. (a) A plot of the 19 highest Bijvoet-difference Fourier
peaks in LeuT. Two Na+ peaks are indicated by arrows. (b) Bijvoet-difference Fourier peaks are
shown as purple isomeshes contoured at 3.5σ. The refined LeuT model is shown as sticks. Sulfur
peaks for methionine residues are 1, M363; 2, M403; 3, M65; 4, M199; 5, M360; 6, M394; 7, M44; 8,
M176; 9, M452; 10, M18; 12, M59. Peaks 13 and 16 are for Na1 and Na2, respectively. Peaks 11 and
14 were identified as Cl− (c) Electron densities (magenta isomeshes contoured at 4σ) for two Na+

in LeuT. 2Fo-Fc electron densities are shown as grey isomeshes contoured at 1.5σ. (d) Na+-binding
sites in LeuT. Residues and leucine forming the Na+-binding sites are shown as sticks. Distances (Å)
between Na+ and the bound atoms are shown as dash lines.

To specify the element for each identified anomalous difference Fourier peak, we
performed f” refinement using PHENIX.REFINE [32]. Since the f” value depends on
occupancy, we varied occupancy of each anomalous scatterer for refinement and the
approximate f” value was determined where B-factor values of surrounding atoms are
closest to the scatterer (Table 2). We found approximate f” values were 0.32e for Na1
(occupancy 0.9) and 0.36e for Na2 (occupancy 0.8), that are almost identical to the theoretical



Crystals 2023, 13, 183 8 of 13

f” value of 0.31e for Na+ at 5 keV. We also found approximate f” values of 1.45e for Cl−,
(peak 14, which was previously identified as Cl− that was proposed to have no functional
relevance for the transport process [6]) and 1.36e for the unknown peak 11. Because the
theoretical f” value is 1.63e for Cl− at 5 keV, peak 11 is likely another Cl− which was
not previously reported. The other possibility for peak 11 is P or K which existed in our
crystallization mother liquor. However, the theoretical f” values are 1.04e for P and 2.4e for
K at 5 keV, which are away from 1.45e (peak 14) and 1.36e (peak 11). Furthermore, peak
11 is coordinated by the N atoms from His480 and Trp481. Therefore, the unknown peak
11 may be assigned as Cl−. Taken together, our crystallographic analysis of anomalous
scatterers in LeuT directly resolved the presence of two Na+ in the immediate proximity
of the central leucine binding site of LeuT as previously proposed [6]. In addition, we
identified a new Cl− from the unknown peak 11, which, due to its remote location relative
to the core network of the substrate and Na+ binding sites, appears to have no physiological
role for LeuT-mediated substrate transport.

Table 2. Scattering-factor refinements for anomalously scattering elements. f”(S) shows the average
value of all sulfur scatterers. Refined f” values are in bold.

Occupancy f”(Na1) f”(Na2) f”(Cl) f”(Peak11) f”(S)

1 0.16 0.20 1.33 0.51 1.05
0.9 0.32 0.33 1.21 0.52 1.13
0.8 0.37 0.36 1.25 0.62 1.21
0.7 0.43 0.39 1.32 0.69 1.27
0.6 0.50 0.45 1.45 0.80 1.42
0.5 0.57 0.55 1.61 0.91 1.58
0.4 0.71 0.54 1.84 1.09 1.94
0.3 0.89 0.56 2.15 1.36 2.30
0.2 0.88 0.61 2.24 1.48 2.69
0.1 0.41 0.38 1.22 0.79 2.97

3.3. Characterization of Na+ in LeuT

We found Na1 has stronger anomalous signals compared to Na2 (Figure 3c). The
occupancy of Na1 (0.9) is also higher than Na2 (0.8) (Table 2). This result is consistent
with the computational study of Na1 and Na2 occupancy in the presence of substrate
leucine [38]. Na1 has an octahedral coordination while Na2 has only a four-atom coordina-
tion (Figure 3d). Therefore, compared to Na2, Na1 may have a higher affinity as suggested
by a higher occupancy and peak height. However, the Na2 site is highly conserved in
the majority of proteins sharing the conserved LeuT fold architecture [39]. In H+-coupled
symporters that feature the LeuT fold, a positively charged residue occupies the space that
aligns with the Na2 site in the Na+-dependent systems, indicating that a positive charge,
originating from the Na+ in the Na2 site or from a positively charged amino acid side
chain may be involved in ion coupling [40–43]. In comparison, the Na1 site in LeuT-fold
transporters is less conserved which may reflect the flexibility of the Na1 binding site to
accommodate diverse substrates in the adjacent substrate binding site [44].

3.4. Conformational Change upon Na+ and Substrate Depletion

Na+-free LeuT is unstable at a physiological pH. Therefore, stabilization strategies
such as mutations, low pH, and the use of Fab fragments were employed to obtain LeuT
structures in apo conformations [45,46]. Here, we took a different approach to obtain LeuT
structures in an apo conformation (i.e., Na+-free) at a more physiological pH (pH of 7.0)
by removing Na+ in LeuT crystals using Crown-5, a Na+-chelating compound [47]. We
initially tried to soak large crystals with Crown-5, but those crystals were cracked and
could not be used for diffraction data collection, suggesting that Na+ depletion from LeuT
crystals caused conformational changes and destroyed the crystal lattice. To overcome
this issue, we used microcrystals of 10–20 µm in size. We hypothesized that microcrystals
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may tolerate the conformational changes induced by the diffusion of Crown-5 and Na+.
As we expected, microcrystals survived after soaking with Crown-5 at a concentration
of 3 mM. These soaked microcrystals preserved diffraction quality at 3.8 Å resolution
(Table 1). Compared to the Na+ and Leu-bound LeuT structure, the structure we obtained
after Crown-5 soaking shows a significant loss of electron densities for the substrate Leu
(Figure 4a). This observation is consistent with the fact that Leu can only bind to LeuT in
the presence of Na+ [10]. Removing Na+ from the assay medium impaired 3H-Leu binding
to LeuT (Figure 4b). Because the anomalous signals from a single crystal are weak and
the resolution is low, we cannot use anomalous difference Fourier peaks or Fo-Fc electron
densities to validate the depletion of Na1 and Na2. Our result nevertheless indicates that
most of Na1 were removed by Crown-5 so Leu binding was weakened. The depletion of
Leu did not yield observable conformational changes of the Na1 and Na2 sites, consistent
with the previously determined apo LeuT structure [45] and functional data that show that
binding of 22Na+ to LeuT is indistinguishable in the presence or absence of Leu [10].
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Figure 4. Na+ and leucine depletion in LeuT. (a) 2Fo-Fc electron density maps of bound substrate
leucine with and without Crown-5 soaking. (b) Removal of Na+ from LeuT-containing E. coli C41(DE3)
membrane vesicles by repeated treatments with Crown-5 as described in the Methods. The activity of
50 ng of purified LeuT from differently treated vesicles was then assessed by measuring the binding
of 50 nM 3H-Leu (120 Ci/mmol) in the presence of 50 mM NaCl (50 mM Na; black bars) or the
absence of NaCl (Na-free; gray bars) in the assay buffer using the scintillation proximity assay (SPA).
The non-proximity signal (NPS) was determined for each condition. Na+ and Leu from the cell
culture medium are trapped in LeuT and prevent significant binding of 3H-Leu to the untreated
sample. Repeated treatments with Crown-5 during the vesicle preparation led to the removal of the
trapped compounds. Data are the mean ± S.E.M of three independent repeats that were performed
as technical triplicates. (c) Comparison of LeuT structure with (yellow) and without (cyan) Crown-5
soaking (PDB code: 3GJD). Two Na+ and the substrate leucine in the non-soaking structure (PDB
code 3GJD) are shown as blue spheres and red sticks, respectively.

Figure 4c shows the conformational difference between LeuT structures with and
without Crown-5 soaking. Compared with the Na+- and Leu-bound LeuT structure (PDB
code: 3GJD), the Crown-5-soaked structure has an R.M.S.D. of 0.405 Å for aligned Cα atoms.
Remarkably, substantial relocation was observed in TM11, indicating that it is involved
in a conformational change upon Na+ or Leu depletion. The structure we determined is
in a substrate/Na+-bound occluded conformation. The depletion of Na+ and Leu and the
conformational change in TM11 might trigger an inward-facing conformation, favoring
Na+ and Leu release in the LeuT transport cycle. Our Crown-5 soaking experiment demon-
strates that microcrystals offer applications for exploring membrane protein conformational
changes upon soaking without destroying crystal lattice and diffraction quality.
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4. Discussion

Identification of biologically relevant low-Z ions (Na+, Mg2+, K+, Ca2+, Cl−, PO4
2−,

SO4
2−) in a crystal structure gives important clues to understanding their interactions

with proteins and provides critical leads to their functional or regulatory roles in protein
physiology. However, the K edge of these low-Z ions is not accessible at most of the
synchrotron facilities. Therefore, it is difficult to directly identify these low-Z ions by
anomalous scattering because of their low f” value at an off-resonance wavelength. As
a compromise, heavier ions with much higher f” values and similar chemical characters
were commonly used as surrogates such as Rb+ or Tl+ for K+, Os3+ for Mg2+, WO4

2− for
PO4

2−, SeO4
2− for SO4

2−, Br- or I− for Cl−, and Yb3+ for Ca2+ [48–51]. However, the use
of non-native ions may lead to different coordination and misinterpretation. A notable
example occurs in the classic KcsA channel, where K+ sites in the selectivity filter appeared
to be half occupied in mechanistically relevant pairs using TI+ instead of K+ [50]. Wagner’s
group has revisited this problem using K+ anomalous scattering to determine its occupancy
and showed that the selectivity filter is fully occupied by K+ [52]. For Na+, there are no
surrogates. Na+ has 10 electrons which are close to oxygen’s eight electrons in water.
Therefore, the identification of Na+ from water in a crystal structure remains a challenge.
Recently, we published the native-SAD structure of TehA using a multi-crystal assembly
method at 5 keV, and we identified an unknown anomalous peak as Na+ [16]. In this work,
we applied this method to allow for the first time, visualization of anomalous scattering
from the two Na+ in LeuT. We demonstrated that using X-rays at 5 keV, Na+ can be resolved
from its anomalous diffraction signals (Figure 3).

The theoretical f” for Na+ is 0.31e at 5 keV. The anomalous signals of Na+ in our
5-keV diffraction data were very weak. Typically, we observed many noisy anomalous
signals below a peak height at 4σ. The noise may be decreased by averaging data from
multiple crystals. To identify Na+ in LeuT, we averaged data from 32 crystals to boost Na+

anomalous signals with peak heights of above 4σ. We also found the Na+ peak height
depends on resolution cut-offs because the noise is higher in higher-resolution data. To
find a suitable resolution cutoff, we processed data at 2.8 Å, 3.5 Å, and 4.0 Å. The highest
Na+ peak height came from the 4.0 Å cut-off data.

Once the anomalous peaks for Na+ were identified, f” refinement using PHENIX.REFINE
can refine both B-factor and Na+ f” values simultaneously, which allowed us to assign and
verify both Na+ in LeuT. Therefore, our Na+-identification method for LeuT paves the way
for the identification of Na+ and other weakest anomalous scatterers using 5 keV X-rays and a
multi-crystal assembly strategy as illustrated in Figure 1.

LeuT operates the transport of amino acids via an alternating access model, which
includes three major conformations, outward-open, occluded, and inward-open state [5].
Although capturing high-resolution snapshots of intermediates along the transport cycle is a
daunting task, these major states have been revealed by crystal structures [6,11,45,46]. Among
them, however, apo states are unstable and stabilization with mutation, Fab binding or non-
physiological conditions (low pH) was necessary to solve the structures [45,46]. Here we used
Crown-5 to remove Na+ in LeuT microcrystals at a physiological pH of 7.0 to capture an apo
state absent of both Na+ and substrate. Although we could not verify the complete depletion
of Na+ in our crystallographic approach, we found that the electron density coverage for
the substrate leucine was reduced by Crown-5 soaking. This result, together with functional
studies (Figure 4b), indicates that Na+ is required to enable leucine binding.

5. Conclusions

Crystallographic characterization of Na+ in the NSS member LeuT remains a chal-
lenge due to its extremely weak anomalous diffraction signals. We used 5-keV X-rays in
conjunction with multiple crystals and optimized data analysis to boost Na+ anomalous
diffraction peak heights from the otherwise background noise. At above 4σ, we identified
and verified two Na+ in LeuT through f” refinement. We also demonstrate that Na+ de-
pletion by its chelator Crown-5 from microcrystals led to an apo structure free of Na+ and
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substrate. The element identification method presented in this work can be used to discover
Na+ which is abundant in many membrane and soluble proteins, reflective of its central
biological function.
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