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ABSTRACT: We report the application of lanthanide-binding
tags (LBTSs) for two- and three-dimensional X-ray imaging of indi-
vidual proteins in cells with a sub-15 nm beam. The method com-
bines encoded LBTSs, which are tags of minimal size (ca 15-20
amino acids) affording high-affinity lanthanide ion binding, and X-
ray Fluorescence Microscopy (XFM). This approach enables visu-
alization of LBT-tagged proteins while simultaneously measuring
the elemental distribution in cells at a spatial resolution necessary
for visualizing cell membranes and eukaryotic subcellular orga-
nelles.

X-ray Fluorescence Microscopy (XFM) is a powerful method for
imaging the trace-element concentration, distribution, and specia-
tion in cells and tissues. Even though the technique has been around
for more than 30 years, only recently have advances in X-ray
sources, optics, and detectors enabled two- and three-dimensional
imaging at the nanoscale with attogram detection sensitivity.1* A
few recent examples include the observation of “zinc sparks” in
oocyte fertilization,> copper binding to amyloid plaques in Alz-
heimer’s disease,® manganese accumulation within nanovesicles of
the Golgi apparatus in Parkinson’s disease,” new approaches for
neuroprotection with chemotherapy treatment,® and heme detoxifi-
cation by the malaria parasite.®

Despite the recent advancements in focusing optics®® and faster
fluorescence detectors,*1? the spatial resolution of XFM has been
limited to a few hundred nanometers in 2D and typically the micron
scale in 3D making it difficult to image subcellular organelles and
individual proteins. Here, we address this challenge by taking ad-
vantage of the development of new multilayer Laue X-ray lenses
(MLLs) for imaging in 2D and 3D with a sub-15 nm beam.!3

Additionally, there are very few X-ray sensitive tags for co-lo-
calizing individual proteins of interest with the trace-element dis-
tribution in subcellular structures. 415> Today, fluorescence micros-
copy is a ubiquitous method for imaging individual proteins within
the context of a living cell, where fluorescent labeling with proteins

and small molecules via methods such as bioorthogonal conjuga-
tion and genetically encoded fusion tags have provided target-spe-
cific visualization.'817 But there remain major opportunities for the
development of new methods and tags to enhance spatial resolution
with minimal interruption of native structures and interactions.

Figure 1. XFM images showing the distribution of Cl, Eu, Zn, and
the overlay of Eu (red), Zn (green) and CI (blue) in E. coli cells
expressing OmpA-LBT and incubated with 5 pm Eu. Images were
collected with zone plate optics and a 85 nm beam size. Scale bar
is 2 microns and concentration units are pg/cm?,
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In this study, we build upon the concept of using encoded fusion
tags as a method for visualizing specific proteins in cells by intro-
ducing X-ray sensitive tags that improve the image resolution be-
yond the diffraction limit of visible light. Lanthanide-binding tags
(LBTSs) are short peptides (15-20 amino acids) comprised almost
entirely of a nanomolar-affinity lanthanide-binding domain.18-20
When complexed to a lanthanide ion, the LBT in a fusion protein
has previously been used for investigations involving photolumi-
nescence,? NMR spectroscopy,???* MRI,% and X-ray crystallog-
raphy.26-27



We have adapted the use of LBTs for XFM, with the goal of
imaging individual target proteins at a spatial resolution approach-
ing 10 nm within intact cells, while simultaneously co-localizing
the trace-element distribution and concentration. As lanthanides are
rare in living organisms, the use of LBTs provides a protein-spe-
cific tag for visualizing proteins with XFM without competing sig-
nals from endogenous metal ions. The LBTSs can easily be incorpo-
rated into the target protein sequence, and their small size mini-
mizes any deleterious effects on target protein expression, function,
or transport within the cell. The high affinity of the LBTSs for lan-
thanides means that experiments can be performed at a low lantha-
nide concentration to mitigate toxic effects. The dissociation con-
stants for Eud* and Er®* with a single LBT are 62+4 nM and 786
nM, respectively. 2

For LBTSs to be useful for nanoscale cellular imaging, they must
be detectable at low concentrations, where the background signal
(e.g. non-specific binding) is minimized. First, we demonstrate the
use of trivalent Eu- and Er-LBTs to image a membrane protein,
Outer Membrane Protein A (OmpA), located on the surface of
Escherichia coli (E. coli) (Figure 1). Amongst membrane proteins,
OmpA is abundant at a copy number of 100,000 per cell.?®

Here, E. coli cells were embedded in small NaCl crystals (1-20
um), which we have found to maintain the three-dimensional shape
of the cells.* In addition, the cells provide a negative contrast in the
Cl XRF image, making them easy to locate. Figure 1 shows a clus-
ter of five E. coli cells embedded in NaCl crystals wherein OmpA
was tagged with the LBT (YIDTNNDWIEGDEL) into an outward-
facing loop and the cells were exposed to 5 UM EuCls. The XFM
images of the Cl, Eu, and Zn distributions are shown, along with
the 3-color composite image. The outline of the cells can be visu-
alized in the CI image, where they appear as dark regions among
the NaCl crystals.

The Eu XFM image shows that Eu is mostly concentrated at the
outer surface of the cells. As Eu is not endogenous to the cell, it is
only expected to be associated with the LBT which is bound to the
extracellular loop of OmpA. Hence the XFM image is consistent
with a membrane-bound Eu-LBT.

XFM can simultaneously detect multiple trace elements in the
cell, so other elements were also examined. The Zn image shows
an inhomogeneous distribution in some cells where the Zn concen-
tration is localized at the poles. In bacteria, divalent zinc is strongly
associated with the ribosomes, which are typically located at the
polar-end caps of cells3%-3 and has been observed with XFM pre-
viously.*

We also examined the ability to visualize proteins tagged with
LBTs in the cytosol (Figure 2). In this case, a double LBT (dLBT;
YIDTNNDGWIEGDELYIDTNNDGWIEGDELLA) was fused to
the N-terminus of ubiquitin (Ubi-dLBT) and heterologously ex-
pressed in E. coli with ErCls added at the time of induction. Ubig-
uitin and ubiquitin-like proteins are abundant in cells and act as
protein modifiers that regulate proteosomal degradation.3*3 For
example in HEK293 cells, the ubiquitin concentration is ~85 uM
in both free and conjugated species.?

For visualizing intracellular proteins, the detection sensitivity is
also dependent upon the transport of the lanthanide into the cells.
Although the entry of lanthanide ions is not yet fully understood,
studies suggest that lanthanides are transported into the cytosol via
the sodium-calcium exchanger and calcium-ion pumps using elec-
trochemical gradients.®8-3 They may also be transported via phag-
ocytosis, endocytosis, and pinocytosis.*° Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) performed on the OmpA-
LBT cells as a function of Eu concentration showed that the lantha-
nide reduced both the potassium and calcium concentrations in the
cells, supporting the literature reports of ion-channel transport (Fig-
ure S1).

Figure 2 shows the optical and XFM images of a cluster of seven
E. coli cells expressing Er-loaded Ubi-dLBT. The Ca image shows
that this ion is homogeneously distributed in all cells. A similar
uniform distribution was seen for Er, which is consistent with the
fact that ubiquitin is expressed throughout the cell. 4 However, alt-
hough Er was uniformly distributed, it was only visualized in one
dividing cell, which can clearly be seen in the 3-color composite
image, indicating that the lanthanide uptake efficiency and/or tag
expression need to be further optimized for future studies. In cells
not expressing Ubi-dLBT, there was no discrete emission signal in
the presence of Er, suggesting that the lanthanide ions are concen-
trated in the cell by mass action via LBT binding.

composite

Figure 2. Visible light image shows E. coli cells with Ubi-dLBT
incubated with 1 mM Er. XFM images show the distribution of Ca,
Er, and the overlay of Ca and Er in the E. coli cells. Au nanoballs
(in red) are 100 nm in diameter and were added as fiducial markers
for tomography reconstruction. Images were collected with zone
plate optics and an 85 nm beam size. Scale bar is 2 microns and
concentration units are pg/cm?. In the visible image, each yellow
arrow indicates an E.coli cell.

X-ray fluorescence spectra from Ubi-dLBT-encoded cells ex-
posed to 1 mM EuCls, revealed distinct Eu X-ray fluorescence
(Figure S2). Without expression of the tag, i.e. uninduced Ubi-
dLBT, the Eu fluorescence peaks are absent. Similarly, for OmpA,
distinct X-ray fluorescence peaks for Eu were seen at 5.85 keV
(Lo1) and 6.46 keV (Lp1) (Figure S2). However, in cells that were
exposed to Eu in the absence of the OmpA-LBT construct, X-ray
fluorescence peaks from Eu were absent.

The design of LBTs is such that the binding site can accommo-
date different lanthanides, all with nanomolar affinity.*>*® Since
the fluorescence spectra are fitted to extract the concentration of the
element present in the cells, it is beneficial to choose a lanthanide
that minimizes overlaps of fluorescence emission lines with the
trace element(s) of interest (Table S1). For example, the L, and L
peaks of Eu are found at 5.85 keV and 6.46 keV, respectively. In



this spectral range, the Mn Ko and Fe K. peaks fall at 5.90 keV and
6.40 keV, respectively, and can overlap with the Eu signal. This
overlap can be reduced by using Er-LBT, where the Lo and Lg peaks
fall at 6.95 and 7.81 keV respectively. However, although there
would be no overlap with the Mn K, there would be an overlap
with the Fe Kgand Cu K. (Figure S2). Hence, the appropriate lan-
thanide should be selected based on the trace element(s) of interest
in the study.

XY plane

XZ plane

YZ plane

Figure 3. (A) Isosurface plot showing the Erbium X-ray nanotomo-
gram of a single E. coli cell expressing OmpA-LBT and incubated
with Er. Virtual slices through the cell are seen in the XY, YZ and
XZ planes in (B), (C), and (D), respectively. During the tomogra-
phy scan, the cell was rotated along the XZ axis. The thickness of
the illustrated sections in B-D are approximately 40 nm, 115 nm,
and 138 nm in the XY, YZ and XZ planes, respectively. Scale bar
is 500 nm.

Due to the long penetration depth of X-rays, XFM with LBT-
fusion proteins can also be used to visualize targeted proteins in
cells in three dimensions. Tomographic imaging is particularly im-
portant for localizing proteins in subcellular structures and orga-
nelles at the nanoscale, e.g. visualizing membrane proteins. Tomo-
graphic imaging was performed on a single E. coli cell expressing
OmpA-LBT and exposed to ErCls. During the tomography scan,
the cell was rotated along the XZ (green) axis plane and imaged
with a 15 nm X-ray beam. Er isosurface images (Figure 3) were
calculated from the normalized X-ray fluorescence intensity recon-
struction (Figure S3). Using power spectral analysis, a spatial res-
olution of 36 nm was calculated from the 3D Er tomography recon-
struction (Figure S4).

Supplemental Video 1 shows the three-dimensional distribution
of zinc and erbium in the cell. The zinc distribution is consistent
with the findings observed in Figure 1, i.e. the zinc is distributed
throughout the cell with the highest concentrations at the polar end
caps. For the Er distribution, the tomogram shows a “shell” of Er
on the surface, with a smaller amount of Er interior to the cell.
These findings can also be seen in Figure 3. For the XY and YZ
planes (Figures 3B and 3C, respectively), the Er appears primarily
located on the outer surface of the cell. However, for the XZ plane
in Figure 3D, there is also evidence of some Er within the cell.

The primary role for OmpA in E. coli is to stabilize the outer
membrane via the beta-barrel structure.*#¢ The high copy number
of OmpA has made it a target for incorporation of other fusion tags
in the exterior loops including GFP*" and FLAG and C-Myc
epitope tags,*® both of which have demonstrated the shell-like
structure at lower resolution. Dynamics studies have shown that
OmpA is immobile in the outer membrane, with no long-range lat-
eral diffusion.*

In addition to its structural role in the outer membrane, OmpA
has also been shown to act as a porin.° Its porin activity is slow
and produces non-specific diffusion channels for various small so-
lutes with low permeability.5* As such, it is often a target for anti-
biotic resistance.5>* Due to its non-specific transport properties,
OmpA may be a route for lanthanides to transit the outer membrane
to the periplasm, gaining access to transporters, thereby facilitating
entry and providing an explanation for the presence of a small
amount of erbium inside the cell.

In summary, lanthanide-binding tags (LBTs) can be used for 2D
and 3D nanoscale imaging with X-rays. LBTs are short peptides
comprising a nanomolar-affinity lanthanide-binding domain. The
high affinity of LBTSs for lanthanides allows experiments to be per-
formed at low concentrations, thereby mitigating toxic effects. The
LBTs can be easily incorporated into target protein sequences, and
their small size minimizes deleterious effects on target protein ex-
pression, function, or transport within the cell. Here we demon-
strate successful X-ray imaging of two LBT-protein conjugates, a
membrane protein (OmpA) and a soluble protein (ubiquitin) with
nanoscale spatial resolution. As the conjugation of LBTs and pro-
teins follow standard molecular biology protocols, we propose that
XFM with LBTs could become a widespread tool for 3D imaging
of protein distribution and localization within cells with a high spa-
tial resolution while simultaneously obtaining trace element distri-
bution. Moreover, the long penetration depth of X-rays enables na-
noscale visualization of the internal structure of cells in 3D, allow-
ing for the extension of the method to tissues.
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