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Abstract Crystallography was used to characterize the cesium-binding sites in the sacrificial sulfur 
transferase LarE from Lactobacillus plantarum. Cs+ binding was unique when compared to a large 
range of other previously investigated metals. Database searches reveal that Cs+ preferentially binds 
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crystallography is an underutilized approach.  
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Introduction  

About 30–40% of proteins require one or more 
metal ions to perform their biological function 
in cells 1-2 and around a third of the protein 
structures in the protein data bank (PDB) 
include one or more metal atoms 3-5.  Atomic 
structures of metal-binding sites often give 
insights into the function of these proteins. The 
high selectivity for certain metals at binding 
sites requires one to screen many elements, 
and analysis of metal binding to protein 
crystals is a useful tool for doing this. Here, 
unique binding sites for cesium (Cs+) in the 
sacrificial sulfur transferase LarE are presented 
and differentiating properties of Cs+ binding in 
protein crystals compared to other metals are 
discussed. 

LarE, together with LarB and LarC 6-9, functions 
to assemble the nickel-pyridinium-3-
thioamide-5-thiocarboxylic acid 
mononucleotide or nickel-pincer nucleotide 
(NPN) cofactor 10-11 in around 25% of bacteria 
12. While the role of the cofactor in ~15% of 
bacteria is unknown, the remaining ~10% 
insert NPN into homologs of LarA 7, 13. LarA 
homologs use the cofactor to facilitate the 
racemization of lactate, malate, phenyllactate, 
α-hydroxyglutarate, or other short-chain 
aliphatic α-hydroxy acids along with the 2- 

 

epimerization of D-gluconate or other sugars 7, 

14-15. Of particular interest, two molecules of 
LarE catalyze sacrificial sulfur insertion 
reactions that transform their cysteine C176 
residues into dehydroalanines while 
converting pyridinium-3,5-biscarboxylic acid 
mononucleotide into the NPN precursor 
pyridinium-3,5-bisthiocarboxylic acid 
mononucleotide 8, 16-17.  

LarE is comprised of a N-terminal PP-loop ATP 
pyrophosphatase domain that binds and 
utilizes ATP, a flexible linker containing the 
catalytic C176 residue, and a C-terminal head 
domain that facilitates oligomerization 16-18 
(Figure 1). The hexameric LarE protein also 
possesses, separate from the active sites, two 
metal-binding sites formed by three D231 
residues of each trimer, with each carboxylate 
exhibiting bidentate coordination 16. This tri-
Asp site stoichiometrically binds Ca2+, Mn2+, 
Fe2+/Fe3+, Co2+, Ni2+, Cu2+, Zn2+, and Cd2+, but 
not Na+, Mg2+, Cl-, K+, Cr3+, Br-, Sr2+ Y3+ , I- , Cs+ or 
Ba 2+ 19. While some metals also showed 
binding to surface-exposed residues, only Cs+ 
revealed unique binding sites in the LarE 
crystal not occupied by any other element. 
Here these sites are described and placed in 
the greater context of Cs+ binding in protein 
crystals.
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Figure 1. Overall structure of cesium-bound LarE. A) 12 LarE protomers labeled A to L are present in 

the asymmetric unit and illustrated as surfaces. The central hexamer is shown in cyan and the other 

two hexamer halves in magenta and yellow. Symmetry related LarE protomer copies completing the 

hexamer halves are in transparent magenta and yellow. B) Central hexamer in ribbon 

representation, with every LarE protomer in a different color. Bound Cs+ atoms are depicted in 

purple, with examples of site A and B indicated. The central D231 tri-Asp trimer site is highlighted. C) 

Single LarE protomer illustrating the location of Cs+ sites A and B in relationship to the active site 

C176, PP-loop, and central D231 residue.

Cesium is an alkali metal with the atomic 
number 55, it is the least electronegative 
element and has no known biological role. 
However, it is capable of replacing potassium 
in the body to some extent because of its 
chemical similarity. Cesium may be 
characterized as a sphere of positive charge 
generally attracting donors with little regard 
for ligand orientation 20. Key results include the 
preference of Cs+ for protein backbone 
carbonyl groups, a clear distinction to other 
metals and that sites are often found at crystal 
contacts, indicating a potential for Cs+ binding 
to improve the quality of protein crystals. 

1. Materials and methods 

1.1. Expression and purification of LarE 

LarE was overexpressed in an Escherichia coli 
Arctic-Express pBADHisA expression system 
using construct pGIR076 as previously 
described 16. Briefly, plasmid transformation 
and bacterial growth followed the Arctic-
Express instruction manual with minor 
alterations 16. After cell growth in 1 L lysogeny 
broth at 37 °C to OD600 ~0.4-0.6, the flask was 
transferred to 13 °C and induced with 0.2% L-
arabinose for 24-26 h. The bacterial pellet was 
harvested and stored at -20 °C. Following cell 
lysis by sonication, protein purification 

followed the Strep II-tag affinity 
chromatography protocol (IBA) with minor 
adjustments 16. The samples were eluted from 
Strep-tactin superflow® resin (IBA) in Poly-Prep 
Chromatography Columns (Bio-Rad) using 100 
mM Tris-HCl (pH 7.5) containing 300 mM NaCl, 
concentrated to ~27 mg/mL, and directly used 
to set up crystal drops. 

1.2. Crystallization of LarE in complex with 
cesium 

For vapor diffusion hanging drop crystallization 
at 21 °C, 5 µL of ~27 mg/mL LarE in 100 mM 
Tris-HCl (pH 7.5) containing 300 mM NaCl was 
mixed with 1 µL 1 M cesium chloride (CsCl, 
Hampton Additive ScreenTM HR2-428) and 4 
µL of reservoir solution. The reservoir 
contained 100 µL of 30% v/v pentaerythritol 
ethoxylate (15/4 EO/OH), 50 mM Bis-Tris (pH 
6.5), and 100 mM ammonium sulfate, similar 
to reported conditions 16-17, 19. Crystals were 
frozen directly in liquid nitrogen without 
additional cryoprotection. Data was collected 
at the Life Sciences Collaborative Access Team 
beamline 21-ID-G at the Advanced Photon 
Source, Argonne National Laboratory. Tables 1 
and 2 list information on data collection, 
processing, structure solution, and refinement. 
The dataset was processed with xdsapp 21-22, 
with merging and scaling performed using 
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aimless 23. Phaser molecular replacement 24 
was utilized using the wild-type apoprotein 
model, PDB ID 5UDQ. Model building and 
refinement were conducted in Coot 25 and 
Phenix 24. The Cs-bound structure was 
deposited under PDB ID 6DG3. UCSF Chimera 
26 was used to create structure figures. 

Diffraction source APS 21-ID-G 

Wavelength (Å)  0.979 

Temperature (K) 100 

Detector Marmosaic 300 

mm CCD  Space group C2221 

a, b, c (Å) 

 

 

152.37, 154.16,  

328.86 

α, β, γ (°) 90, 90, 90 

Resolution range (Å) 

 

48.91–2.94 

 (3.00–2.94) 

No. of unique reflections 81.489 (4.232) 

Completeness (%) 99.30 (95.00) 

Redundancy 6.20 (6.00) 

〈 I/σ(I)〉 14.800 (3.7) 

Rr.i.m. 0.123 (0.514) 

Rp.i.m. 0.049 

Overall B factor from 

Wilson plot (Å2) 

48.62 

Table 1 Data collection and processing of 
cesium-bound LarE (PDB ID 6DG3). Values for 
the outer shell are given in parentheses.  

Resolution range (Å) 48.91–2.94 

(2.98–2.94) 

Completeness (%) 96.9 

σ cutoff F > 1.910σ(F) 

No. of reflections, working set 76777 (4503) 

No. of reflections, test set 7771 (199) 

Final Rcryst 0.196 (0.315) 

Final Rfree 0.274 (0.384) 

 Protein atoms 21658 

 Cs+ atoms 12 

 Phosphate molecules 12 

 Water 7 

 Total 21737 

R.m.s. deviations   

 Bonds (Å) 0.008 

 Angles (°) 1.037 

Average B factors (Å2)   

 Protein 43.8 

 Cs+ 101.4 

 Phosphate 39.7 

 Water 35.0 

Ramachandran plot   

 Most favoured (%)  96.78 

 Allowed (%)  3.11 

Table 2 Structure solution and refinement 
of cesium-bound LarE (PDB ID 6DG3). Values 
for the outer shell are given in parentheses.  

2.3 Metal analysis tools 

The worldwide protein data bank 5 and 
metalPDB 27 were searched for information on 
Cs-bound protein structures. The 
checkmymetal 4 webserver and UCSF Chimera 
metal geometry 26 were used to examine the 
LarE and other Cs-bound structures. The 
Cambridge Structural Database program 
ConQuest 28 was used to search for small 
molecule structures containing cesium.  

2. Results 

Co-crystallization of LarE with CsCl changed the 
space group for the crystal from P4122 with a 
single hexamer, observed in nearly all our 
previously deposited structures for this protein 
16-17, 19, to C2221 with two hexamers (across 
symmetry-related protomers) within the 
asymmetric unit (Figure 1A). Interestingly this 
Cs-induced space group shift is also observed 
when ammonium sulfate was exchanged to 
thiosulfate in the reported crystallization 
conditions 19. While these datasets could still 
be processed using P4122, worse scaling and 
refining statistics indicated that C2221 was the 
correct solution. Refinement statistics in C2221 
still remained poorer compared to other LarE 
structures, which resulted in a conservative 
resolution cut-off at 2.94 Å, despite some 
scaling parameters indicating that the data 
could be extended to higher resolution. The 
packing of the LarE protomers is slightly shifted 
when comparing the hexamers in P4122 to 
C2221. This shift influences crystal packing and 
results in an inferior C2221 crystal form in 
terms of resulting dataset quality, even though 
the solvent content is basically identical at 
~50% for both crystal forms. 

Two unique Cs-binding sites in LarE were 
discovered in the co-crystallized structure, 
metal binding at these sites was never 
observed in any other of the over 250 LarE  

Site AI: Asn53-OD1 Ser54-O Phe57-O Asp59-OD1 HOHII 
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3.71±0.18 3.14±0.10 3.19±0.17 3.38±0.22 3.58±0.26       

Site BIII Glu141-O Glu141-N Ala144-O Ser146-OG HOHVI  
2.96±0.04 3.59±0.22 3.25±0.09 3.87±0.00 3.46±0.13 

Table 3 Distances in Å of cesium coordinations at site A and site B in LarE (PDB ID 6DG3). 

IFor site A Cs+ binding is observed in all chains: Cs+ residue 301.A-L except for chain F and J 

IIIn 5 of 10 sites A one water molecule was modelled  

IIIFor site B Cs+ binding is only observed in chain F and chain J  

IVFor one site B two water molecules were modelled and none in the other site B  

crystal datasets examined over the years. For 
binding site A, Cs+ was bound to the N53-D59 
loop (Figure 1B). This surface-exposed loop 
had Cs+ bound to ten of the twelve LarE 
protomers (chain A to L) in the asymmetric 
unit, whereas crystal contacts apparently 
blocked Cs+ binding to the remaining two 
copies (no binding in chains F and J). Site A is 
located between the β2 strand and the α2 helix 
of the PP-loop ATP pyrophosphatase domain 18 
in close proximity to the ATP-binding PP-loop 
located between β1 and α1 (Figure 1B and C). 
The active site C176 residue is located even 
closer on the connecting flexible loop between 
the PP-loop ATP pyrophosphatase domain and 
the head domain. The nearby E61 on α2 points 
towards C176 suggesting a possible role in LarE 
activity. However, an E61A variant 16 showed 
unchanged activity, prompting us to believe 
that this region of the protein only serves a 
general structural role. The site A Cs+ atom is 
coordinated by the side chain oxygen atoms of 
N53 and D59 (Table 3), as well as the backbone 
oxygen atoms of S54 and F57 (Figure 2A). An 
additional water molecule is also coordinated 
to the Cs+ atom. Coordinating atoms refer to all 
potentially metal-ligating atom within 4.0 Å 
distance as analyzed by the UCSF chimera 26 
metal geometry tool. This tool also allows to 
predict the most likely geometries ranked by 
RMSD when all sites in addition to the 
coordinating atoms would be occupied. 
However, it has to be stated that the predicted 
fully hydrated cesium site may also never be 
observed in protein structures and the 
possibility remains that Cs+ atoms are able to 
bind to proteins without full hydration, not 
following a typical metal geometry. The most 

likely predicted geometry for this site differs 
slightly between chains, suggesting a full 
coordination of 8 or 12, with the most likely 
geometry being bisdisphenoid (dodecahedral) 
or anticuboctahedron (triangular 
orthobicupola). Cs+ binding at site A does not 
result in any significant changes in this region 
or overall when compared to unbound LarE 
structures. 

The second Cs-binding location, site B (Figure 
1B), involving the E141-S146 loop, was 
occupied in only 2 out of 12 protomers, (only 
in chain F and J). As these protomers are the 
two that did not contain site A, crystal contacts 
appear to have facilitated site B binding, while 
preventing site A binding. At site B, Cs+ is bound 
by the side chain oxygen atom of S146 (Table 
3), the backbone oxygen atoms of E141 and 
A144, and the backbone nitrogen atom of 
E141, as well as additional water molecules 
(Figure 2B). The most likely predicted 
geometry is anticuboctahedron. This loop is 
located on a section between residue 124 to 
154, a region of high variability among 
members of the PP-loop ATP pyrophosphatase 
domain 18. This variable region does not appear 
to be critical for the overall fold of the domain, 
however it is crucial for activity; i.e., it interacts 
with the substrate and/or the bound ATP to 
facilitate the specific reaction of each member 
enzyme. In the case of LarE, this region 
includes R133, a residue important for ATP 
binding and processing 16. This region is flexible 
and sections fold very differently among LarE 
protomers, ranging from completely 
disordered (Figure 3A), to partially disordered 
and folded into a helix (Figure 3B and 3C), to a  



Fellner  69 

   

 

Figure 1 Cesium-binding sites in LarE. The Cs+ atoms and coordination are shown in purple, and 
bound water atoms are in red. Protein carbon atoms are illustrated in grey, nitrogen atoms in blue, 
oxygen atoms in red and the sulfur atom in yellow. The anomalous signal map in each region is shown 
in yellow at 3 σ.  A) Cs+ binding site A at the N53-D59 loop. The nearby E61, pointing towards the active 
site C176 is also is illustrated. B) Cs+ binding site B at the E141-S146 loop. 

 

 

Figure 2 Comparison of the residue 124-154 region in different LarE protomers. A-C) Partially 
disordered region in different protomers from the LarE apoprotein structure (PDB ID 5UNM). D) Fully 
folded region with AMP bound to the PP-loop and R133 pairing with AMP (PDB ID 5UDT). E) Cs+ 
bound at site B with a partially-disordered region (PDB ID 6DG3). F) Fully-folded region in an 
extended state with R133 pointing in the opposite direction (PDB ID 5UNM). 

folded helix which enables R133 to pair with 
the phosphate group of ATP or AMP after  
pyrophosphate release (Figure 3D). Binding of 
Cs+ to site B (Figure 3E) retains disorder in this  
region, but overall resembles a fully folded 

extended conformation, with R133 pointing in 
the opposite direction (Figure 3F). Cs+ binding 
to site B might restrict the flexibility of this 
region, which potentially could influence 
activity. 
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It has to be noted that the reliability of the 
presented LarE-Cs structure is not as high as for 
other LarE-ligand structures due to several 
factors. First, co-crystallization with Cs+ and the 
shift to space group C2221 resulted in an 
overall lower resolution at 2.94 Å compared to 
most other LarE structures around 2.1-2.5 Å 16. 
Due to the lower resolution several Cs+ atoms 
may have incomplete hydration as there was 
not enough electron density evidence to build 
additional water ligands. In addition, the B-
factors of the Cs+ atoms are very high 
compared to the surrounding residues, 
resulting in refinement to or close to 100% 
occupancy, due to the coupling of B-factors to 
occupancy at this resolution. Different 
refinement strategies could result in lower 
occupancies combined with lower B-factors, 
but either result and approach indicates lower 
occupancy or disorder of the exact location of 
the Cs+ atoms. In general, the refinement of 
the Cs+ atoms in Phenix was difficult, as there 
are limited parameters for Cs+ available. After 
several attempts with different parameters, 
only bond length restrictions at the default 
value of 3.0 Å resulted in the observed model. 
Electron density and especially the observed 
anomalous map peaks (Figure 2A and 2B) give 
a lot of confidence that the Cs+ atoms are 
present, especially when compared to a lack of 
these signals in any other LarE structure. The 
presented dataset reflects unique Cs+ binding 
in LarE; however, due to the many 
shortcomings mentioned, examination of the 
data must consider possible model 
inaccuracies. Analysis by the webserver 
checkmymetal 4 also reveals high B-factors, 
incomplete coordination symmetry, and 
deviations from ideal angles. However, the 
webserver also notes that many analyses by 
checkmymetal are hard to validate due to a 
lack of available high-resolution protein 
structures with bound cesium. 

To gain more insights into cesium binding sites 
in proteins, all Cs-bound structures in the 
protein databank (rcsb.org) 5 were examined. 
Of a total of 139 entries, 109 have unique 
sequences with 92 of these proteins annotated 
as bacterial, 40 as eukaryotic, and 7 others. 
Overall, there is no apparent association of Cs-
bound structures to a specific type of protein; 

e.g., the enzyme classifications are also very 
diverse with 27 lyases, 17 hydrolases, 16 
oxidoreductases, 12 transferases, 7 ligases, 
and 3 isomerases. The experimental procedure 
of 57 entries lists the use of CsCl, with an 
additional 10 specifically mentioning soaking 
the crystal with CsCl. Hits also include 13 
entries with cesium sulfate, 9 using Bicine 
cesium hydroxide, two with unspecified 
cesium, one including cesium formate, and one 
cesium cacodylate. This listing demonstrates 
that co-crystallization with CsCl as an additive 
yields the highest chances to obtain a Cs-
bound crystal, using a concentration range of 
10-200 mM, with 100 mM being used most 
frequently. In certain cases, CsCl is also listed 
as a main component of a crystallization 
cocktail at 2 or 3 M. 

MetalPDB 27 lists 639 cesium sites in protein 
structures, with 138 being unique. 
Overwhelmingly, these sites are worse 
modelled than what is reported here for LarE, 
with the majority lacking in protein 
coordination and hydration. In a quarter of Cs-
binding sites, only water molecules are listed 
as ligands, often with only a single site of 
hydration. Removing these sites, as well as 
sites without any coordination leaves 103 
which were analyzed to identified shared 
features. 

Cs+ sites are overwhelmingly bound by the 
main chain carbonyl groups of protein residues 
and no specific preference to the nature of the 
residues appears to exist. 11 structures, with 6 
unique sequences of dataset resolution of 
higher than 1.5 Å were examined in greater 
detail by hand (Table 4). In these structures 
nearly all Cs+ atoms show at least one 
coordinating backbone carbonyl group. Many 
also show monodentate coordination by a side 
chain oxygen atom, without a clear preference 
for a specific amino acid. Infrequent bidentate 
coordination indicates that such cases might 
be due to model inaccuracies. In rare occasions 
interaction by nitrogen backbone or side chain 
atoms is also observed, however as these 
interactions have coordination distances of 
more than 3.5 Å, they might be close contacts 
rather than important coordinating atoms. If 
nitrogen atoms are involved in Cs+  
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Site Ligands H2O 

 
O 

 
Other 

 
Predicted 

PDB: Name, overall resolution # av Å # av Å # av Å Coordination** 

4NG8: Lysozyme C, 1.09Å29  
201.A O5 2 3.19 2 3.09 1xAsnOD1 2.80 8  

202.A* O3 1 3.55 1 3.06 1xAsnOD1 3.28 7 

5CGQ: Tryptophan synthase, 1.18Å (unpublished)  
302.A O8 5 3.19 2 2.83 1xSerOG 2.83 12  
404.B O7 1 2.75 6 3.14 

  
9  

405.B O9 5 3.28 3 2.96 1xThrOG1 3.01 12 

1S3C: Arsenate reductase, 1.25Å36  
301.A* O8 2 3.34 6 3.22 

  
12  

302.A O5 N1 3 3.10 1 3.12 1xGluOE1 3.36 12        
1xN 3.90   

303.A* O5 N1 4 3.61 
  

1xGluOE2 3.25 12 

       1xGlnNE2 3.84  

1G57: 3,4-dihydroxy-2-butanone-4-phosphate synthase, 1.40Å37  
503.A O7 5 3.19 2 3.35 

  
14  

504.A* O7 N1 6 3.28 1 3.02 1xArgNE 3.57 12 

1AV2: Gramicidin A, 1.40Å38 
      

  
18.A O7 N2 3 2.95 4 3.66 2xN 3.68 12  
18.B O7 N1 2 2.96 5 3.59 1xN 3.58 12 

1UZM: Maba reductase, 1.49Å30  
1246.A* O5 3 3.49 2 2.91 

  
14 

 1247.A* O10 6 3.29 4 3.18   12 

Table 4 Complete list of high-resolution structures (<1.5 Å) containing Cs+ binding sites. Specific 
sites identified according to their PDB residue number. O refers to backbone oxygen atom; N refers to 
backbone nitrogen atom; # indicates the amount of coordinating atoms; av Å stands for the average 
distance in Å between the Cs+ atom and the coordinating atoms. The predicted coordination number 
for a fully hydrated site is indicated. Cs+ sites with alternate conformations were omitted. 

*site at a crystal contact 

**Listed are the coordination numbers predicted by UCSF chimera based on the lowest RMSD to an 
ideal geometry. All sites that are not fully hydrated have multiple predicted possible geometries and 
coordination numbers ranked by RMSD. However, cesium sites may never be fully hydrated in protein 
structures and the observed coordination indicated by the number of ligands represents the final 

coordination. 

coordination, they most likely would only be 
able to do so when deprotonated, as small 
molecule compounds do not contain a lot of 
Cs-H and no Cs-HN entries. In most cases, even 
for high-resolution structures, full hydration is 
not modelled, indicating that these sites exist 
with incomplete hydration.  Coordination 
number predictions for fully hydrated Cs+ 
binding sites range from 7-14 with various 
forms of geometry, with 12 for an 
anticubeoctahedron being observed most 
frequent. Cs-oxygen distances from water 
molecules, carbonyl backbone groups or 
protein side chains vary a lot but appear to 
mostly fall within 3.3±0.5 Å, indicating that 

refinement with 3 Å distance constraints is a 
valid approach. 

The highest resolution structure at 1.09 Å (PDB 
ID 4NG8) originates from an investigation into 
Rb+, Cs+, Mn2+, Co2+ and Yb3+ binding to 
lysozyme 29. This investigation also showed 
that monovalent Rb+ and Cs+ preferentially 
bind to carbonyl groups, whereas the 
multivalent Mn2+, Co2+ and Yb3+ interact with 
carboxylic groups. Some sites show alternate 
positions for a specific Cs+ atom at the same 
coordination site, which appear to limit the 
amount of modelled coordinating water 
molecules. This could be another reason of 
why many Cs+ binding sites in protein 
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Figure 3 A-E) Examples of cesium-binding sites in other proteins. The Cs+ atoms and coordination 
are shown in purple, and bound water atoms are in red. Protein carbon atoms are illustrated in brown 
or for symmetry related copies in green, nitrogen atoms in blue and oxygen atoms in red. A-B) 
Lysozyme (PDB ID 4NG8). C-D) MabA (1UZM). E) Phosphofructokinase-2 (3UMP) with predicted ideal 
geometry as yellow arrows. F) Cs+ coordination number in the Cambridge Structural Database for small 
molecules. 
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structures, especially when alternate positions 
are merged together, lack complete hydration.  

For simplicity Table 4 only lists Cs+ sites for all 
structures which do not have alternate 
positions. Lysozyme contains two of these 
sites, with the first showing coordination by 
two adjacent backbone carbonyl groups, two 
water molecules and one oxygen atom from a 
side chain, in this case from an asparagine 
residue (Figure 4A). For the possible fully 
hydrated predicted geometry of bisdisphenoid 
(8-coordinated), three coordination sites are 
not occupied. This is an example of the typical 
coordination and lack of complete hydration of 
Cs+ sites in protein crystals. The second one is 
another example, only showing one 
coordinating backbone oxygen, one water 
molecule and one side chain oxygen atom from 
a symmetry related protomer (Figure 4B). 

Cs+ binding between protomers within the 
protein crystal appears to be common, with an 
example being binding to Mycobacterium 
tuberculosis MabA (Table 4; 1.49 Å; PDB ID 
1UZM) 30. This binding apparently improved 
the diffraction power of the protein crystals as 
optimization of the type of chloride salt used in 
purification and crystallization resulted in a 
final ranking of Na+<K+<Rb+<Cs+. The positive 
effect on the crystal quality appears to be 
based on Cs+ binding at two different sites to 
backbone carbonyl groups between crystal 
contacts (Figure 4C and 4D). 

Within structures, highly coordinated Cs+ sites 
are most frequently found in pockets were 
multiple carbonyl groups face each other. An 
example for this with a complete hydration is 
found in Phosphofructokinase-2 from 
Escherichia coli (1.85 Å; PDB ID 3UMP) 31. Here 
a Cs+ atom is coordinated by six carbonyl 
groups, one oxygen side chain atom and one 
backbone nitrogen atom (although this Cs-N 
bond is longer than the normally accepted 
distance for coordination of 4.0 Å at 4.1 Å) to 
complete the predicted 8-coordinated 
hexagonal bipyramid geometry (Figure 4E). 
This is an example where the illustrated 
predicted geometry vectors in UCSF chimera 
match the observed ones, something that is 
more challenging when predicting the full 
coordination for sites with incomplete 

hydration, which may not be observed because 
of lack of data or because a given site may exist 
with partial hydration (Table 4). 

As there is a large range of predicted 
coordination numbers for cesium in protein 
structures, small molecule cesium structures 
were examined next. The Cambridge Structural 
Database contains 2206 small molecule hits for 
cesium. 82% of entries contain a Cs-O 
coordination, followed by 20% Cs-N and 6% Cs-
F, with no other element above 4%. The most 
frequent coordination number (excluding 
polymeric coordination) is 8, closely followed 
by 10, 6 and 12 (Figure 4F). The distribution 
matches what is predicted to be the ideal 
geometry in the protein structures, only ruling 
out 14. In general, there does not appear to be 
a single preferred coordination number which 
previous analyses of this database in the 
greater context of metals have also indicated 
for cesium 32-33. 

3. Discussion 

Extensive studies have characterized cation 
interactions with LarE 16, 19. Here two unique 
Cs-binding sites in LarE are described. It is 
unlikely that metal interaction with the Cs-
binding sites in LarE plays a functional role. Site 
A is located close to the active site C176 
residue and the ATP binding PP-loop, so alkali 
metals in general could stabilize this loop; 
however, the loop conformation is 
indistinguishable when Cs+ is bound and when 
it is not. The region around site B is very flexible 
and critical for interaction with ATP. Cs+ 
binding might restrict this flexibility, which 
could influence activity.  

A main finding is that Cs+ sites in protein 
crystals occupy unique positions compared to 
other metals due to their preference for 
carbonyl backbone groups. LarE is a good 
example for this, as investigations of over 250 
LarE crystal datasets only revealed binding to 
the carbonyl groups at site A and B when Cs+ 
was used for co-crystallization. Analyses of 
high-resolution datasets, containing Cs+ atoms, 
also clearly show the involvement of carbonyl 
groups. In addition, Cs+ appears to often bind 
to exposed backbones at crystal contacts, in 
many cases between the carbonyl group of the 
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same residue in symmetry related protein 
copies. In general, it appears that Cs+ sites are 
mostly modelled as not fully hydrated in 
protein crystals. They either exist with 
incomplete hydration or can adopt different 
geometries with predicted coordination 
numbers most commonly being 8-12. 

Cs-binding sites could be used to solve the 
phase problem of crystal structures. This 
possibility is especially useful when Cs+ binds at 
unique sites compared to other heavy metals, 
as for the LarE case. Solving the phases in 
crystal structures via the use of single-
wavelength anomalous scattering using Cs+ has 
been reported 34, but here Cs+ atoms dominate 
the scattering of these crystals due to the small 
size of the used protein. The phases for the 
presented LarE dataset at a wavelength of 
0.979 Å could not be solved using the default 
settings in Phenix autosol and searching for Cs+ 
35; however, the significant anomalous peak 
provides confidence that a more focused effort 

in tuning the wavelength and data collection 
parameters or the use of a Cu source could 
lead to solving the phases with Cs+ for these 
crystals. Co-crystallization with CsCl could be 
an easy experiment to assist in solving the 
phases for challenging proteins. Unique Cs-
binding sites may also be accessible via metal 
soaking.  

Overall, there are not enough high-resolution 
structures to clearly identify the most common 
Cs+ geometry and coordination in protein 
crystals, as well as any preference for certain 
side chain oxygen atoms over others. However, 
the main distinguishing characteristic of Cs+ 
binding sites is their preference for carbonyl 
backbone groups and their ability to bind to or 
even facilitate crystal contacts. This should 
encourage protein crystallography 
experiments with Cs+ for many other proteins 
to identify unique binding sites, similar to the 
approach taken for LarE. 
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