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Abstract
Protein-protein interfaces are often stabilized by a small number of dominant contacts,
exemplified by the overrepresentation of arginine residues at oligomerization interfaces. Positively
charged arginines are most commonly involved in ion pairs of opposite charge; however, previous
work of Scheraga and coworkers described the stable, close range interaction between
guanidinium pairs in a solvated environment. To extend this work, we searched over 70 thousand
protein structures and complexes for unusual formations of arginine residues supported by the
electron density. Symmetry transformations were used to generate full assemblies. Clusters of four
to eight arginine residues with Cζ-Cζ distances < 5 Å, organized as rings with 4 to 8 members,
stacks of two arginines, and strings of stacked arginines, are commonly located at the interfaces of
oligomeric proteins. The positive charge is properly balanced by negatively charged counter ions
in about 90% of the cases. We also observed planar stacking of guanidinium groups, bridged by
hydrogen bonds and interactions with water molecules. The guanidinium groups are commonly
involved in 5 hydrogen bonds with water molecules and acceptor groups from surrounding amino
acids. Water molecules have a bridging effect on the arginine pairs, but in some cases small
molecular weight chemicals in the crystallization buffer may be misinterpreted as water
molecules. In summary, despite electrostatic repulsion, arginines do form various clusters that are
exposed to interact with and potentially be controlled or switched by charged metabolites,
membrane lipids, nucleic acids or side chains of other proteins. Control of the stability of arginine
clusters may play an important role in protein-protein oligomerization, molecular recognition and
ligand binding.

Keywords
arginine; guanidinium; ion pair interactions; solvation; electrostatic; protein structure; protein-
protein oligomerization; protein complexes

*CORRESPONDING AUTHOR FOOTNOTErabagyan@ucsd.edu and yeager@virginia.edu.

NIH Public Access
Author Manuscript
J Phys Chem B. Author manuscript; available in PMC 2013 June 14.

Published in final edited form as:
J Phys Chem B. 2012 June 14; 116(23): 7006–7013. doi:10.1021/jp3009699.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Arginine residues are important mediators of protein-protein and protein-nucleic acid
interactions in a wide range of biological process.1,2 Unique physicochemical properties of
arginine residues are related to the positively charged guanidinium with five hydrogen bond
donors and a special type of aromatic system.3 Charged residues such as arginine are
preferentially localized on the surface of proteins, whereas hydrophobic residues are
predominantly buried in the protein core.4 The extended flexibility of the arginine side chain
and the extremely high pKa value of the guanidinium group, facilitate the interaction with
negatively charged groups. About 40% of the salt-bridges in proteins involve ion pairs
between arginine and carboxylate groups of acidic amino acids.5 The positive charge is also
important for planar stacking and polar interactions with aromatic residues.6,7 In addition,
arginine residues can establish multiple hydrogen bonds with nucleic acids and play an
important role in the catalytic mechanism of a number of enzymes.8 Moreover, arginines
make dominant energetic contributions to the stabilization of protein-protein complexes and
are one of the most common residues of “hot spot” protein interfaces.9, 10 While protein
interfaces are commonly depleted of charged residues such as lysine, aspartic acid and
glutamic acid, the number of arginines at protein interfaces is larger than expected from
random distribution.11 In addition, guanidinium groups are significantly overrepresented at
protein-protein interfaces, as opposed to other polar and charged groups, such as the
terminal nitrogen in lysine, aspartate and glutamate carboxylates, and polar amide groups of
asparagine and glutamine.12

Ion-pairs in protein structures are formed mostly between residues of opposite charge.
However, previous work by Scheraga and co-workers identified an unusually large number
of arginine-arginine pairs in protein structures from the PDB database.13 Because most of
the negatively charged pairs were found at the protein surface, semi-empirical calculations
using the AM1 molecular orbital method were used to study the interaction between
guanidinium moieties in the solvated environment. The authors concluded that water
molecules stabilize the positively charged guanidinium groups and have a bridging effect on
the arginines pairs. Recently, we found unusual clusters of 5 and 6 arginine residues in
pentameric and hexameric oligomers of the HIV CA protein, respectively.14 During CA
protein oligomerization into the basic building blocks for capsid formation, one Arg18 from
each subunit comes into close contact at the center of the rings, suggesting a mechanism of
electrostatic regulation.15,16 This prompted us to examine the PDB database for patterns of
arginine clusters. Our analysis showed that short-range interactions between arginine pairs
and higher-order formations are commonly found at the interface of protein-protein
oligomerization. Stabilizing interactions are discussed using a test set of high quality
structures and representative examples from the PDB database.

EXPERIMENTAL METHODS
Clusters of positively charged arginines were identified using Molsoft Internal Coordinate
Mechanics (ICM) software.17,18 among 67,520 X-ray crystal structures with resolution < 3
Å deposited in the PDB database19 The initial analysis was focused on arginine clusters with
at least 4 positively charged residues. A script (available upon request) was written in the
ICM language and was used to download the PDB entries and generate symmetry-related
neighbors within a cutoff distance of 20 Å. Symmetry-related residues were generated by
replication of the unit cell according to the crystallographic space group and the unit cell
parameters provided in the PDB files. For each arginine within the unit cell, close proximity
arginines with Cζ-Cζ distances < 5 Å were collected. This procedure was repeated until all
arginines in close proximity were clustered together. The identified clusters at protein-
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protein interfaces were further confirmed to be biologically relevant using the available
literature.

The arginine set was further filtered using electron density. A subset of high-quality clusters
were identified by unambiguous electron density around arginine side chains to assure their
direct interaction. The maps were downloaded from the Uppsala Electron Density server20

and fitted to the arginine side chains using a previously described algorithm.21 Arginine
residues with low occupancy atoms or with side chain conformations not supported by the
electron density were excluded from the analysis. Acidic residues, hydrogen bond acceptors
and water molecules were counted, and the electron density for potentially misassigned or
unassigned anions was analyzed (see below). Negatively charged hetero groups were
counted after assigning MMFF atom types.22

RESULTS AND DISCUSSION
As anticipated by Scheraga and coworkers, we found a large number of short range
interactions between positively charged arginine side chains in the PBD database. While
most of the clusters were arginine pairs, a number of unusual geometrical formations with
up to eight residues was found. Representative examples are shown in Figure 1 and listed in
Table 1. Clusters of four to eight arginines with Cζ-Cζ distances < 5 Å, organized as rings
with 4 to 8 members, stacks of two arginines, and strings of stacked arginines, are
commonly located at the interface of oligomeric proteins. Furthermore, these arginine
formations are usually exposed to interact with other external partners not necessarily
present in the analyzed structures. These potential interaction partners may include charged
metabolites, membranes, nucleic acids, and other proteins (possibly depending on their
phosphorylation state).

Protein-protein oligomerization
The hydrophobic and aromatic interaction between non-polar residues, a major driving force
for protein folding and protein-protein assembly, plays an important role at defining the
architecture of oligomeric interfaces. However, subunit interface areas are more hydrophilic
than a typical protein core, and have a larger number of polar and aromatic residues.23 Early
studies showed that arginine residues are commonly involved in hydrogen bonding contacts
at the interface of oligomeric proteins.24 Moreover, the Protein IntErface Recognition
method (PIER) demonstrated that guanidinium groups are significantly overrepresented at
protein interfaces.12 Our results show that quaternary interactions between clusters of
arginines, negatively charged counter-ions, hydrogen bonding residues and water molecules,
are involved in protein oligomer stabilization.

Figure 1 displays representative protein complexes with arginine clusters. N-Acylamino acid
racemase catalyzes the interconversion of N-acylamino acid enantiomers. The 1.3 Å X-ray
crystal structure of the enzyme reveals a homo-octameric architecture with individual
subunits packed around a 4-fold symmetry axis.25,26 As shown in Figure 1C, two arginines
from each of the 4 centrally located subunits form a large cluster of 8 positive charges. This
unusually large cluster of arginines is exposed to the solvent and stabilized by a network of
hydrogen bonds between the guanidinium groups, water molecules and the carbonyl oxygen
of Arg237. Figure 2A illustrates the hydrogen bonding network between a pair of adjacent
arginines with Cζ-Cζ separated by 3.5 Å. The guanidinium groups adopt a planar stacking
conformation bridged by hydrogen bonds, involving either a pair of water molecules, or one
water molecule and the carbonyl oxygen of Arg237. Arginine pairs in the same subunit are
stabilized by a salt bridge with Asp212 and separated by a Cζ-Cζ distance of 4.6 Å.
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GTP cyclohydrolase I is involved in the synthesis of the tetrahydrobiopterin cofactor. The
protein assembles as two rings of homopentamers with a cluster of 5 arginines located at the
central symmetry axis (Figure 1E). Individual arginines establish a hydrogen bond with the
hydroxyl group of Ser241 located in the adjacent subunit.27 The guanidinium groups form a
solvent accessible ring.

Figure 1K shows thymidine kinase, a key enzyme in the synthesis of thymidine
monophosphate, and Figure 1J shows hexokinase, an enzyme that catalyzes the
phosphorylation of glucose into glucose- 6-phosphate. Thymidine kinase has been reported
to assemble as a low activity dimer and as a highly active tetramer.28 Hexokinase forms
dimers in solution.29 Interestingly, both X-ray crystal structures show a typical string of
stacked arginines with Cζ-Cζ distances < 5 Å.30,31 As shown in Figure 2B, the arginine
cluster in a 2.0 Å structure of hexokinase is stabilized by salt bridges with Asp141 and by a
network of hydrogen bonds. Arginines establish the maximum possible number of hydrogen
bonding contacts, using either the solvent or hydrogen bond acceptors from surrounding
residues. Bridges of 2 to 4 water molecules can be found at the geometrical center of the
cluster (Arg149-Arg149 pair).

Highly dynamic oligomeric protein domains
We found a number of arginine clusters at highly dynamic domains of large protein
complexes, such as chaperonins and the proteasome (Figures 1A and B). Molecular
chaperones mediate protein folding, whereas the proteasome is involved in protein
degradation.32,33 In both cases the interacting proteins are processed in an inner chamber,
accessible through an axial channel that adopts distinct conformations in the open and closed
state. Figure 1A illustrates a cluster of 8 arginines stabilizing the closed state of a built-in lid
of the Methanococcus maripaludis archaeal chaperonin.34 The X-ray crystal structure shows
a ring conformation with adjacent arginine pairs separated by an average Cζ-Cζ distance of
4.1 Å. This unusually large number of positive charges is stabilized by salt bridge
interactions with an adjacent ring of negatively charged residues. Lid residues are highly
conserved and play an important role in the chaperonin mechanism of protein folding. The
arginine ring is disrupted in the open conformation in order to facilitate access to the folding
chamber.

Archaeal proteasomes are another example of arginine rings in flexible protein domains. A
highly conserved and essential YDR motif is involved in the gating mechanism that allows
protein substrates to reach the inner chamber of the Archaeoglobus fulgidus 20 S
proteasome.35 As shown in Figure 1B, seven arginines with an average Cζ-Cζ distance of
4.5 Å interact at the top of the channel entrance. The arginine side chains point towards the
outside of the proteasome chamber suggesting that hydrogenbonding contacts with the
solvent, as well as negatively charged counter ions, might be the major stabilizing
interactions.

Closed shell assembly
The building blocks for HIV-1 capsid formation, a large closed shell structure enclosing the
viral genome, are quasi-equivalent pentamers and hexamers of the viral CA protein.14 The
capsid can be modeled as a fullerene-like cone assembled from ~250 hexamers and exactly
12 pentamers that are required to close the capsid. As shown in Figure 1F, 6 arginines with
Cζ- Cζ distances < 5 Å are found in the X-ray crystal structure of the hexamer.16 The
arginine side chains are exposed to the solvent and could be stabilized by water molecules
and/or charge-compensated by negatively-charged counter ions from either a permanent
charge of Glu or Asp or a phosphorylated Ser, Thr or Tyr. Other compensatory anions are
also possible. An analogous ring of arginines resides at the center of the CA protein
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pentamers; however, in this case the residues pack in a very small area, suggesting that at
least some electrostatic repulsion between individual subunits compared with the hexamer.15

Indeed, biochemical studies confirm that the oligomeric assembly of hexamers is preferred
over the pentamers.36 Because the arginine residue is highly conserved in the HIV CA
proteins from multiple strains, it has been proposed to function as an electrostatic switch,
favoring the assembly of hexamers over pentamers.

Our analysis of the protein structure database identified other cases of arginine rings at the
oligomerization interface of proteins involved in closed shell formation. Figure 1G shows
the hexameric assembly of the carboxysome shell protein CcmK4, a basic building block for
the construction of bacterial subcellular compartments involved in carbon fixation. A ring of
6 arginines with Cζ-Cζ distances < 5 Å is found at the center of the hexamer.37 Moreover,
carboxysome shell proteins assemble as hexamers and pentamers, and the final carboxysome
compartments are approximately icosahedral in shape.38 The negative charge at the center of
the ring is conserved among different family members, suggesting a similar electrostatic
switch mechanism for assembly of hexamers and pentamers.

Another example found in the PDB database is lumazine synthase (Figure 1H), an enzyme
involved in the biosynthesis of riboflavin. In contrast to the CA protein, pentamers of
lumazine synthase are stable in solution, and the enzyme oligomerizes into typical
pentameric rings that exist either in the free state or as different quaternary associations such
as decamers (dimers of pentamers), icosahedrons (dodecamers of pentamers) or large closed
shell capsids.39

Hexamers of the CA protein were compared with similar types of rings assembled from the
carboxysome shell protein, and the structures were superimposed by minimizing the root
mean square distance between equivalent alpha carbons in the arginine rings. In a similar
way, pentamers of the CA protein were compared with pentamers of lumazine synthase. As
shown in Figure 3, the Cα-Cα distance between adjacent arginines in the CA proteins
hexamers (8.4 Å) is similar to the equivalent distances in carboxysome shell protein (9.4 Å)
and lumazine synthase (8.7 Å). By comparison, the Cα-Cα distance calculated from
arginines pairs in pentamers of the CA protein is significantly lower (6.8 Å), suggesting that
stronger electrostatic repulsion is involved.

A large cluster of arginine residues was also found in ferritin, an intracellular iron storage
protein present in most living organisms. The protein assembles into spherical shells
composed of 24 subunits with two-, three- and four-fold symmetry axes.40 As shown in
Figure 1D, large clusters of 6 arginine residues divided into two rings, are found at the three-
fold symmetry axes stabilized by layers of negatively charged residues.

Arginine formations with specific known biological functions
Our analysis of the PDB database identified a number of cases where the positively charged
arginine residues are involved in the molecular recognition of specific biological partners.
Figure 1I illustrates the 3D crystal structure of a small nuclear ribonucleoprotein component
(Sm protein) involved in pre-mRNA processing.41 A central ring of 7 arginines forms a
cationic pore that interacts specifically with single-stranded RNA. The ring is stabilized by
salt bridges with an adjacent ring of negatively charged residues (Figure 2C).

Figure 1L shows a string of 7 stacked arginines involved in the transport of phosphate
anions.42 The arginines are stabilized by salt bridges with acidic residues and hydrogen
bonds between the guanidinium groups, neighboring residues and water molecules.

Neves et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2013 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Stabilizing interactions derived from a subset of high quality structures
A subset of high resolution arginine clusters with unambiguous fit to the electron density
was further analyzed, and the following criteria were used for inclusion: i) the arginine side
chain conformations were unambiguously supported by the electron density, ii) arginine
residues with low occupancy atoms were excluded, and iii) clusters with arginines from
crystallographic neighbors were removed. Using these filters, 13,218 high quality clusters
from 6,427 PDB entries were found. The sequences were grouped into 2,978 unique clusters
with < 90% identity between supporting protein sequences.

As shown in Figure 4A, the minimum distance between adjacent Cζ-Cζ pairs is 3.2 Å. This
value is in good agreement with the stable 3.0 Å ion pair distance described by Scheraga and
coworkers.13 Visual inspection revealed a consistent planar stacking of staggered
guanidinium groups, exemplified in Figure 2D with an arginine pair at the interface of a
nucleoside diphosphate kinase dimer (Cζ-Cζ distance= 3.2 Å).43 Planar stacking avoids
steric clashes between the guanidinium groups. Close to 60- degree torsion angles along the
N-Cζ-Cζ-N axis minimize the electrostatic repulsion by maximizing the distance between δ-
nitrogens. Moreover, the electrostatic repulsion between positively charged arginines is
perfectly balanced by the surrounding environment. As shown in Figure 2D, there are two
counter ions from aspartic acid residues, and all guanidinium donors are involved in
hydrogen bonds with water molecules or surrounding residues. Planar stacking of
guanidinium groups, previously described for lumazine synthase44 and glutathione-S-
transferase,45 is commonly found in high quality structures from the PDB database. The Cζ-
Cζ distance distribution shows a clear preference for arginine pairs separated by
approximately 3.8 Å. Because there is less electrostatic repulsion at this distance, the
relative orientation of stacked guanidinium groups is determined primarily by interactions
with counter ions and hydrogen bonds with the surrounding environment.

Statistical analysis revealed that 90.1% of the arginines are surrounded by negatively
charged counter-ions (Figure 4E). As expected, ion pairs with carboxylate groups from
aspartate and glutamate are the most frequently found (87.7% of the arginines have at least
one acidic amino acid within a 6 Å cutoff distance, Figure 4B). On the other hand, hetero
molecules account for 9.7% of the ion-pairs (phosphates and sulfates 5.4%, carboxylates
3.4%, chlorides 0.8% and other halogenated ions 0.1%, Figure 4E). Arginine clusters are
involved in binding of phosphate-containing molecules such as nucleotides, NADP, FMN,
FAD and acetyl-CoA.46–48 Moreover, arginine clusters play a crucial role in stabilizing the
propionic acid side chains of heme groups and bind frequently to organic acids and
negatively charged bioactive compunds.49,50 Finally, we found a number of arginine clusters
stabilized by chlorides, sulfates, phosphates, acids and other molecules commonly present in
the buffers used for protein purification and crystallization.

Non-compensated positive charge is found in 9.1% of the arginines in a cluster (Figure 4E).
Guanidinium groups tend to be solvent exposed in these cases, or fit into a polar pocket with
highly complementary physicochemical properties. The guanidinium cation acts as a strong
hydrogen bond donor via the guanidine NH2 and NH groups, with complementary hydrogen
bond acceptor counterparts, such as the amide carbonyl of glutamine and aspargine, the
hydroxyl groups of serine, threonine and tyrosine, and the backbone carbonyl (Figure 4C).
Crystallographic water molecules have an important stabilizing effect and are involved in
hydrogen bonds or dipole-dipole interactions with 79% of the arginines (Figure 4D).
However, because the electron density for placement of water oxygen atoms is often an
ambiguous sphere of unknown origin, small anions such as chloride might be misinterpreted
as water molecules or left uninterpreted. Figure 5A shows a cluster of 3 arginines
surrounded by 9 crystallographic water molecules in PDB entry 1d3b.51 While the electron
density is unambiguous for the arginine side chains, water molecules are placed along a
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continuous duct of electron density, indicating that they could be replaced by a small
molecular weight chemical used in the crystallization buffer. Docking results confirmed that
citric acid fits into the electron density surrounding the arginine triplet, replacing 6 water
molecules and establishing two stabilizing saltbridges. Figure 5B shows a cluster of 5
arginines with a central lobe of unidentified density.52 Anions used in the crystallization
media, such as sulfate, could easily fit into the electron density. Taken together, these results
suggest that water molecules are important for the stability of positively charged arginines,
but they might be overestimated in some cases due to ambiguous electron density and
incorrect placement.

CONCLUSION
In this work, unusual formations of positively charged arginine residues were found in the
PDB database, suggesting their important role in protein-protein oligomerization and higher-
order assembly, protein-ligand binding and nucleic acid recognition. Controlling a
countercharge to these clusters may be used as a biological regulation mechanism. Despite
the prevalence of short-range interactions between arginine pairs, higher-order clusters with
up to eight guanidinium groups were found at protein oligomerization interfaces, as well as
at sites involved in molecular recognition. The positive charge is properly balanced by
negatively charged counter ions in about 90% of the cases. Arginine clusters stabilize
enzymatic cofactors and bind to nucleotides, glutamates, aspartates and phosphorylated
residues, and bioactive compounds bearing carboxylate, sulfate and phosphate moieties. The
arginines form rings, stacks and strings of stacked side-chains. Ring formations are often
located between layers of acidic amino acids, or at highly exposed sites easily accessible to
water molecules and counter ions. Arginine pairs adopt a common planar stacking
conformation in part to avoid steric clashes. At the lower Cζ-Cζ distance limit, staggering of
guanidinium groups helps minimize the electrostatic repulsion between negatively polarized
nitrogens. The guanidinium groups are commonly involved in five hydrogen bonds with
water molecules and acceptor groups from surrounding amino acids. Water molecules have
a bridging effect on the arginine pairs, but in some cases their electron density might be
misinterpreted.

Taken together, our results suggest that clusters of interacting arginine residues play an
important role in protein structure and function. They can be stabilized and/or regulated by
multiple mechanisms such as stacking, hydrogen bonds and electrostatics, as well as
complementary side chains, backbone carbonyls, water molecules, anions or ligands with
negatively charged groups or hydrogen bond acceptors. Our results may be particularly
relevant for the development of new scoring functions for protein-protein docking,
identification of druggable protein sites and for the prediction of oligomerization interfaces.
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Figure 1.
Representative examples of arginine clusters with Cζ-Cζ distances < 5 Å obtained from the
PDB database. A) Archaeal chaperonin (PDB entry 3kfb); B) Archaeal proteasome (PDB
entry 1j2q); C) N-Acylamino acid racemase (PDB entry 1r0m); D) Bacterioferritin (PDB
entry 1nf4); E) GTP cyclohydrolase I (PDB entry 1wpl); F) HIV CA protein (PDB entry
3h4e); G) Carboxysome shell protein, (PDB entry 2a10); H) Lumazine synthase (PDB entry
2f59); I) Sm protein (PDB entry 1i8f); J) ATP-dependent hexokinase (PDB entry 2e2q); K)
Thymidine kinase 1 (PDB entry 2wvj); L) Outer membrane protein (PDB entry 2o4v). The
protein structures are represented with a ribbon model and colored by subunit. Cζ atoms are
represented in red with space filling spheres.
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Figure 2.
Atomic details of representative arginine clusters. A) N-Acylamino acid racemase (PDB
entry 1r0m); B) ATP-dependent hexokinase (PDB entry 2e2q); C) Sm protein (PDB entry
1i8f); D) Nucleoside diphosphate kinase (PDB entry 2hur). The protein structures are
represented with a ribbon model and colored by subunit. Interacting residues and water
molecules are shown with a “balls and sticks” model. Hydrogen bonds are represented with
cyan spheres and the Cζ-Cζ distances between arginine pairs are shown. Common
stabilizing interactions such as planar stacking of arginines, counterions, and bridges of
hydrogen bonds are shown.
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Figure 3.
Three-dimensional superimposition of hexamers (A) and pentamers (B) assembled from the
HIV CA protein (orange ribbon, PDB entries 3h4e and 3p05), carboxysome shell protein
(green ribbon, PDB entry 2a10) and lumazine synthase (cyan ribbon, PDB entry 2f59). The
proteins assemble into large closed shell structures and share a cluster of positively charged
arginines at the pentamer/hexamer ring centers. Hexamers and pentamers were
superimposed using alpha carbons from the arginine rings, represented with a space filling
model. Cα-Cα distances between adjacent arginines are shown.
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Figure 4.
Property distribution of a subset of 13,218 high quality, density-supported, arginine clusters
from the PDB database. A) For each arginine, the Cζ-Cζ distance to the closest arginine
residue was calculated, and the pairs were grouped into distance bins. The frequency was
normalized to account for the cubic growth of spherical volume. The number of arginines
that fall into each bin was divided by the square of the distance. Counts for the number of
aspartic and glutamic acid residues within a 6 Å distance cutoff (B), the number of hydrogen
bond acceptor atoms (C) and crystallographic water molecules (D) within a 3.35 Å distance
cutoff are provided. The inset E shows the fraction of arginines surrounded by negatively
charged counter ions. Common counter ions are indicated.
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Figure 5.
Ambiguous water molecule fit and unidentified anion electron density. In both cases,
negatively charged molecules from the buffers used for protein purification and
crystallization are likely involved in stabilizing salt bridge interactions. A) A molecule of
citric acid docked to an arginine triplet fits the electron density better than the original water
molecules (PDB entry 1d3b). B) The unidentified electron density could easily
accommodate anions used in the buffer, such as for example a sulfate molecule (PDB entry
1wuq).
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Table 1

Clusters of 4 to 8 arginines collected from the PDB database. Common types of arginine clusters include
rings, stacks and strings of stacked residues.

Protein Number of
arginines
and type

PDB entry Description

Archaeal chaperonin 8 – ring 3kfb Cylindrical protein complex with two stacking rings of 8 subunits each.34

N-Acylamino acid racemase 8 – stack 1r0m Homooctameric protein with a 4-fold symmetry axis.25,26

Sm protein 7 – ring 1i8f Heptameric protein in a ring.41,53

Archaeal proteasome 7 – ring 1j2q Four heptameric proteins in a barrel-shaped structure.35

Outer membrane protein 7 – string 2o4v Transporter protein.42

HIV CA protein 6 – ring 3h4e Protein hexamer. Assembles into hexamers and pentamers to form closed shell
capsids.16

Bacterioferritin 6 – ring 1nf4 Spherical shell protein with 24 subunits.40

Carboxysome shell protein 6 – ring 2a10 Protein hexamer. Assembles into hexamers and pentamers to form icosahedral
compartments.37

GTP cyclohydrolase I 5 – ring 1wpl Two rings of 5 subunits each.27

Lumazine synthase 5 – ring 2f59 Pentameric protein in a ring.54

ATP-dependent hexokinase 4 – string 2e2q Protein dimer.30

Thymidine kinase 1 4 – string 2wvj Protein tetramer.31
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