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Abstract

The edgewise interactions of anions with phenylalanine (Phe) aromatic rings in proteins, known as 

anion–quadrupole interactions, have been well studied. However, the anion–quadrupole 

interactions of the tyrosine (Tyr) and tryptophan (Trp) rings have been less well studied, probably 

because these have been considered weaker interactions than anions hydrogen bonded to Trp/Tyr 

sidechains. Distinguishing from such hydrogen bonding interactions, we comprehensively 

surveyed the edgewise interactions of certain anions (aspartate, glutamate, and phosphate) with 

Trp, Tyr, and Phe rings in high-resolution, non-redundant protein single chains and interfaces 

(protein-protein, DNA/RNA–protein, and membrane–protein). Trp/Tyr anion–quadrupole 

interactions are common, with Trp showing the highest propensity and average interaction energy 

for this type of interaction. The energy of an anion–quadrupole interaction (−15.0 −0.0 kcal/mol, 

based on quantum mechanical calculations) depends not only on the interaction geometry but also 

on the ring atom. The phosphate anions at DNA/RNA–protein interfaces interact with aromatic 

residues with energies comparable to that of aspartate/glutamate anion–quadrupole interactions. At 

DNA–protein interfaces, the frequency of aromatic ring participation in anion–quadrupole 

interactions is comparable to that of positive charge participation in salt bridges, suggesting an 

underappreciated role for anion–quadrupole interactions at DNA–protein (or membrane–protein) 

interfaces. Although less frequent than salt bridges in singlechain proteins, we observed highly 

conserved anion–quadrupole interactions in the structures of remote homologs, and evolutionary 

covariance-based residue contact score predictions suggest that conserved anion–quadrupole 

interacting pairs, like salt bridges, contribute to polypeptide folding, stability, and recognition.
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INTRODUCTION

Non-covalent interactions, such as Van der Waals forces, the hydrophobic effect, hydrogen 

bonding, and electrostatic interactions, may be weak individually, but collectively play an 

important role in the folding, assembly, and recognition of macromolecules1-3. Interactions 

involving aromatic functional groups (commonly known as π interactions), such as π–π4–6, 

CH–π713, lone pair–π14–17, cation–π18–22, and anion–π22–25 interactions, are important 

components of weak, non-covalent interactions and have gained considerable interest in 

chemistry26, for example, in the design of catalysts. In addition to synthetic chemistry, a 

number of recent reports suggest that weak interactions are critical in regulating protein 

function. For example, the CH–π switch in protein-tyrosine phosphatase 1B (PTP1B, also 

known as PTPN1) is critical in regulating phosphatase function27. Similarly, the repair 

function of the DNA glycosylase AlkD is critically dependent on CH–π interactions for the 

recognition of N3 methyladenosine in alkylated DNA28. Enhanced stability of engineered 

miniproteins29 and G-quadruplexes30 are other notable examples of CH–π interactions, not 

just in proteins but also in nucleic acids. While CH–π interactions are gaining prominence in 

the field of biological macromolecules, investigation of another potentially important non-

covalent interaction in biological macromolecules, the anion–quadrupole interaction, has 

been rare, possibly due to the only recent recognition of its presence in proteins in the 

seminal study of Howell et al.25. In general, aromatic ring π-systems have a quadrupole 

moment as a result of the two opposing dipoles originating from each face31. The electron 

cloud on each face of the aromatic ring is therefore attracted to cations (by a cation–π 
interaction), and the edges of the ring are attracted to anions (by an anion–quadrupole 

interaction). In the same study25, anion–quadrupole interactions in proteins were modeled 

on the interactions between aspartate (Asp) or glutamate (Glu) sidechain carboxylate ions 

and the aromatic ring of the phenylalanine (Phe) residue in monomeric proteins. Anions 

could also interact with tryptophan and tyrosine ring-systems by anion–quadrupole 

interaction but these ring systems also have dipole moment and they make strong hydrogen 

bonds with anions that could influence their anion–quadrupole interactions. In general, we 

wanted to further understand the roles of anion–quadrupole interactions in proteins in the 

following categories, which were not discussed: (i) anion–quadrupole interactions involving 

the rings of tyrosine (Tyr) and tryptophan (Trp) residues; (ii) deconvolution of the energetic 

contributions of anion–quadrupole and anion-dipole interactions (iii) anion–quadrupole 
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interactions involving the phosphate ion, an important anion in biological systems; (iv) 

anion–quadrupole interactions at protein–protein interfaces; (v) a comparison of the 

behavior of anion–quadrupole interactions with that of salt bridges in proteins and at 

protein–protein interfaces; and (vi) the evolutionary conservation of anion–quadrupole 

interactions in proteins. As salt bridges in protein structures have been well studied32–35, the 

behavior of anions in anion–quadrupole interactions has been compared with their behavior 

in salt bridges to gain a better understanding of how nature, through evolutionary 

conservation, utilizes anions in a range of polar interactions. Since the report on anion–

quadrupole interactions in proteins referred to above, there have been other reports36–38. But 

these have been typically focused on a small set of a specific group/family of highly 

homologous proteins (or predicted interfaces) and do not cover all of the abovementioned 

categories. In addition, unlike the recent reports36–38, we distinguish an anion’s edgewise 

interactions with Trp/Tyr ring from that of an anion’s hydrogen bonded interactions with 

Trp/Tyr sidechains to capture the influence of different ring atoms on anion–quadrupole 

interactions, and the orientation preferences of aromatic rings while interacting with anions. 

Therefore, we systematically performed a comprehensive analysis of anion–quadrupole 

interactions in proteins that should also be useful in the study of other weak, non-covalent 

interactions in biological macromolecules. As novel weak interactions (e.g., RNA ribose–

nucleobase lone pair–π stacking39, Lys-NH3
+ − carbonyl linear arrangement40) in biological 

macromolecules continue to be reported, our analysis will be useful in the study of weak 

molecular interactions in general.

METHODS

Detection Procedure for Anion–quadrupole Interactions.

The procedure for detecting anion–quadrupole interactions in protein structures was 

developed using the PSD dataset (see Protein Datasets, SI page S3–S4). Residues with 

missing sidechain atoms were ignored. Sidechain–sidechain hydrogen bonded pairs of 

Asp/Glu and Trp/Tyr were not counted as regular anion–quadrupole interactions. We 

determined the distance-and-angle criterion for anion–quadrupole interactions in the 

following steps: (a) defined the vector nr as normal to the ring plane and passing through the 

ring center (Figure S1A) for each of the aromatic residues in a coordinate file; (b) defined 

the vector rc as the line joining the ring center and the center of carboxylate oxygen atoms of 

Asp/Glu sidechains (Figure S1A) for every anion-aromatic residue pair in the coordinate 

file; (c) determined θN the angle between nr and rc, and θP (90° - θN), the angle the anion 

makes with the ring plane (Figure S1A); (d) for each anion–aromatic residue pair, 

determined all interresidue interatomic vectors dr (the vector between the carboxylate 

oxygen and a ring atom); and (e) determined dS, the smallest value of dr, that is, the shortest 

interresidue interatomic distance (Figure S1A). The distribution of θP for dS < 5 Å (greater 

than the sum of van der Waal contact + 1.75 Å) showed that θρ decreases from 0° to 90°, as 

expected. Seventy-five percent of the population of θP values for Trp/Tyr/Phe, taken 

together, was < 35° (Figure S1b). The Howell study25, using quantum mechanical 

calculations on a benzene-formate (BF) pair, determined the interaction energies to be 

negative for θP < 35°. Therefore, for determining a distance criterion, we considered θP ≤ 

35°, and the distribution of dS for θP ≤ 35° (Figure S1C, D) showed a bell-shaped 
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appearance with a peak at 3.75 Å for dS ≤ 4.5 Å. For dS > 4.5 Å, the non-specific pairs kept 

increasing (Figure S1C, D). This behavior was similar for Trp, Tyr, and Phe residues (Figure 

S1C, D). Based on the distribution of dS for Trp/Tyr/Phe taken together, we set a 4.5-Å 

cutoff for dS for the detection of anion–quadrupole interactions. Thus, a pair of (Asp/Glu)–

(Trp/Tyr/Phe) residues with dS ≤ 4.5 A and θP ≤ 35°, as well as not having a sidechain–

sidechain hydrogen bond between them, was considered a regular anion–quadrupole 

interaction (Figure 1A, see main text). We also added two additional criteria: (i) if the dS for 

a carboxylate ion was > 4.5 Å and the dr distance from the anion center was ≤ 4.5 Å, there 

was a ~13% increase in the number of anion–quadrupole pairs; and (ii) if the θP value was > 

35° and the angle with either of the oxygen atoms was ≤ 35°, there was a ~7% increase in 

anion–quadrupole interactions. We ignored the C-terminal carboxyl group (except for the 

PDZ–peptide interaction, Figure S5D).

Energy Calculations.

The energy of interactions was computed using NWChem41 6.6 quantum mechanical 

calculations. For computing the energy of interaction (e.g., for an anion–quadrupole pair) the 

coordinates of side chain atoms of the interacting pair were first extracted from a protein 

data bank (PDB) file. Hydrogen atoms for these side chains were added using the Open 

Babel version 2.3.1 chemical toolbox42. Each CB atom had three protons and setting the pH 

to 7.0 (in Open Babel) ensured that Asp/Glu carboxyl groups remained deprotonated. An 

interacting pair of the type A–B (e.g., Asp–Phe) had three input files: (i) A, (ii) B, and (iii) 

A–B, where the A input file has the coordinates of the atoms of A. Each of the three input 

files for a pair was imported to the NWChem 6.6 program for energy calculations. Single-

point energies were calculated using DFT with the Grimme DFT-D3 dispersion correction43 

with the AUG-CC-PVDZ basis set and B3LYP functional. The energy (in Eh units) was 

extracted from the corresponding NWChem log files. The energy of interaction (ΔEAB) was 

obtained as, ΔΕAB = E(A-B) − [E(A) + E(B)], and ΔEAB in EH units was then converted to 

kcal/mole. There were 13,308 anion–quadrupole and 6,256 HB-anion–quadrupole A–B pairs 

in total for the energy calculations. We also compared the interaction energy of aromatic 

ring-carboxylate anion–quadrupole to that of other types of ring-edgewise interactions (see 

Figure 8A). For example, we considered the edgewise interactions of aromatic rings with 

side chain nonpolar −CH2−/−CH3 groups (Phe-Val), polar -OH groups (Phe-Ser), polar 

−CONH2 groups (Phe-Asn) and the polar nucleic acid backbone anion (Phe-[−O−PO2−O

−]-). There were 4399 Phe–Val, 1079 Phe–Ser, 1037 Phe–Asn, and 176 (Phe-[−O−PO2−O

−]-) A–B pairs in total for the energy calculations. Energies calculated using only the 

dispersion corrected DFT (computed with MWChem 6.6) method were used in this study 

(e.g., Figures 1–4 and 7). Single-point energies were also calculated using DFT with the 

B3LYP functional and the 6–31G* [i.e., 6–31(d)] basis set using Gaussian 0944, but these 

energies were not used here. A correlation between the anion–quadrupole energies 

calculated by either approach is shown in Figure S12.

Hydrogen Bonds and Salt Bridges.

All hydrogen bond calculations were carried out using the HBPLUS45 program with the 

default settings. We considered a salt bridge pair to occur when Lys/Arg side chain atoms 
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were hydrogen bonded to Asp/Glu side chain atoms. That is, electrostatically interacting 

opposite charges that were not hydrogen bonded were not considered here as salt bridges. 

Although this criterion underestimated the number of salt bridges, a “strict” criterion was 

imposed to ensure a fair comparison with anion–quadrupole interactions, which were also 

selected with a strict criterion. Similarly, phosphoryl group salt bridges were considered to 

occur when Lys/Arg side chain atoms were hydrogen bonded to a phosphoryl group.

RESULTS AND DISCUSSION

Anion–quadrupole Interactions of Tryptophan and Tyrosine.

Using highresolution (≤ 1.6 Å) crystal structures, a simple procedure was developed for 

detecting anion-quadrupole interactions in proteins (Figure S1 and see Methods). We 

considered the concept of an anion–quadrupole interacting pair to apply only when the 

following conditions are satisfied (Figure 1A): (a) one of the Asp/Glu carboxylate oxygen 

atoms is within 4.5 A of any of the ring atoms, (b) the center of carboxylate oxygen atoms 

subtends an angle ≤ 35° with the ring plane, and (c) a pair satisfying (a) and (b) should not 

also be engaged in sidechain-sidechain hydrogen bonding between them. The hydrogen 

bonded pairs Trp/Tyr (side chain donor) and Asp/Glu (side chain acceptor) were excluded 

(Figure S1A, C). Condition (c) ensured that the treatment of Trp/Tyr was similar to that of 

Phe, and the distance and angle distributions of Tyr and Trp were very similar to that of Phe 

(Figure S1B, D). Therefore, in the same manner as the Phe–Asp/Glu anion–quadrupole pairs 

were studied in the previously mentioned report25, Tyr and Trp were examined here for 

anion–quadrupole interactions. We observed 13,308 anion–quadrupole interactions in 3700 

non-redundant single chains of the PISCES46 dataset. The number of anion–quadrupole 

interactions with Phe (~2.06 per protein) reported in the earlier study25 is higher than we 

observed here (~1.55 per protein), as we implemented a “strict” distance-and-angle detection 

criterion. Among the anion–quadrupole interactions, 43%, 36%, and 21% were respectively 

associated with Phe, Tyr, and Trp residues. However, the normalized occurrence frequencies 

(propensities, Figure S2A) were 1.38 (Trp), 0.98 (Phe), and 0.88 (Tyr), suggesting that a 

larger surface area and/or the indole ring dipole moment of Trp likely contributes to the 

interaction energy and therefore a higher propensity.

A typical upper limit for the hydrogen bond donor-acceptor distance is 3.5 A, while the 

distance range for the anion–quadrupole interactions is 3.25 – 4.5 A. This suggests that 

carboxylateions making hydrogen bonds with tryptophan (through the NE1 atom) and 

tyrosine (through the OH atom) will be positioned closer to the ring atoms than do the 

carboxylate ions engaged only in regular anion–quadrupole interactions (Figure S1E). This 

shorter distance and the high electronegativity of the NE1 and OH atoms would obviously 

make the interaction energy between an anion and an aromatic ring through hydrogen bonds 

much greater than that of a regular anion–quadrupole. This energy difference is consistent 

with the following. In the dataset, we observed 6,256 anions hydrogen bonded to tryptophan 

and tyrosine (i.e., with just two atoms, Trp-NE1 and Tyr-OH). By comparison, in the same 

dataset, we observed 7,585 anions engaged in anion–quadrupole interactions with 

tryptophan and tyrosine residues in which 12 ring atoms are capable of participating. If the 

anions hydrogen bonded to Trp-NE1 and Tyr-OH were included, the distance distribution 
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(Figure S1E) of anion–quadrupole interactions would also have been different. Therefore, 

for determining the distance-angle criterion for detecting anion–quadrupole interactions, we 

opted for a criterion that is uniform for all the aromatic rings (Phe, Tyr and Trp). For a fair 

comparison of anion–quadrupole interaction energies between phenylalanine, tyrosine and 

tryptophan, we (unlike recent reports36–38) avoided anions hydrogen bonded to Trp-NE1 and 

Tyr-OH atoms. A number of structural parameters (see Supplemental Information, SI, pp. 

S4–S6) of the anion–quadrupole interactions of Phe residues were compared with those of 

Trp and Tyr residues (Figure S3). These parameters were: (a) the specific contacts, (b) the 

interplanar angle, (c) the presence of hydrogen bonding for anions, (d) the depth and 

packing, (e) the energy, and (f) the sequence separation (Figure S3A–F). Consistent with our 

approach of treating tryptophan and tyrosine like phenylalanine, a comparison of structural 

parameters showed that the behavior of tryptophan or tyrosine anion–quadrupole 

interactions is similar to that of phenylalanine (Figure S3), and therefore the anion–

quadrupole interactions discussed here include those associated with all three aromatic 

residues.

Energies of Anion–quadrupole Interactions.

Interaction Energy.—We utilized dispersion-corrected density functional theory 

(DFT)43-47 based quantum mechanical calculations (see Methods) for computing the energy 

of anion–quadrupole interactions. Dispersion-corrected DFT calculations have been shown 

to be more accurate in capturing the behavior of the noncovalent interactions of aromatic 

ring systems47. The interacting functional groups were represented as a simplified organic 

scaffold at pH 7.0 (Figure 1A). Energy calculations carried out with the 13,308 anion–

quadrupole pairs are shown in Figure 1B. The distributions of the energies suggest that the 

strength of the interactions, on average, is similar for all of the aromatic residues and that the 

average energy of Trp interactions is slightly greater (more negative) than that of the others. 

The observed energies are also consistent with those observed earlier with phenylalanine’s 

anion–quadrupole interactions25. Based on the calculated energy, we loosely defined weak 

(≥ −3.0 kcal/mol) and strong (≤ −8.0 kcal/mol) interactions (Figure 1B). The geometrical 

features of strong and weak interactions are distinct (Figure 1C). Stronger interactions tend 

to: (a) take place over shorter distances, (b) subtend angles closer to zero, and (c) occur 

preferentially in a perpendicular interplanar orientation. In addition to steric effects, the 

stability of conformations (e.g., trans-proline48, the polyproline II helix49, and Z-DNA15) 

within macromolecules is also strongly supported by stereoelectronic effects (i.e., 

conformational preferences that arise due to hyperconjugative delocalization), for example, 

nCO → π* of the succeeding >C=O in trans-proline48 and cytidine nO4’ → π* of the 

guanine base in CpG Z-DNA15. For anion–quadrupole interactions with a distance ≥ 3.5 Å 

(i.e., within orbital mixing distances), the preferences for angle (~0°, Figure 1C, bottom left) 

and interplanar orientation (~90°, Figure 1C, bottom right) are far stronger than in those 

interactions with distances > 4.0 Å (Figure 1C). Stereoelectronic effects could also 

contribute to the preferred geometries of anion–quadrupole interactions.

Deconvolution of Dipole-Quadrupole Energy Contributions.—The benzene ring 

possesses only a quadrupole moment, while the indole ring possesses a ring dipole moment 

in addition to a quadrupole moment (Figure 2B). Therefore, anion–quadrupole interactions 
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of the tryptophan ring are expected to also be influenced by the dipole moment of the indole 

ring. To quantify the influence of a dipole moment, we analyzed anion–quadrupole 

interactions energy in the following manner. We expected that the dipole moment would 

influence the polarity of the ring-CH atoms, and a difference in the resulting ring-CH atom 

polarity also suggested that the energy of interactions would be dependent on the ring-CH 

atoms. We, therefore, analyzed the energy of anion–quadrupole interactions based on the 

ring atom that is closest to the anion. For example, the anion–quadrupole interaction with the 

Phe-CZ atom (Figure 2A) refers to the interactions, among all the Phe anion–quadrupole 

interactions, in which the CZ atom is closest to the anion. The distance dependency of the 

interaction energy (ion–ion, ion–dipole, dipole–dipole, ion–quadrupole) is characteristic of 

an interaction type, and therefore, we determined the distance dependency of the anion–

quadrupole interaction energy for each of the ring atoms within the distance range 3.25 – 

4.50 Å (Figure 2). For convenience, we used the distance between the ring carbon atom and 

the center of the carboxylate oxygen atoms. We found that the interaction energies of anions 

with the phenylalanine ring atoms were not identical and that the distance dependency 

(within this distance range) of the interaction energy for each atom type was linear and 

nearly parallel to that of the other atoms (Figure 2A). For benzene’s anion–quadrupole 

interactions, we expected all atoms to behave identically. For phenylalanine, even with a 

small ring dipole moment, the behavior of the interaction energies of its atoms differed from 

that of benzene; that is, the interaction energy of the Phe-CZ atom is different from that of 

the Phe-CD1/2 atom (Figure 2A). Instead of a single energy value, we considered a range of 

interaction energies (spanning between the Phe-CZ and Phe-CD1/CD2 parallel lines, Figure 

2A) as the baseline range for anion–quadrupole interactions. We refer to this energy range as 

the “F-range” (Figure 2B). For convenience, we consider a deviation from the F-range to be 

a result of the contributions from other factors such as the ring dipole moment (Figure 2B). 

Consistent with the dipole moment of the indole ring, we found that the interaction energies 

for tryptophan ring atoms deviate from the F-range (Figure 2B). That is, anions interact with 

Trp-CD1 and Trp-CZ3 atoms respectively with energies much higher (more negative) and 

lower (more positive), respectively, than those observed in the F-range (Figure 2B, left). The 

value of the deviation from the F-range depends on the ring atom and provides a rough 

estimate of the contribution from the dipole moment for each ring atom. In other words, we 

propose that, in the absence of a dipole moment, the expected energies would be within the 

F-range, and the presence of a dipole moment would result in deviations of the energy 

values from the F-range.

As mentioned above, we do not consider anions hydrogen bonded to Trp-NE1 as 

participating in for regular anion–quadrupole interactions. However, given the polarity of the 

Trp-NE1 and Trp-HE1 atoms, anions within the distance range 3.25 – 4.50 Å (i.e., no 

hydrogen bond with Trp-NE1) can still interact with Trp-NE1 or Trp-HE1 atoms with 

energies greater than that of Trp-CD1 atom interactions (Figure 2C). We consider this 

interaction to be a part of the anion–quadrupole interactions. To distinguish this interaction 

from the hydrogen bonds, the interaction energy of anions hydrogen bonded to Trp-NE1 

(distance range, 2.75 – 3.50 Å) is also overlaid in Figure 2C. The value and the distance 

dependence of the energies of hydrogen bonds and atom-specific anion–quadrupole 

interactions differ from one another (Figure 2C). That is, the slope and the intercept depend 
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on the polarity and the interaction distance range. Due to the dipole moment, one end of the 

tryptophan ring (Trp-CZ2, Trp-CH2, Trp-CZ3) interacts with anions with energies lower 

than that of the phenylalanine ring, while the other end (Trp-NE1, Trp-CD1) interacts with 

energies greater than that of the phenylalanine ring. The anion–quadrupole interaction 

energy averaged over all tryptophan atoms is, however, greater (more negative) than that of 

phenylalanine. This is because of the higher polarity of the protons (Trp-HE1, Trp-HD1), 

and tryptophan’s anion–quadrupole energetics is dominated by Trp-NE1 and Trp-CD1 

atoms. If the interaction energies of anions hydrogen bonded to Trp-NE1 were added, then 

tryptophan’s anion–quadrupole interaction energies would be even more different from that 

of phenylalanine. This logic is also consistent with the reason for excluding anions hydrogen 

bonded to the ring for a fair comparison with phenylalanine. A comparison of the energy-

distance relationships for the symmetry-related positions of tyrosine and phenylalanine 

(Figure 2D) also shows that the presence of the −OH group in tyrosine shifts the intercept of 

the energy-distance plot, and the shift is more prominent for positions closer to the −OH 

group (Figure 2D).

Boltzmann Statistics from Protein Structures.—In evaluating the performances of 

alternative methods (e.g., DFT, dispersion-corrected DFT, MP2) for computing the energy of 

noncovalent interactions, typically an agreement between the calculated results, the 

experimental structure (crystalline state), and the energetic (e.g., sublimation) data is 

sought47. In a similar spirit, we have also attempted to correlate the computed energies of 

anion–quadrupole interactions to crystalline state properties. For example, we investigated 

whether the computed energies are consistent with the frequency with which interactions 

occur in protein crystal structures. In this regard, we assumed that the protein data bank 

(PDB) represents an equilibrium distribution of protein conformations. This assumption is 

based on the success of the Boltzmann hypothesis in explaining the energetics of protein 

structures50. All of the energy calculations described above were carried out with isolated 

side chain atoms (see Methods), while these interactions in real proteins actually take place 

among a myriad of other interactions. For example, an Asp side chain engaged in anion–

quadrupole interaction may also be involved in a salt bridge interaction as well as be in 

contact with surface solvent water molecules by hydrogen bonds (see below). Despite these 

differences in context (i.e., isolated functional groups versus the entire protein), consistency 

between the calculated energy and observed statistics in protein structures would provide a 

strong rationale for basing our analyses on high-resolution protein structures. Given that the 

energy of anion–quadrupole interactions depends on ring atoms (as we noted above), we 

wanted to determine whether the occurrence frequency of anions in the vicinity of a specific 

ring atom is consistent with the calculated atom-specific energy. For the convenience of 

discussion about the occurrence frequency of anions in the vicinity of ring atoms, we 

utilized a measure termed FATOM_ds (see SI pp. S6–S7). The FATOM_ds value for a ring 

atom of a given residue type represents the percentage of time it is present at the shortest 

distance among all anion–quadrupole interactions of that residue type, and the sum of the 

FATOM_ds values of all ring atoms of a given residue type is 100% (Figure 3). It is 

interesting to note that the FATOM_ds values of even phenylalanine atoms (who show small 

energy differences, Figure 2A) differ among the phenylalanine atoms, and phenylalanine 

FATOM_ds values are qualitatively consistent with the atom-specific energies. For example, 
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the FATOM_ds for Phe-CZ is 18% while that for Phe-CD1 is 22% (Figure 3A, Figure 2A). 

Similarly, the FATOM_ds values for tyrosine and tryptophan atoms are also consistent with 

the computed energy (Figure 3A, Figure 2). Due to the dipole moment of the indole ring, 

more than 30% of tryptophan residue interactions with anions are with its CD1 atom alone 

(Figure 3A). In other words, the anion–quadrupole interactions of tryptophan residues have 

an orientation preference. Consistent with its FATOM_ds value, the magnitude of the 

interaction energy of the Trp-CD1 (Figure 3B) atom was also higher than that of other Trp 

ring carbon atoms. In general, the computed interaction energy for ring atoms using isolated 

functional groups was consistent with their respective FATOM_ds values (Figure 3C). This 

observation is also useful in the context of molecular mechanics force fields. For example, 

the partial charges of Trp ring protons in the CHARMM3651 force field were better 

correlated with the observed ring atom participation frequency (Figure S6, and SI S6–S7) 

than those of the CHARMM2252 force field. Other than the HE1 atom, all of the Trp ring 

protons in the CHARMM22 force field are assigned a uniform partial charge equal to 

+0.115 (Figure S6C), while in the CHARMM36 force field, the Trp ring atom partial 

charges are consistent with the indole dipole moment51. As a result, a better correlation was 

observed with the CHARMM36 force field.

HB-anion–quadrupole Interactions.

Anion–quadrupole Interaction Types and The Energy Gap.—Because of the 

shorter distance (Figure S1D), anions hydrogen bonded to tryptophan and tyrosine side 

chains also satisfy the distance-angle criteria (≤ 4.5 Å and ≤ 35.0°; see above) for the 

detection of anion–quadrupole interactions (Figure 4A). Therefore, by default, anions 

hydrogen bonded to tryptophan and tyrosine side chains are also considered here for anion–

quadrupole interactions. We refer to these pairs as HB-anion–quadrupole interacting pairs to 

distinguish them from the regular anion–quadrupole pairs discussed above. There are 6,256 

HB-anion–quadrupole pairs in the dataset. As expected, the energies of these interactions are 

much greater than those of regular anion–quadrupole interactions (Figure 4B), i.e., regular 
anion–quadrupole interactions are typical weak interactions. Due to dynamic motion in 

proteins (e.g., bond rotation), is it possible for a regular anion–quadrupole interaction to 

convert to an HB-anion–quadrupole interaction and vice versa? In other words, can a regular 
anion–quadrupole pair (distance ≤ 4.50 Å) be within hydrogen bonding distance (≤ 3.50 Å) 

and satisfy the hydrogen bond angle criterion during dynamic motion? Because of the 

significant energy gap between the two types of anion–quadrupole interactions (Figure 4B), 

we expected a low frequency for such conversions. To test this prediction, we created a 

dataset of proteins whose structures have been determined by NMR as well as X-ray 

crystallography and for which the NMR structure ensemble is believed to approximate the 

dynamics of protein motion (Figure S4). In this dataset, in only ~7% of the time are regular 
anion-quadrupole pairs (tryptophan, tyrosine) in the X-ray structure is observed as an HB-

anion–quadrupole pair in the NMR structure of the same protein molecule. The 

interconversion frequency for specific ring atoms (adjacent to the ring hydrogen bond donor 

position) is shown in Figure S4. Other than the Trp-NE1 atom, no other ring atom has an 

interconversion frequency > 10% (Figure S4). The energy of the regular anion–quadrupole 

interaction of only the Trp-NE1 atom comes close to that of the HB-anion–quadrupole 

interaction (Figures 2C, 4B), and the observed higher interconversion frequency of Trp-NE1 
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is likely due to the small energy gap between its regular anion–quadrupole and HB-anion-

quadrupole interactions. The small interconversion frequency for other ring atoms is, in 

general, likely due to the large energy difference between the regular anion–quadrupole and 

HB-anion–quadrupole interactions, and therefore we have treated these anion–quadrupole 

interaction types separately.

Orientation Preference of HB-anion–quadrupole Interactions.—The energy 

difference between the two types of interactions is also relevant for mutational analysis. For 

example, mutating tyrosine → phenylalanine when the tyrosine residue is engaged in an 

HB-anion–quadrupole interaction in the wild type protein will likely result in a regular 
anion–quadrupole interaction in the mutant protein. As regular anion–quadrupole 

interactions are weak, there can be a significant difference in stability between the wild type 

and the mutant in this example. As another example, an aspartate-tyrosine-mediated HB-

anion–quadrupole interaction between the CDR loops of the monoclonal antibody MR78 

contributes significantly to the binding affinity for its antigen53 (i.e., the Marburg virus 

glycoprotein), and substitution of this tyrosine residue with phenylalanine significantly 

compromises the binding affinity53, justifying the perception of the weak nature of anion–

quadrupole interactions. Even though the energy of the anion–quadrupole component of the 

HB-anion–quadrupole interaction is low, an anion–quadrupole interaction can still make a 

significant contribution to the behavior of an HB-anion–quadrupole interaction. Here we 

show that an anion–quadrupole interaction contributes to the orientation preferences of HB-

anion–quadrupole interactions (Figures 5). For example, tyrosine residues have an 

orientation preference for Asp/Gly carboxylate ions when hydrogen bonded to the Tyr-OH 

group (Figure 5). The orientation preference can be assessed by a measure referred to here 

as the pseudo-dihedral angle (Figures 5, S7A). The distribution of pseudo-dihedral angles 

for Tyr-OH was quite different from that of the Thr/Ser-OH group, suggesting that the 

carboxylate oxygen atoms prefer proximity to tyrosine ring edges (Figures 5, S7B). This is 

likely due to anion–quadrupole interactions, as we observed that the distances of anions to 

the tyrosine ring edges were shorter than the respective carbon-anion distances of Thr/Ser 

residues (Figure S7B).

Investigation of the above orientation preference was prompted by the following 

observation. Asp/Glu sidechain carboxylates were the most frequent hydrogen bond 

acceptors for each type of side chain hydrogen bond donor in proteins (Figure S7C). The 

Asp/Glu-acceptor frequency for Tyr was much higher than that of the uncharged side chain 

donors (Figure S7C), that is to say, the frequency was midway between that of the positively 

charged and uncharged side chain donors. Although the partial charges of the Tyr–OH group 

(Figure S7C) may contribute to this, the observed orientation preferences (Figure 5) suggest 

that anion–quadrupole interactions also contribute to the observed higher Asp/Glu-acceptor 

frequency for the Tyr–OH group. The observed higher frequency of the Tyr hydrogen bonds 

with Asp/Glu also suggested that the strength of these hydrogen bonds (HB-anion-

quadrupole) is likely to be greater than typical hydrogen bonds, and the following examples 

support this notion: (i) in the anti-Marburg virus glycoprotein monoclonal antibody 

(MR78)53, a kink in the HCDR3 loop, critical for antigen recognition, is stabilized by an 

Asp–Tyr HB-anion–quadrupole interaction in place of a canonical Asp–Arg/Lys salt 
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bridge53 (Figure S5F), (ii) the nanobody Nb60, by virtue of an interfacial Glu–Tyr HB-

anion–quadrupole interaction, locks the ligand-(carazolol)-bound conformation of the G 

protein coupled receptor β2AR54 (Figure S5G). In general, we expect that the strength of 

noncovalent interactions is likely to follow the order: salt bridge > HB-anion–quadrupole > 

typical hydrogen bond > anion–quadrupole interactions.

Hydrogen Bonds of Anion and Interaction Clusters.

Interaction Clusters.—Anions participating in HB-anion–quadrupole interactions are 

always hydrogen bonded to the side chain atoms of the partner aromatic residue (Tyr–OH 

and Trp-NE1); i.e., the anions of 100% of HB-anion–quadrupole pairs are hydrogen bonded. 

By comparison, anions of ~70% and ~50% of regular anion–quadrupole and salt bridge 

pairs, respectively, were also hydrogen bonded to other hydrogen bond donors. In addition to 

the hydrogen bonds with Tyr–OH and Trp-NE1 atoms, 32% of anions of HB-anion–

quadrupole pairs also engage in additional hydrogen bonds. These observations suggest that 

all of these interactions tend to be part of interaction networks (Figure 6A, left). In these 

networks, the anion and the aromatic ring of one anion–quadrupole interaction can be part of 

another anion–quadrupole interaction. For example, ~7% of aromatic residues of anion-

quadrupole interactions interact with more than one anion (Figure 6A, right), and ~7% of 

anions of anion–quadrupole interactions similarly interact with more than one aromatic 

residue. Even though the energy difference between the regular anion–quadrupole and HB-

anion–quadrupole interactions is significant, in certain homologous families we find that a 

regular anion–quadrupole in one member of the family can be replaced by an HB-anion–

quadrupole in another member (Figure 6B). Given that these interactions are part of a cluster 

of interactions, such amenability to substitution seems reasonable, because the loss/gain of 

energy due to replacement of one type of interaction is likely compensated by a 

corresponding replacement in another interaction within the interaction network.

Buried Anions.—Polar groups, buried within the protein interior, must be hydrogen 

bonded to satisfy the hydrogen bonds with solvent water molecules that were broken upon 

folding55. As anions of ~30% regular anion–quadrupole interactions are not hydrogen 

bonded, we determined the solvent accessible surface area (ASA) of these anions to look for 

buried anions without a hydrogen bond. We found an ASA < 2.0 Å2 for each of its side 

chain carboxyl-oxygen atoms of 158 anions, and we considered these anions to be buried 

with an unsatisfied hydrogen bond. The remaining anions of the 30% pairs are considered 

solvent accessible and expected to be hydrogen bonded to solvent water molecules. How 

does one account for the lost or missing hydrogen bonds for these 158 buried anions? For 

the convenience of discussion on this we refer to these 158 anions as BAUH_AQ (i.e., buried 

anions with unsatisfied hydrogen bonds participating in anion–quadrupole interactions). We 

examined the distance distribution of BAUH_AQ pairs and found that 50% of them are ≤ 3.5 

Å away from the ring, and therefore there is a possibility of forming CH—O hydrogen 

bonds (see Figure 6C, top left). By comparison, the distances of between 36% of the regular 
anion–quadrupole interacting pairs in the dataset are ≤ 3.5 Å. Relaxing the hydrogen bond 

detection criterion could lower the number of BAUH_AQ pairs. However, the fact that the 

observed proportion (50%) of distances of BAUH_AQ pairs is ≤ 3.5 Å instead of the 

expected proportion (36%) suggests that regular anion–quadrupole interactions could be a 

Chakravarty et al. Page 11

Biochemistry. Author manuscript; available in PMC 2019 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



solution for satisfying the lost hydrogen bonds of buried anions. To see whether this could 

be true, we found that there are 252 BAUH anions in this dataset and 158 of them are 

BAUH_AQ (~63%). We also checked whether the anions of BAUH_AQ pairs participate in 

more than one regular anion–quadrupole interaction, such that the sum of two or more weak 

interactions could make up for the lost hydrogen bond. We found that ~22% of the 

BAUH_AQ anions are involved in two or more interactions of the anion–quadrupole. This 

proportion is much higher than the expected ~7% in the dataset (see above). Thus, anion–

quadrupole interaction clusters are expected to be more common for BAUH_AQ anions 

(Figure 6C), and we have observed as many as five aromatic rings surrounding a single 

BAUH_AQ anion engaged in as many anion–quadrupole interactions (Figure 6C). These 

observations suggest that such strategies could be employed to stabilize buried anions in the 

design of “non-ideal” proteins, as discussed recently in the context of designing binding 

antibodies56, in which buried charges and unpaired polar group are common57.

Comparison with Salt Bridge.—Anions predominantly interact with cations, typically 

forming salt bridges. The number of salt bridges in the dataset was 28,589. By comparison, 

anions interacting with aromatic residues in regular anion–quadrupole and HB-anion–

quadrupole interactions in the dataset was 19,561 (13,308 + 6,256). On average, we 

observed ~5 anion–quadrupole and ~8 salt bridge interacting pairs per protein, and 17% of 

aromatic residues (Phe, Tyr, Trp) were engaged in regular anion–quadrupole interactions, 

and 14% of Tyr/Trp residues were engaged in HB-anion-quadrupole interactions. The 

fraction of aromatic residues engaged in anion–quadrupole and HB-anion–quadrupole 

interactions taken together (17% + 14%) was comparable to the 32% of Lys/Arg residues 

engaged in salt bridges. Like salt bridges, anion–quadrupole interactions may also play an 

important role in macromolecular folding, assembly, and recognition, which is supported by 

the set of examples in Figure S5. These include apoptosis-inducing factor (AIF)58, 

redesigned Tiam1 PDZ59 (Figure S5A), the extracellular receptor of the kinase WalK 

(erWalk) of the Staphylococcus aureus two-component signal-transduction system60, and 

others. In the NADH-driven allosteric regulation of AIF, the release of the C-loop region 

from the rest of the polypeptide chain is a critical step58 (Figure S5B). AIF residues, crucial 

for the C-loop release58, interact by the anion–quadrupole interaction (Figure S5B). It is also 

interesting to see that two residues (Y165, D119) of the three key signal-transducing 

residues of erWalK are engaged in anion–quadrupole interactions (Figure S5C) and that 

substitutions of these residues impair WalKR function60.

Anion–quadrupole Interactions of Histidine Residues.—For the aromaticity of the 

imidazole ring, histidine residues are also expected to participate in anion–quadrupole 

interactions (like the cation–π interactions of histidine residues). However, the protonation 

status of the imidazole ring can significantly influence the energy of cation-π interactions of 

a histidine residue61. Similarly, we expect that protonation status of a histidine ring will 

likely influence the energy its anion–quadrupole interactions due to electrostatics. Therefore, 

here we had focused on analyzing the anion–quadrupole interactions of histidine residues 

that were made only with the ring carbon atoms (Figure 7A). That is, we ignored the 

interactions of anions with the histidine-ring nitrogen atoms for: (a) the uncertainty of their 

protonation status, (b) hydrogen bonding as discussed above. Using the same distance-angle 
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detection criterion, we observed 3445 histidine-mediated (i.e., with CG, CD2 and CE1 ring-

atoms) anion–quadrupole interactions in the same dataset. The distance and angle 

distributions of the histidine-anion–quadrupole interactions were respectively very similar to 

those of phenylalanine, tyrosine and tryptophan suggesting that anions interact with histidine 

ring edges in a manner very similar to those of the three aromatic rings. In this dataset, the 

frequency of histidine, phenylalanine and tryptophan residues respectively were 2.4%, 4.1% 

and 1.5%. Normalizing the occurrence frequency of anion–quadrupole interactions of the 

ring carbon atoms with the respective amino acid frequency (Figure 7B) suggested that 

histidine-ring carbon (CD2 and CE1) atoms participate in anion–quadrupole interactions 

more frequently than the others. Thus, we expect the energies of histidine-anion–quadrupole 

interactions to be higher (more negative) than those of the other aromatic amino acids. This 

is also consistent with the shorter distances of histidine-anion–quadrupole interactions in 

comparison with others (Figure 7C). For the following sections, however, we discuss anion-

quadrupole interactions of only the three aromatic amino acids (phenylalanine, tyrosine and 

tryptophan).

Other Functional Groups and Interfaces.

Other Functional Groups.—Like carboxylate ions, the phosphoryl group, –(PO4
−)–, 

may also participate in anion–quadrupole interactions. We also estimated the energy of the 

phosphoryl group interacting with the Phe ring edges (Figure 8A). For comparison, the 

energy of interaction of other amino acid sidechain functional groups (–OH, –CONH2, and –

CH2–/CH3–) with Phe edges was also calculated (Figure 8A). Like the carboxylate anion–

quadrupole interaction, we imposed the same distance-and-angle geometric criteria when 

selecting these functional groups from protein structures. The phosphoryl diester, CH3–O– 

(PO2−)–O–sCH3, functional groups included here for the calculations are those present at 

DNA/RNA–protein interfaces, and they were selected by imposing the geometric criterion 

on the OP1 and OP2 atoms (see Methods). The average energy of interaction of the 

phosphoryl group was comparable with that of the carboxylate ion (Figure 8A). As 

expected, the energy of interaction for other functional groups was much smaller (Figure 

8A), justifying the conclusion that, irrespective of the nature of the anion, the energetic 

preference of ring edges is to interact with anions. Therefore, using the same detection 

criterion, we checked for the presence of anion–quadrupole and HB-anion–quadrupole 

interactions of nucleic acid backbone phosphate ions with protein aromatic residues (Phe, 

Tyr, and Trp) (Figure 8B) in a high-resolution (≤ 2.20 Å), non-redundant dataset of 252 

DNA–protein and 126 RNA–protein interfaces. For the DNA-protein dataset, there were 347 

anion–quadrupole and 179 HB-anion–quadrupole pairs present at the interface, and for 

comparison there were 904 pairs of salt bridges with the backbone phosphate (Table S1). 

Even though the number of anion–quadrupole and HB-anion–quadrupole interactions for the 

DNA–protein interfaces was fewer than the number of salt bridges, it is interesting to note 

that the fraction of interfacial aromatic residues engaging in anion–quadrupole interactions 

(30.0%, Table S1) at DNA–protein interfaces was considerably higher than that seen in 

single-chain proteins (17.0%, see above). The same was true for HB-anion–quadrupole 

interactions (Table S1). The fraction of interfacial Arg/Lys residues at DNA-protein 

interfaces engaging in salt bridges (32.6%, Table S1) was comparable to that seen in single-

chain proteins (31.9%). Even though the percentage of Arg/Lys residues more than doubled 
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(10.6% → 25.2%) going from the single-chain set to the DNA–protein interfaces, the 

fraction of Arg/Lys residues in physical contact with negative changes did not seem to alter. 

The percentage of aromatic residues (9.2%) in the single-chain dataset was comparable to 

that in the DNA–protein interfaces (10.5%), and yet the fraction of aromatic residues in 

physical proximity to negative charges (phosphoryl groups) was nearly double (16.9% → 
30.0%), suggesting a role for anion–quadrupole interactions in DNA recognition. The 

numbers for RNA–protein interfaces, 130 (anion–quadrupole) and 19 (salt bridge) 

interactions (Table S1), and, similarly, the enhanced fraction of aromatic residues engaged in 

anion–quadrupole interactions both support this conclusion (Table S1).

The role of aromatic residues in membrane protein structure at the lipid-water interface is 

well known62. The abovementioned interactions of phosphate ions with aromatic residues 

may therefore also be important for the structure of membrane proteins at the lipid–water 

interface. Four recent 3.2-Å structures of SERCA1 (a Ca2+-ATPase pump), which were 

elucidated using X-ray solvent contrast modulation, captured the structure of the lipid-

bilayer-like membrane around a protein for the first time63 (Figure 9). In these four 

structures, representing the four conformational states of SERCA1, we observed 26 anion–

quadrupole and 6 HB-anion–quadrupole interactions of the SERCA1 aromatic residues with 

the O1P and O2P atoms of the phospholipid head groups (Figure 9). This study highlighted 

the roles of the Arg/Lys residues when forming salt bridges with the phospholipid head 

groups. By comparison, in these four structures we observed 17 salt bridges between 

SERCA1 and the O1P/O2P atoms of the phospholipids. Thus, our observation of anion–

quadrupole interactions at the bilayer–protein interface may also suggest an 

underappreciated role for anion–quadrupole interactions in membrane proteins. With the 

recent report on the functional contact between the broadly neutralizing anti-HIV-1 antibody 

(4E10) and the membrane-proximal external region (MPER) of the HIV gp41 protein, which 

extends into the membrane64, it is tempting to speculate that anion-quadrupole interactions 

between the Trp residues of the “long” antibody CDRH3 loop and the membrane 

phospholipid head groups contribute to this recognition (Figure S8A). Like other membrane 

anion transporters (e.g., the fluoride channel Phe box65), we also observed anion–quadrupole 

interactions between the multidrug resistance protein MRP166 and its physiological 

substrate, leukotriene C4 (a negatively charged small molecule, Figure S8B). Similarly, 

other organic small molecules may also utilize the anion–quadrupole mechanism to interact 

with proteins, for example, the cereblon:GSPTI assembly67 and kinase suppressor of RAS 

(KSR2)68 in complex with their respective small-molecule modulators (Figure S8C).

Interfaces.—We also checked a set of non-redundant, high-resolution protein interfaces 

(Table S1) for the presence of anion–quadrupole interactions. In all of the different 

interfaces, anion–quadrupole interactions were invariably present (Table S1, Figure 10), 

even though the fraction of interfacial aromatic residues engaging in interchain anion–

quadrupole and HB-anion–quadrupole interactions was lower than that of intrachain 

interactions. The examples in Figure 10, however, suggest that key interfacial contacts in 

many complexes do involve anion–quadrupole interactions. Some of these examples are: (i) 

the E. coli periplasmic molecular chaperone SurA PPIase P1 domain, which binds the 

consensus Ar-x-Ar-x motif69 (Ar, aromatic residue) using anion–quadrupole interactions 
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(Figure 10A); (ii) bapineuzumab70, a humanized antibody (3D6 Fab) that targets amyloid 

plaques and binds amyloid peptide engaged in anion–quadrupole interactions (Figure 10B); 

and (iii) the interface between the S and L chain of Desulfovibrio desulfuricans iron 

hydrogenase, which exhibits an unusually high number of anion–quadrupole interactions 

(Figure 10C). Redox-active proteins are known to utilize aromatic residues to transport 

oxidizing equivalents (holes) to the protein surface71 to mitigate protein interior damage, 

and the D. desulfuricans hydrogenase likely utilizes the interfacial aromatic residues, 

oriented by anion–quadrupole interactions, to protect from such damage. It is also 

interesting to observe that at the interfaces of antibody-protein complexes (Table S1), the 

number of anion–quadrupole pairs was comparable to the number of salt bridges. This 

observation on anion–quadrupole interactions at the antibody interfaces is also consistent 

with the recent antibody-antigen interface amino acid compositional analysis72 (e.g., 

enriched Trp, Asp, Arg, etc.). In general, other than peptide-binding interfaces, the number 

of interchain salt bridges was ~2-fold higher than the number of anion–quadrupole and HB-

anion–quadrupole interactions combined. However, like interfacial aromatic residues, the 

fraction of interfacial Arg/Lys residues participating in interchain salt bridges was also lower 

than that of intrachain salt bridges (Table S1), suggesting that interactions of aromatic and 

Arg/Lys residues with Asp/Glu residues are likely to be more prominent in the context of 

polypeptide chain folding, and therefore we considered probing the behavior of their 

conservation in the context of intramolecular interactions (see below).

Interaction Conservation.

Conservation of Weak Interactions.—How conserved is a weak interaction? How does 

the conservation of a weak interaction compare with that of a salt bridge, an interaction 

considered be to be energetically stronger than an anion–quadrupole interaction. A non-

redundant set of 4835 high-resolution protein structures belonging to 776 pfam domains was 

chosen to address this in our conservation analysis (see SI pp. S8–S10). A position in a 

structure in this set was first mapped to a column of the corresponding pfam domain 

alignment (Figure S9). For an anion–quadrupole interaction observed in a structure, the 

occurrence frequency of the residue types (e.g., Trp/Tyr/Phe) in the corresponding alignment 

columns was determined. We represented the occurrence frequency as a probability (0.0 ≤ p 

≤ 1.0), and the distributions of the occurrence frequencies of Asp/Glu in anion–quadrupole, 

HB-anion–quadrupole, and salt bridge interactions were not only similar but also tended to 

show low levels of conservation (p ≤ 0.3) in general (Figure 11A). The trend was similar for 

the aromatic residues of anion–quadrupole and HB-anion–quadrupole interactions and the 

positively charged residues of salt bridges (Figure S9C), suggesting that an interaction 

observed in one structure can be replaced by a different type of interaction or be absent in 

another structure. Even though less conserved in general, we wanted to probe the correlation 

between the interacting positions. We utilized a simple measure termed the conditional 
probability (detailed in SI pp. S9–S10 and Figure S10) for probing the correlation between 

interacting positions. We have also used conditional probability in describing the coevolving 

nature of the binding-site residues of the PHD-finger module73. The probability of aromatic 

residues (W75 in the structure, Figure 11B) in column number 73 of the pfam CMD domain 

alignment increases (0.24 → 0.67) when the alignment was perturbed by column number 91 

(D93 in the structure), in which the W75 and D93 residues interacted by the HB-anion-
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quadrupole interaction (Figure 11B). In the pfam CMD example, the conditional probability 
(p = 0.67) was greater than the probability (p = 0.24), and we considered an enhancement of 

the occurrence frequency as an indication of positional correlation; that is, if a residue is 

retained, the interacting partner is likely to be retained as well. For anion–quadrupole, HB-

anion–quadrupole, and salt bridge residue pairs, the conditional probability on average was 

always greater than the probability (Figure 11C), suggesting that there is a preference for 

retention of the interacting partner. The average conditional probability generally followed 

the order salt bridge > HB-anion–quadrupole > anion-quadrupole interaction (Figure 11C), 

and the observed energetics (Figure 4B) likely contributed to the observed order, in which 

energetically stronger interactions were more likely to retain the interacting partner during 

evolution.

Conservation Among Remote Homologs.—From the set of 4835 protein structures, 

we created a subset of structures, termed pfam_nr40, for each of the pfam domains (see SI 

pp. S3). The pfam_nr40 subset for each domain contained at least two structures, and the 

sequences of all the structures within pfam_nr40 shared less than 40% sequence identity, and 

we considered pfam_nr40 to consist of structures of remote homologs. We observed many 

instances in which an interacting pair was retained at the respective positions of the 

pfam_nr40 structures, for example, anion–quadrupole interactions of the pfam Peripla_BP_4 

(Figure 12A) and MR_MLE_C (Figure S11C) families. Despite structural deviations among 

the pfam_nr40 structures, conserved interacting residues (p ≤ 0.5) participated in anion–

quadrupole interactions in each of the structures of Peripla_BP_4 (Figure 12A). In the 

pfam_nr40 analysis, anion–quadrupole interactions were first detected in each structure and 

then mapped to the pfam alignment columns (see above, and Figure S9A) to check whether 

an alignment column was common among the pfam_nr40 structures. This means that the 

distance-and-angle detection criteria first need to be satisfied in the corresponding positions 

of the pfam_nr40 structures for a common column to be observed for a pfam domain family 

(Figure S9). This strict criterion restricted accounting for positions, not merely for the amino 

acid’s presence but for its presence with a well-defined geometry, even among remote 

homologs. For the common alignment columns of pfam_nr40 structures (Figure S9), we also 

obtained the occurrence frequency (p). A distribution of these frequency values for the 

interacting residues (anion–quadrupole, HB-anion–quadrupole, and salt bridge interactions 

combined) in this case (i.e., conserved among pfam_nr40 structures) showed a much higher 

level of conservation, p ≤ 0.35 (Figure 12B).

Protein Folding.—Based on the observation of a highly conserved pair of interacting 

residues (anion–quadrupole, HB-anion–quadrupole, and salt bridge) observed among diverse 

sequences that retain the same fold (Figures 12A, S11C), it is tempting to believe that 

interacting residues or residue positions conserved among remote homologs contribute 

towards folding and fold determination. Probing this question would, however, require 

detailed experimentation and has already been the subject of folding studies in the past 

decade74-76. The availability of in silico folding algorithms77–78 based on evolutionary 

covariance information encouraged us to check the predicted residue–residue contact scores 

for the interacting residues, particularly for interactions that were conserved in two 

structures of the remote homologs (Figure 13C). We utilized the GREMLIN79, 80 
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interresidue contact scores (see SI pp. S10-S11) available for the pfam domain sequences to 

map the scores onto the structures of pfam_nr40 (Figure S11A). The distribution of the 

interresidue contact scores for interacting residues (anion–quadrupole, HB-anion–

quadrupole, and salt bridge interactions) that were conserved among remote homologs was 

shifted towards higher scores when compared with the background distribution of the 

contact scores (Figure 13C). This suggests that, at least in the in silico folding of a protein 

sequence, the distance restraints obtained from the conserved anion–quadrupole, HB-anion–

quadrupole, and salt-bridge pairs can make predominant contributions, even though these 

interactions are on the surface. These observations are physically meaningful in the context 

of the pfam_nr40 structures (Figure 13B). For example, in the pfam_nr40 structures of the 

bromodomain and MR_MLE_N domains, the anion–quadrupole and HB-anion–quadrupole 

interacting pairs with large interresidue contact scores were in the regions having the least 

structural deviation among pfam_nr40 structures (Figure 13B). In general, anion–

quadrupole, HB-anion–quadrupole, and salt bridge pairs that were conserved among remote 

homologs appeared within regions showing small structural deviations (Figures 13B, S11B). 

This observation was quantified by the distribution of the root-mean-square deviation 

(RMSD) of Cα atoms of conserved anion–quadrupole, HB-anion–quadrupole, and salt 

bridge pairs, which was shifted to lower RMSD values when compared with that of 

equivalent Cα atoms of remote homologs (Figure 13A). These observations suggest that 

anion–quadrupole and HB-anion–quadrupole interactions likely play important roles in 

folding and stability.

Concluding Remarks.

Like the Phe-Asp/Glu pairs, anion–quadrupole interactions with His, Tyr and Trp residues 

are also very common, and such interactions often occur within networks of other 

interactions. The energies of anion–quadrupole interactions depend on the geometry 

between the functional groups and the ring atom type (e.g., on the presence or absence of a 

dipole moment). Highly conserved anion–quadrupole interactions can be observed, even 

among remote homologs, suggesting that such interactions could contribute to folding and 

stability of proteins. The recent success in designing miniature monomeric proteins based on 

conserved and stabilizing structural motifs (e.g., cation–π in TrpPlexus81, CH–π in PPα-

Tyr29) suggests that the conserved anion–quadrupole structural motifs observed here could 

also be exploited for similar design studies. In general, standard protein design algorithms 

typically lack energy functions for interactions such as cation–π or water-mediated 

stabilization. To function as well as natural proteins, in many cases designed proteins require 

multiple rounds of laboratory evolution in which such interactions can be introduced (e.g., in 

a recently redesigned ubiquitin variant82). Several examples of anion–quadrupole 

interactions in natural proteins cited in this study encourage the incorporation of energy 

functions for this kind of interaction in design algorithms. As anion–quadrupole interactions 

are a weak in nature, they likely contribute cooperatively with other interaction. For 

example, the highly conserved anion–quadrupole pairs (among remote homologs) appear in 

a network of other interactions (Figure 13B) and parsing the energy contributions of an 

anion–quadrupole interaction in a network of other interactions may not be straightforward.
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However, the consistency between computed energy (calculated using isolated functional 

groups) and ring atom participation frequency and geometry (both obtained from folded 

proteins) suggests that statistics on the structures of weak interactions reasonably 

approximate interaction energies obtained from quantum mechanical calculations. The 

statistics on the orientation preferences of Tyr/Trp residues with anions observed here could 

be useful for describing such interaction potentials83-86 in protein design, refinement, and 

structure prediction applications. Since aromatic scaffolds are common in small organic 

molecules such as the Trp residue, substituted/unsubstituted organic aromatic rings with a 

net dipole moment can also exploit edgewise interactions with anions on the surface of a 

protein molecule. It is also encouraging to observe the correlation between molecular 

mechanics force field parameters and the structural statistics of weak interactions (e.g., Trp 

partial charges in the CHARMM36 force field51). Our observation thus provides a rationale 

for probing the performance of CHARMM3687 (for proteins) compared with other force 

fields in the study of anion–quadrupole-like interactions by molecular dynamics simulations. 

In general, reports about a novel structure or mode of interaction (e.g., Fcab88) often involve 

analysis of residue interaction networks (e.g., using the RING 2.0 server89). Such analysis 

does not typically include anion–quadrupole interactions. However, since we observed that 

anion–quadrupole interactions can be important components of interaction networks, 

inclusion of such interactions will enrich the analysis of residue interaction networks. For 

example, buried anions lacking hydrogen bonds were observed to be frequently involved in 

anion–quadrupole interaction networks, and one or more edgewise interactions with 

aromatic residues could stabilize buried anions lacking a hydrogen-bonded partner. Finally, 

anion–quadrupole interactions are observed not just in proteins but also in DNA/RNA–

protein and lipid–water–membrane-protein interfaces. Although less frequent than salt 

bridges, our conservation analysis, especially among remote homologs, suggests that in 

many instances anion–quadrupole-interacting residues remain highly conserved and likely 

contribute to the folding of the polypeptide chain. Many critical contacts at interfaces 

mediated by anion–quadrupole interactions have also been observed here, and, in general, 

the numerous examples we came across provide a good source of information with which 

one can experimentally further probe the role of anion–quadrupole interactions in molecular 

recognition, folding, and assembly.
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Figure 1. Regular anion–quadrupole interactions and their energies:
(A) The distance (≤ 4.5 Å) and angle (≤ 35°) detection criteria. (B) The distribution of the 

interaction energies for Phe (top), Tyr (middle), and Trp (bottom). Energy ranges for the 

strong and weak anion–quadrupole interactions are indicated by the gray background. (C) A 

comparison of the distribution of properties between strong and weak interactions: distances 

(top), angles (left, bottom), and interplanar angles (right, bottom).
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Figure 2. Distance dependence of the anion–quadrupole interaction energy:
The dependencies for Phe, Trp and Tyr are shown in (A), (B) - (C), and (D), respectively, in 

which Phe ring atoms are represented by filled circles (green, pear and red) and Trp and Tyr 

are represented by empty circles. The area between the green and red lines in (A) is defined 

as the F-range which is shaded in gray in (B) and (C). In (C), the empty blue circles 

represent anion–quadrupole interactions of the Trp-NE1 atom while filled blue circles 

represent the energies of hydrogen bonds between the Trp-NE1 atom and anions. The green 

and red lines in (C) are the same as in (B). The distance range for hydrogen bonds and 

anion–quadrupole interactions are also indicated in (C). A comparison between the 

symmetry-related positions of Tyr and Phe are shown in (D).
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Figure 3. Ring atom participation frequency and interaction energy:
(A) The height of the bar (FATOM_ds) adjacent to the name of each atom represents the 

frequency (%) of its participation in anion–quadrupole interactions for that residue type, Trp 

(top), Tyr (bottom left), and Phe (bottom right). The number within the bracket above or 

below each bar represents the interaction energy (kcal/mol) when the indicated atom is 

closest to the interacting anion. (B) The distribution represents the energy of anion–

quadrupole interactions when Trp-CD1 (upper) and Trp-CH2 (lower) atoms are closest to 

the interacting anion. The dotted lines with an arrow represent the mean interaction energy 

in kcal/mol. (C) The linear correlation (r = 0.82) between the energy and FATOM_ds for 

tryptophan ring carbon atoms. For a qualitative agreement between the energy and the 

frequency, we use FATOM_ds in place of log[FATOM_ds].
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Figure 4. HB-anion–quadrupole interactions:
(A) HB-anion–quadrupole interactions satisfy the distance-angle detection criterion used 

here for anion–quadrupole interactions. (B) Comparison between the distribution of the 

interaction energy of anion–quadrupole and HB-anion–quadrupole interactions for Trp 

residues (top). The distribution of anion–quadrupole interaction energies for the Trp-NE1 

(middle) and Trp-CD1 (bottom) atoms are shown below for comparison.
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Figure 5. Tyr HB-anion–quadrupole orientation:
The spatial distribution of the carboxylate oxygen atoms (magenta and green, top) when 

hydrogen bonded with the donor -OH of Tyr (left), Thr (middle), and Ser (right). The 

acceptor carboxylate O-atom is in magenta, while the other carboxylate O-atom is in green. 

The distribution of the pseudo-dihedral angle (θD) between the 4 atoms O-O-CZ-CE1/CE2 
(Tyr, left) and O-O-CB-CA (Thr/Ser, center right) is shown in the middle. A drawing 

representing the θD is shown at the bottom, with Tyr (left) and Thr/Ser (right).
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Figure 6. Interaction network and hydrogen bonding of anion–quadrupole interactions:
(A) The anion of an anion–quadrupole pair involved in three hydrogen bonds (left) and the 

aromatic ring of an anion–quadrupole pair interacting with three anions (right). (B) Regular 

anion–quadrupole and HB-anion–quadrupole interactions observed between conserved 

positions in homologous protein structures of Pfam MR_MLE_C domain. (C) Buried anions 

having no hydrogen bonds are surrounded by aromatic rings engaged in anion–quadrupole 

interactions. The pdb IDs are in braces.
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Figure 7. Anion–quadrupole interactions of histidine residues:
(A) Examples of histidine ring carbon atoms engaged in anion–quadrupole interactions. (B) 
Number of anion–quadrupole [NAQ] interaction for each ring atom is normalized by the 

amino acid frequency [NAQ/FAA] in the dataset. The value of [NAQ/FAA] of ring atoms is 

compared between histidine, phenylalanine and tryptophan. (C) The distribution of the 

anion–quadrupole interaction distances for histidine ring carbon atoms (top), tryptophan-

CD1 atom (middle) and phenylalanine ring-carbon atoms (bottom). The arrows indicate the 

mean of the respective distributions. The tryptophan-CD1 serves as a reference here as the 

energy of anion–quadrupole interaction of tryptophan-CD1 atom was observed to be the 

largest among all ring carbon atoms of phenylalanine, tyrosine and tryptophan.
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Figure 8. Other functional groups:
(A) The average energy of interaction (left) of other functional groups (right) with the Phe 

residue ring atoms. (B) Anion–quadrupole (left) and HB-anion–quadrupole (right) 

interactions with phosphoryl groups at DNA/RNA–protein interfaces.
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Figure 9. Anion–quadrupole interactions at the lipid-water interface of membrane proteins:
Anion–quadrupole interactions between the phospholipid phosphoryl anion and the aromatic 

residues (green) at the lipid-water interface of SERC1A. Only one of the four structures of 

SERCIA is shown. The membrane bilayer is represented as a shaded region.
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Figure 10. Anion–quadrupole interactions at protein-protein interfaces:
(A) Peptide recognition by the SurA PPIase domain and (B) antibody 3D6 involving anion–

quadrupole interactions. (C) The hydrogenase small chain (chain S, light gray) interacts with 

the long chain (chain L, dark gray) by a number of anion–quadrupole interactions.
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Figure 11. Conservation of anion–quadrupole, HB-anion–quadrupole, and salt bridge 
interactions:
(A) The distribution (bars) of the occurrence frequency (0.0 ≤ p ≤ 1.0) of residues (D/E) 

engaged in anion-quadrupole (dark gray), HB-anion–quadrupole (light gray), and salt bridge 

(black) interactions. (B) Sequence logos (right) representing the correlation between the 

positions of the CMD pfam domain (left) that are engaged in HB-anion–quadrupole 

interactions. The right panel of the sequence logos represents the increase in the occurrence 

frequency of aromatic residues [p(F,Y,W)] upon sequence perturbation (see Figure S9). The 

left panel of the logos represents unperturbed alignments. Circled numbers (73 and 91) 

represent alignment positions. (C) The correlation between the probability and the 

conditional probability of anion–quadrupole (dark gray), HB-anion–quadrupole (light gray) 

and salt bridge (black) interactions.
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Figure 12. Conservation among remote homologs:
(A) Conserved anion–quadrupole-interacting residues (inset) in the pfam_nr40 structures of 

the Peripla_BP_4 domain. The occurrence frequency of these residues is displayed above the 

sequence logo. (B) The combined distribution (black bar) of the occurrence frequency of 

anion–quadrupole, HB-anion–quadrupole (D/E and F/Y/W), and salt bridge (D/E and R/K) 

residue positions when they are observed in the corresponding positions in at least two of the 

pfam_nr40 structures. The gray bars represent the combined background distributions of 

Figure 11A.
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Figure 13. Structural deviations and residue-residue contact score:
(A) Root-mean-square deviation (RMSD) distribution (top, gray bars) of all equivalent Cα 
atoms in the structural alignment of pfam_nr40 structures. The RMSD distribution of Cα 
atoms (bottom, black bars) of conserved interacting positions (anion-quadrupole, HB-anion–

quadrupole, and salt bridge) in the pfam_nr40 structures. The background distribution (gray 

line) of all equivalent Cα atoms is overlaid. (B) Structural deviation by RMSD (white, ≥ 3.5 

Å and black, 0.0 A) in the pfam_nr40 structures of the bromodomain (left) and MR_MLE_N 

(right) domain. Anion–quadrupole-interacting positions in these structures are also shown in 

the inset in green with their GREMLIN s_sco scores indicated with curved, double-headed 

arrows. (C) The distribution of the s_sco scores (black bars) for positions conserved in at 

least two of the pfam_nr40 structures. Gray bars represent the background distribution of the 

GREMLIN s_sco scores in the dataset.
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