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mutate the involved amino acids into aspartate or glutamate.
This is based on the reported pKa values for their side
chain carboxylate groups of ∼ 4.4 and 3.9 for glutamate
and aspartate, respectively,[12–14] and the resulting almost
universally accepted assumption that the introduction of these
formally negatively charged amino acid side chains will result
in charge repulsion and thereby lower the binding affinity or
prevent binding altogether.

Here, we use the example of a cyclic dinucleotide binding
protein to show that, contrary to common expectations,
the carboxylate groups in the side chains of glutamate and
aspartate residues can engage in productive hydrogen bond-
ing interactions with phosphodiester groups. The analysis of
previously reported structures of nucleic acid/protein com-
plexes shows that such interactions are widespread, thereby
presenting a hitherto underappreciated phosphodiester group
recognition mode in biomacromolecular complexes.

The common bacterial second messenger c-di-GMP
regulates a wide range of processes, including biofilm
formation,[15,16] motility,[17] and virulence.[18,19] One target
protein for c-di-GMP is PilF, a hexameric ATPase from
the thermophilic bacterium Thermus thermophilus important
for pilus formation, cell motility, and DNA uptake from
the environment.[20] The N-terminus of PilF contains three
homologous so-called general secretory pathway II (GSPII)
domains, GSPII-A, -B, and -C.[21] Our recent structures
of GSPII-B (PilF159-302)[22] showed that the two nucleotide
building blocks of c-di-GMP are recognized by the protein
in a very similar manner through a duplicated amino acid
sequence motif. Both copies of the motif fold into two tightly
packed helices (Figure 1a). Together, the two motifs form a
four-helix bundle (Figure 1a) that binds c-di-GMP with very
high affinity (KD ∼ 6 nM). Other GSPII domain containing
proteins bind c-di-GMP in the same structurally conserved
manner.[23]

In the GSPII-B complex with c-di-GMP, both c-di-GMP
phosphodiester groups accept a hydrogen bond from a back-
bone amide group of a conserved leucine (L168 from the first
motif and L197 from the second motif) and from a side chain
amino group of a conserved glutamine (Q190 from the first
motif and Q218 from the second motif) (Figure 1b). The side
chain oxygen atoms of these two glutamines simultaneously
serve as hydrogen bond acceptors in hydrogen bonds with
the 2′-OH groups of the adjacent ribose moieties (Figure 1b).
Importantly, the intermolecular hydrogen bonds between the
negatively charged non-bridging oxygen atoms of the phos-
phodiester groups from c-di-GMP and polar backbone and
side chain groups of GSPII-B are similar to those commonly
observed in protein-nucleic acid complexes. The high affinity
for the ligand, the nature of the bivalent binding motif, and the
role of the two conserved glutamine residues make GSPII-B
a well suited model system to investigate the role of sidechain
interactions in phosphodiester bond recognition.

Results and Discussion

We previously individually or simultaneously mutated Q190
and Q218 to glutamate residues (Q190E and Q218E,

Figure 1. Phosphodiester group recognition in the GSPII-B mutants

Q190E and Q218E is pH-dependent and relies on a protonated

glutamate side chain. a) X-ray structure of WT GSPII-B (PilF159-302) in

complex with c-di-GMP (PDB entry 8pdk).[22] The protein is shown in

ribbon representation and c-di-GMP is shown as sticks with carbon

atoms in gray, nitrogen atoms in blue, phosphorous in orange and

oxygen in red. The brackets highlight the location of the N-terminal

(NTD) and the C-terminal (CTD) subdomain of the protein. The first

copy of the c-di-GMP binding sequence motif is colored yellow, the

second orange. b) Schematic representation of the intermolecular

hydrogen bonds (dashed red lines) between the GSPII-B domain and

the phosphodiester groups of c-di-GMP in the WT protein. Important

amino acid residues are labeled.[22] c) c-di-GMP binding affinities of the

Q190E (left) and Q218E (right) mutants at pH values of 8.5 and 4.0

according to ITC measurements. d, e) Intermolecular interactions
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Figure 1b) in order to purposefully disrupt c-di-GMP binding
to the GSPII-B domain by creating electrostatic repulsion
between the ligands phosphodiester groups and the car-
boxylate groups of the glutamate side chains. In vivo, these
mutations resulted in reduced bacterial twitching motility and
cell adhesion defects.[22] In vitro at pH 7.5, which corresponds
to the intracellular pH of T. thermophilus, c-di-GMP did not
bind to the double mutant, and showed significantly reduced
affinity for the two Q190E and Q218E single-site mutants as
expected.[22]

However, we were intrigued by the relative orientation
of the Q190 and Q218 side chains and the phosphodiester
groups to each other in the WT complex (Figure 1b). It
suggested that either the protonation of the newly introduced
carboxylate group in the Q/E single-site mutants or the
protonation of the phosphodiester group could lead to an
energetically favorable hydrogen bonding interaction and a
pH-sensitive protein-ligand interaction instead of the com-
monly expected electrostatic repulsive interaction between
these two functional groups.

To explore this possibility, we investigated the binding
affinity of the two single-site Q/E mutants (Q190E and
Q218E, respectively) over a wider pH range (Figure 1c).
While the c-di-GMP binding affinity of the WT protein
is similar at pH 4.0 and 8.5 according to ITC titration
experiments (Figure S1), both mutants display a drastic
increase in ligand affinity at lower pH (Figure 1c). The affinity
of the Q190E mutant for c-di-GMP increased ∼ 20fold with
the KD changing from ∼ 800 nM at pH 8.5 to ∼ 40 nM at pH
4.5. Likewise, the KD of the Q218E mutant changed from ∼

450 nM at pH 8.5 to ∼ 25 nM at pH 4.5. This strongly supports
the notion that a protonation event, either within c-di-GMP
or in the GSPII-B Q/E single-site variants, can modulate the
ligand-protein interaction, thereby stabilizing the complex at
acidic pH values.

To gain insights into the structural basis for the pH-
dependent ligand recognition, we crystallized both the Q190E
and the Q218E single-site mutant of the PilF GSPII-B domain
in complex with c-di-GMP using very similar crystalliza-
tion conditions at pH 7.0 (Figure S2). Importantly, both
protein-ligand complexes yielded well diffracting crystals and
structures were solved at a resolution of 1.9 Å (Q190E,
PDB entry 9GL5) and 1.6 Å (Q218E, PDB entry 9GLG),
respectively (Table S1). There are no differences in the global

between the phosphodiester group of c-di-GMP and E190 in the

mutated binding pocket of the Q190E single-site mutant (d) and E218 in

the mutated binding pocket of the Q218E protein variant (e) according

to the X-ray structures of the two complexes. The electron density at the

1.0 σ level is indicated as a gray mesh. Hydrogen bonds are indicated as

black and red dashed lines. f) 2D-Hγ (Cγ )Cδ NMR spectra of the

PilF159-221 WT/c-di-GMP complex (left) and the PilF159-221
Q190E/c-di-GMP complex (right). The corresponding slices from a

3D-H(CCO)NH spectrum for the Q190 and E190 side chains,

respectively, for both variants in complex with c-di-GMP are shown on

top. Black dashed lines indicate resonance positions belonging to the

Hγ protons from the same methylene group. Gray dashed lines indicate

the assignment of the Hγ /Cδ correlation signals via the Hγ /Cγ signals

in the slices from the 3D-H(CCO)NH spectra.

structure when comparing the Q190E and Q218E mutants
complexed with c-di-GMP with each other (global backbone
heavy atom RMSD of 0.14 Å) or with the WT (0.15 Å and
0.16 Å, respectively) (Figure S2a, Table S2).

Due to the high-quality electron density maps for both
mutants, their ligand recognition mode could be discerned in
detail (Figures 1d,e, S2b,c). In both the Q190E and the Q218E
single point mutants, one phosphodiester-binding pocket can
be found in the mutant configuration (Figure 1d,e) and the
other one in the WT configuration due to the duplication of
the c-di-GMP phosphodiester binding motifs (Figure S2b-e).
The comparison of the “WT” binding pockets of the single
mutants which is composed of Q218/L168 in the Q190E
mutant and Q190/L197 in the Q218E mutant showed that
they are structurally highly similar to the equivalent binding
pockets in the WT protein, including the orientation of the
respective sidechains (Figure S3).

Importantly, the carboxylate groups of the newly intro-
duced glutamate sidechains in either of the two Q/E mutants
were found to still point directly towards a non-bridging oxy-
gen atom of the phosphodiester groups (Figure 1d, e), as seen
previously for the carboxamide groups of the native glutamine
side chains (Figures 1, S2d, e). The shortest distances between
the oxygen atoms of the glutamate carboxylate groups and
the phosphodiester groups were found to be 2.6 Å (Q190E)
and 2.5 Å (Q218E), respectively, which is well below the sum
of the van der Waals radii of the two oxygen atoms. For
negatively charged carboxylate and phosphodiester groups,
this would represent an energetically prohibitive situation due
to a strong repulsion of like charges. However, protonation
of one of the two groups can alleviate this energetically
unfavorable situation by neutralizing one of the charges. In
addition, the protonated group could also serve as a hydrogen
bond donor while the unprotonated group would be the
hydrogen bond acceptor.

To observe such a potential protonated state directly
by X-ray crystallography, a resolution of <1.0 Å would be
required.[24] Unfortunately, we were not able to optimize
our crystallization conditions to this extent. However, NMR-
spectroscopy is a powerful tool to analyze the protonation
state of functional groups.[25,26] In the case at hand, the 31P
shifts for the phosphodiester groups of c-di-GMP and the 13C
shifts of the Cδ carbon atoms of the glutamate carboxylate
groups are sensitive reporters of their respective protonation
states. We first tested the effect of pH on the chemical shift
of the 31P signals of c-di-GMP. Free c-di-GMP gives rise to a
single 31P NMR signal due to its inherent symmetry. Lowering
the pH leads to an upfield shift of this signal as an indicator
of the (at least partial) protonation of the phosphodiester
groups (Figure S4a). In contrast, comparing the 31P chemical
shifts for c-di-GMP bound to the WT protein and the two
E/Q mutants reveals a downfield shift for the 31P signal of
the phosphodiester group close to the glutamate side chain
in the mutants compared to those of the phosphodiester
groups hydrogen-bonded to the glutamine side chains of the
WT (Figure S4b). This suggests that the respective c-di-GMP
phosphodiester group is not protonated when bound to the
mutant proteins and might instead serve as a hydrogen bond
acceptor group.
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Figure 2. pKa values of the glutamate side chain carboxylate groups in the Q190E and Q218E single mutants in complex with c-di-GMP. a)

Thermodynamic cycle describing the coupling of c-di-GMP binding and protonation of side chain glutamates in the two mutants. The equation

describing the experimentally observed KD values as a function of the pKa of the free protein (pKaf) and the pKa of the c-di-GMP bound protein

(pKab) is shown in the center. b) pH dependence of the KD for c-di-GMP for the Q190E mutant (blue) and the Q218E mutant (green). c)

2D-Hγ (Cγ )Cδ NMR spectra of free PilF159-221 WT (left) and free PilF159-221 Q190E (right) with the corresponding slices from the respective

3D-H(CCO)NH spectra shown on top. Black dashed lines indicate resonance positions belonging to the Hγ protons from the same methylene group.

Gray dashed lines indicate the assignment of the Hγ /Cδ correlation signals via the Hγ /Cγ signals in the slices from the 3D-H(CCO)NH spectra.

Next, we aimed to investigate the protonation state
of the newly introduced glutamate side chains in the
phosphodiester-binding pocket of GSPII-B using the Q190E
mutant as the model for both Q-to-E mutants. To enhance
spectral quality and resolution, we used a C-terminally
truncated protein construct containing only the α-helical
N-terminal subdomain (64 residues, PilF159-221, Figure. 1a).
Importantly, the fingerprint 1H, 15N-HSQC-spectra of the
isolated subdomain and the full-length domain are very
similar in both the apo- and the ligand-bound states (Figure
S5a,b), the c-di-GMP-induced chemical shift changes are
similar for the isolated subdomain and the full-length domain
(Figure S5c,d) and the subdomain binds c-di-GMP with an
affinity comparable to the KD of the full-length domain,[22]

showing that the minimal construct faithfully replicates the
c-di-GMP binding mode of the full-length GSPII-B domain.

To elucidate the protonation state of E190 in the Q190E
variant bound to c-di-GMP, we established the complete back-
bone (Figure S6a,b) and the relevant side chain NMR signal
assignments for both the PilF159-221 WT and the PilF159-221

Q190E construct. 3D-H(CCO)NH and 2D-Hγ (Cγ )Cδ NMR
spectra[27] for the WT and the Q190E protein in complex with
c-di-GMP recorded at pH 5.8 were analyzed and compared
to unambiguously identify the resonances belonging to the
E190 side chain in the mutant (Figure 1f). By correlating the
chemical shifts of the Hγ protons with those of the Cδ carbon
atom from the carboxylate group of the same glutamate
side chain, the 2D-Hγ (Cγ )Cδ NMR spectrum allows to
interrogate the protonation state of the glutamate side chains
(Figures 1f and S7). While unprotonated, negatively charged
glutamate carboxylate groups have Cδ chemical shifts of 182–
186 ppm, the upfield Cδ chemical shift of ∼ 179 ppm for the
E190 side chain (Figure 1f) is indicative for the presence of a
neutral protonated carboxylate group.[26] It should be noted
that the Hγ Cδ correlation signals for E190 are significantly
broader and of lower intensity compared to the corresponding
correlations for all other glutamate residues in the protein.
This is very likely due to an exchange with the residual
population of unprotonated E190 which apparently occurs in
the intermediate exchange regime on the NMR time scale.

In conjunction with the short distance and the relative
orientation between the carboxylate and phosphodiester

oxygen atoms observed in the X-ray structure the upfield
chemical shift observed for Cδ of E190 suggests that in the
Q190E mutant complex with c-di-GMP, the E190 side chain
carboxylate group is protonated and forms a strong hydrogen
bonding interaction with the phosphodiester group where the
protonated carboxylate group of E190 is the hydrogen bond
donor and the non-bonding oxygen of the phosphodiester
group is the hydrogen bond acceptor.

The relevance of the unexpected occurrence of a pro-
tonated glutamate side chain as an interaction partner for
a phosphodiester group at physiological pH is underscored
by the fact that our NMR experiments were conducted at
pH 5.8, while the crystal structures of the two Q/E mutants
bound to c-di-GMP were obtained at pH 7.0. To quanti-
tatively characterize this protonation event, we determined
the corresponding pKa values for the unbound, and the c-
di-GMP-bound Q190E and the Q218E mutants using the
thermodynamic cycle shown in Figure 2a and the formula:

KD = Kb

1 + 10(pKa )b−pH

1 + 10(pKa ) f −pH

It describes the experimentally measured KD as a function
of ligand binding to both the protonated and the unproto-
nated form and the pH.[28] Fitting the KD’s measured over a
pH range from 4.0 to 8.5 (Figure 2b, Table S3) to this formula
yielded pKa values of 7.5 and 6.3 for the Q190E/c-di-GMP
complex and the free Q190E mutant protein, respectively. For
the Q218E/c-di-GMP-complex and the free Q218E protein,
pKa values of 7.1 and 5.9 were determined (Figure 2b).
This shows that at physiologically relevant pH values of ∼

7.0, the protonation of the glutamate side chain contributes
significantly to ligand binding. pKa values typically measured
for glutamate carboxylate groups in unstructured peptides
and on protein surfaces are on the order of ∼4.5–5.[13,29]

In contrast, the pKa values of E190 and E218 in the ligand
free proteins are already significantly higher. This suggests
an important role for the specific protein environment in the
protonation-mediated ligand binding process. The increased
pKa for the carboxylate group of residue E190 in the
unliganded Q190E mutant is also in agreement with the Cδ

chemical shift for the E190 side chain at pH 5.8 which is
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179.9 ppm, a significant upfield shift compared to the Cδ

chemical shifts of the other, unprotonated glutamate side
chains[26] (Figures 2c and S8).

In the WT protein, the two phosphodiester groups of c-
di-GMP are also hydrogen bonded to the amino groups of
the Q190 and Q218 side chains as well as to the backbone
amide groups of L197 and L168, respectively[22] (Figure 1b).
Furthermore, the Q190 and Q218 side chain oxygen atoms
form hydrogen bonds to the 2′-OH groups of the ribose
moieties (Figure 1b). Using NMR spectroscopy, we analyzed
how this hydrogen bonding network is impacted by the
replacement of the carboxamide group in glutamine with a
protonated carboxylate group in the Q/E mutants.

The 15N-HSQC spectra for the WT and the Q190E
subdomain bound to c-di-GMP are overall very similar but
reveal a large chemical shift difference for the backbone
amide group of L197 (Figure S6c). This backbone amide
group forms a hydrogen bond to the same phosphodiester
group as the E190 carboxylate group (Figure 1b). Since
the L197 backbone amide group signal is shifted upfield
by ∼ 1.0 ppm in the Q190E mutant compared to the WT
(Figure S6c), this suggests a significant weakening of the
respective intermolecular hydrogen bond to the ribose. A
quantitative measurement of the 2hJHP cross-hydrogen bond
scalar coupling between the backbone amide proton and the
31P nucleus[30,31] of the phosphodiester group also showed
a reduction of the coupling constant from 1.9 Hz in the
WT to 0.8 Hz in the mutant in agreement with a significant
lengthening of this hydrogen bond (Figure 3a). In contrast, the
coupling constant between the backbone amide proton of the
second leucine residue, L168, and the phosphorous nucleus in
the unaltered ligand binding site is similar between WT and
mutant (2.4 vs. 2.1 Hz).

Hydrogen bonding protects the 2′-OH protons from
exchange with the solvent. Accordingly, the corresponding
NMR signals for these protons can be detected in 13C-edited
TOCSY-HSQC experiments[32] with 13C-labeled c-di-GMP
bound to unlabeled protein (Figure 3b). This allows to
qualitatively characterize the hydrogen bonds between the
2′-OH groups of the ribose moieties from c-di-GMP and
the side chains of protein residues 190 and 218. In the 13C-
TOCSY-HSQC of the WT protein, two ribose 2′-OH signals
are observable for the two ribose units of the bound c-di-
GMP ligand (Figure 3b). In contrast, the signal corresponding
to the 2′-OH proton of the ribose hydrogen bonded to the
E190 side chain is no longer visible showing that this hydrogen
bond is weakened in the mutant. These results agree with the
hydrogen bond length measurements in our crystal structures
of the two mutants (Figure 3c), where we observed that the
hydrogen bond between the L197 amide group and the non-
bridging oxygen of the phosphodiester group is 0.2 Å longer
in the Q190E construct than the same hydrogen bond in the
Q218E mutant, where this phosphodiester binding pocket
is in its WT configuration. Similarly, the hydrogen bond
length between the L168 amide group and the phosphodiester
oxygen in the Q218E mutant is increased by 0.2 Å compared
to the native binding site in the Q190E construct (Figure 3c, d,
orange numbers). Finally, the lengths of the hydrogen bonds
from E190 to the 2′-OH group of c-di-GMP in the Q190E

Figure 3. The intermolecular hydrogen bond network in the GSPII-B

domain phosphodiester binding pockets is modulated by the Q190E and

Q218E substitutions. a) 2hJHP cross-hydrogen bond scalar couplings of

the L168 amide and the L197 amide hydrogen bonds to the non-bridging

oxygen atoms of the phosphodiester groups of c-di-GMP. The scalar

couplings of the ligand-bound PilF159-221 WT are shown in red (L168)

and orange (L197) and for the ligand-bound PilF159-221 Q190E in blue

(L168) and cyan (L197). b) Overlay of the 2D-13C-TOCSY-HSQC spectra

of 13C-labelled c-di-GMP bound to PilF159-221 WT (orange) and PilF159-221
Q190E (blue). Correlations of the 2′-OH signals to the C2′ resonances

are indicated as grey dashed lines. c) Mutant and native phosphodiester

binding pockets of Q190E (left) and Q218E (right) in complex with

c-di-GMP. Hydrogen bonds are indicated as black dashed lines.

Hydrogen bond lengths are shown in blue for L197, in cyan for L168, red

for E190 (left), and Q190 and in orange for Q218 and E218 (right).

mutant and from E218 to the 2′-OH group in the Q218E
mutant are increased by 0.4 Å if compared to the native sites
in both constructs (Figure 3c, d, red numbers). Together, the
NMR data and X-ray structures suggest that upon substitution
of the native glutamine with glutamate, the hydrogen bonding
network in the c-di-GMP binding site of the GSPII-B domain
of PilF is adjusted towards favoring a short hydrogen bond
between the protonated oxygen in the carboxylate group of
the glutamate and the phosphodiester at the expense of the
other two intermolecular hydrogen bonds in the hydrogen
bond network.

Our detailed characterization of the interaction of the
GSPII-B domain Q-to-E mutants with the phosphodiester
groups of c-di-GMP indicated that the carboxylate groups
of the relevant acidic amino acid side chains are readily
protonated at physiologically relevant pH values and then
able to act as hydrogen bond donor groups thereby con-
tributing favorably to ligand affinity. A decisive factor for
the importance of such interactions is the specific structural
environment of the respective carboxylate group bearing
side chains since it likely contributes significantly to shifts
of their pKa’s toward neutrality. We therefore wondered
whether the potential of acidic sidechains as a general binding
motif for phosphodiester groups may have been overlooked
so far in previous structural studies of protein-nucleic acid
interactions.
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Figure 4. Examples of glutamate/aspartate carboxylate groups in phosphodiester group recognition by DNA/RNA binding proteins. Shown are select

examples of crystal structures for a DNA ligase (PDB: 4GLX),[33] a restriction endonuclease (PDB: 3IMB),[34] an endoribonuclease (PDB: 2Y8Y),[35]

and a pseudouridine synthase (PDB: 4LGT)[36] in complex with a DNA or RNA ligand. For each example, the protein name, the respective pdb code,

and the obtained resolution are given. Hydrogen bonds are indicated as black dashed lines and electron density is shown as a grey mesh at a σ level

of 1.0.

To elucidate whether the interaction of phosphodiester
groups with protonated glutamate and aspartate side chains
could be a more general feature of biomacromolecular
interactions, we looked at all entries of the protein data bank
(PDB, www.rcsb.org) containing X-ray structures of RNA-
protein or DNA-protein complexes with a resolution better
than 2.8 Å. The atomic coordinates were used to identify
entries with distances smaller than 3.0 Å between the Oγ

and Oδ oxygen atoms of aspartates and glutamates, respec-
tively, with the OP1 and OP2 non-bridging oxygen atoms
of phosphodiester groups. Since this initial list contained
many entries of RNA/DNA-polymerases, nucleases, gyrases,
ligases, and other enzymes acting on nucleic acids which
often contain aspartate and glutamate residues complexed
to divalent metal ions in their active centers which are
naturally in close proximity to the phosphodiester backbone
due to their catalytic activities, we excluded such examples
from further analysis upon visual inspection of the respective
entries. In addition, entries of complexes crystallized at
pH values below the pKa value of glutamate carboxylate
groups in unstructured peptides (∼ 4.4, the pKa value for
aspartate carboxylate groups in unstructured peptides is
∼ 3.9[12–14]) were excluded. Nonetheless, numerous protein
nucleic acid complexes featuring glutamate and aspartate
side chain carboxylate groups oriented relative to phos-
phodiester groups in a fashion strongly suggestive of the
formation of hydrogen bond interactions between protonated
carboxylate groups and the non-bridging oxygen atoms of the
phosphodiester groups were identified. Examples come from
different functional protein categories including, e.g., DNA
ligases, restriction enzymes and RNA modification enzymes
and cover proteins interacting both with DNA and RNA
(Figures 4 and S9).

Conclusion

According to our results presented here, hydrogen bonding
interactions with protonated carboxylate groups of acidic
amino acid side chains serving as hydrogen bond donors
should be more widely considered when analyzing nucleic
acid and cyclic (di-) nucleotide binding motifs in proteins.
Particular care should be taken when interpreting the results

of mutation experiments where polar and positively charged
amino acid side chains are replaced by glutamate and
aspartate residues. In summary, our work shows that the
interaction of phosphodiesters with the carboxylate groups of
the acidic amino acid side chains in their protonated states
seem to be a hitherto underappreciated feature in protein
nucleic acid interactions.

Supporting Information

The experimental methods and supplementary data (Tables
S1-S3 and Figures S1–S9) are available in the Supporting
Information. The authors have cited additional references in
the Supporting Information.[26,27,37–57]
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