
1

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16903  | https://doi.org/10.1038/s41598-020-73906-3

www.nature.com/scientificreports

The KDEL trafficking receptor 
exploits pH to tune the strength 
of an unusual short hydrogen bond
Zhiyi Wu, Simon Newstead* & Philip C. Biggin*

The endoplasmic reticulum (ER) is the main site of protein synthesis in eukaryotic cells and requires 
a high concentration of luminal chaperones to function. During protein synthesis, ER luminal 
chaperones are swept along the secretory pathway and must be retrieved to maintain cell viability. 
ER protein retrieval is achieved by the KDEL receptor, which recognises a C-terminal Lys-Asp-Glu-Leu 
(KDEL) sequence. Recognition of ER proteins by the KDEL receptor is pH dependent, with binding 
occurring under acidic conditions in the Golgi and release under conditions of higher pH in the ER. 
Recent crystal structures of the KDEL receptor in the apo and peptide bound state suggested that 
peptide binding drives the formation of a short-hydrogen bond that locks the KDEL sequence in the 
receptor and activates the receptor for COPI binding in the cytoplasm. Using quantum mechanical 
calculations we demonstrate that the strength of this short hydrogen bond is reinforced following 
protonation of a nearby histidine, providing a conceptual link between receptor protonation and KDEL 
peptide binding. Protonation also controls the water networks adjacent to the peptide binding site, 
leading to a conformational change that ultimately allows the receptor-complex to be recognized by 
the COPI system.

In eukaryotic cells newly synthesised proteins destined for secretion pass from the endoplasmic reticulum (ER) 
to the  Golgi1. Luminal ER chaperones and quality control enzymes are normally associated with these proteins 
and are trafficked along with their substrates to the Golgi apparatus. To maintain the required pool of folding 
chaperones in the ER, it is essential that these proteins are  retrieved2. ER protein retrieval is mediated by the 
KDEL receptor (KDELR), which recognises escaped proteins in the Golgi and mediates their return to the ER 
via COPI  vesicles3,4. The KDELR recognizes ER proteins through a C-terminal ER retrieval sequence (ERS), 
consisting of Lys-Asp-Glu-Leu (KDEL)5,6, although variations to the canonical sequence  exist7,8. Binding of the 
KDEL sequence to the receptor is pH  dependent9. In the more acidic environment of the Golgi lumen the recep-
tor forms a stable complex with the KDEL bearing cargo proteins. The activated receptor then signals across the 
Golgi membrane to recruit COPI and initiate retrograde trafficking to the ER. Following retrieval, the higher pH 
in the ER results in deprotonation of the receptor and release of the KDEL peptide and associated cargo protein, 
whereupon the receptor is cycled back to the Golgi via COPII  vesicles10,11.

Although it was discovered over 2 decades ago, the molecular mechanism of pH-dependent binding by the 
KDELR remains stubbornly  elusive12. Recently the crystal structure of the KDELR has been solved in both KDEL 
bound (pH 6.0) and Apo state (pH 9.0)13 (Fig. 1). The structures revealed the conformational changes that occur 
upon signal peptide binding, which alter the electrostatic surface of the receptor on the cytoplasmic side of the 
membrane that likely mediates the interaction of the receptor with either COPI or COPII to allow for KDEL 
dependent recycling of the receptor within the secretory pathway. In vitro binding and cellular retrieval assays 
highlighted an essential role for a conserved histidine (H12) at the base of the signal peptide binding pocket. 
Due to the protonatable nature of this residue within the physiological range of the secretory pathway, it was 
proposed that this side chain may form the pH sensor for the KDEL retrieval system. This histidine is located 
adjacent to an unusually short hydrogen bond formed between a conserved tyrosine (Y158) and glutamate 
(E127), which functions to lock the receptor in an active state following binding of the ERS. The importance of 
both the H12 and the hydrogen bond has already been shown via mutation where H12A, E127A, E127Q, Y158F 
all abolish the peptide binding  capability13. Furthermore, the trinity of this hydrogen bond (H12, E127 and 
Y158) is strictly conserved across multiple  species13. However, the structures raise several interesting questions 
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pertinent to our understanding of this system, including: What is the role of the short hydrogen bond and how 
might this interaction influence the behavior of the receptor? Can the energetic contribution of this be quanti-
fied? How does the protonation state of H12 influence the energetics of the system in a way that reflects the 
functional cycle of the KDEL receptor? Is the protonation state of H12 dependent of the presence of the short 
hydrogen bond and vice versa?

Using a combination of molecular dynamics (MD) and quantum mechanics (QM) calculations we explored 
the role of this conserved histidine side chain in pH sensing, and the influence this has on the physical proper-
ties of the short hydrogen bond located at the core of the receptor. Our results show that protonation of H12 is 
essential for the formation of the short hydrogen bond, and thus plays an essential role in stabilising the active 
state of the receptor. We also show that the presence of the short hydrogen-bond appears to dictate whether a 
continuous water cavity can form, which our simulations suggest may play an important role in the structural 
changes that result in signaling the recruitment of either the COPI or COPII coatomer proteins.

Results
The strength of the E127⋯H—Y158 H-bond depends on the protonation state of H12. Simu-
lation of a short-hydrogen bond is particularly problematic for simple molecular mechanics based representa-
tions due to the inability of the force-fields to properly capture the electronic nature of such bonds. Thus, we used 
QM methods to assess the energetics of the E127-Y158 hydrogen bond based on the coordinates from the crystal 
structure (PDB: 6I6H). However, as the crystal structures do not indicate where the proton is most likely to be, 
we initially computed the energy of QM geometry optimized structures (SI Text 1, SI Fig. 1, SI Table 1). These 
calculations confirmed the expectation that the most favourable position for the proton in all states is close to 
the tyrosine hydroxyl oxygen. The calculations also suggested that the energy barrier for the hydrogen to move 
to/from the nearest sidechain oxygen of E127 was likely to be very small (a few kT).

Given the potential role of H12 in mediating pH response in the receptor, we postulated that the protona-
tion state of H12 might affect the strength of the E127⋯H—Y158 H-bond, which in turn would be expected to 
influence the ability of the receptor to lock the KDEL receptor in the activated state. We explored this aspect by 
examining the change in free energy required to transition from the KDEL-bound state to the Apo state under 
different protonation states of H12.

As is shown in Table 1, the free energy difference of transition from KDEL-bound to Apo state is highest 
when H12 is protonated (HIP: − 15.83 − (− 31.37) = 15.54 kcal/mol) than the neutral form of histidine (HID: − 

Figure 1.  Structures of the KDEL receptor used in this study. (a,c) KDEL peptide bound (PDB: 6i6h) and (b,d) 
the Apo (PDB: 6i6b) state. The hydrogen bond between E127 and Y158 is slightly shorter when peptide is bound 
at 2.5 Å (c) compared to 2.8 Å in the apo form (d). Atom labels used within this study are also shown along with 
the position of H12, which has previously be shown to act as the pH sensor. The approximate location of the 
membrane is shown with solid gray lines.
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20.55 − (− 30.33) = 9.78 kcal/mol; HIE: − 17.4 − (− 27.30) = 9.9 kcal/mol). Thus, 5.7 kcal/mol more free energy is 
required for the transition when H12 is protonated.

Having shown that the free energy penalty of transition is greatly enhanced when the histidine is protonated, 
we then assessed to what extent the short hydrogen bond is itself influenced by the protonation state of H12. The 
crudest way of estimating H-bond strength is via the length of the bond between the hydrogen and hydrogen 
bond donor R(D–H)14. As shown in Table 1, the R(D–H) distances in the KDEL-bound state are all longer than 
that in the Apo state, suggesting a stronger hydrogen bond in the KDEL-bound state compared with the Apo 
state. Furthermore, in the KDEL-bound state, the R(D–H) is longest when H12 is protonated, suggesting that 
protonation strengthens the hydrogen bond. Such an effect is not observed in the Apo state, where the R(D–H) 
is the same regardless of the protonation state of the histidine.

A more accurate estimate of H-bond strength can be obtained via the QM methods known as Core-Valence 
Bifurcation Index (CVBi)15 and quantum theory of atoms in molecules  QTAIM16 (see Methods and SI). All these 
methods give a consistent result that the H-bond is stronger in the KDEL-bound state compared with the Apo 
state. For example, the CVBi values are significantly more negative for the KDEL-bound state than the Apo, and 
the total energy density (H(r)), is more negative in the KDEL-bound than in the Apo state. More details on the 
interpretation of the QTAIM values are given in SI Text 2. Furthermore, we note that in the KDEL-bound state, 
this hydrogen bond is further enhanced by the protonation of the histidine. This effect is not seen in the Apo 
state, where the strength of the H-bond seems to be independent of the protonation state of H12.

Though we have demonstrated that the protonated H12 strengthens the interaction between E127 and Y158 
via enhancement of the hydrogen bond, it is still unclear as to how much the protonation state of histidine would 
affect the strength of the hydrogen bond. A very short H-bond, such as that observed in the KDEL-bound state, 
is indicative of a low-barrier H-bond. To test if this hydrogen bond is indeed a low-barrier hydrogen bond, we 
computed the potential energy landscape of transferring the proton from the hydrogen bond donor (Y158) to the 
hydrogen bond acceptor (E127). If we consider the Apo state first (Fig. 3a), this shows a typical profile whereby 
there is a large (~ 20 kcal/mol) energy barrier to transfer the proton from the Y158 to E127. Moreover, there is 
very little effect from the protonation of H12. The profile for the KDEL-bound state is very different (Fig. 3b) 
and the protonation state of H12 can have a significant effect. When the histidine is deprotonated, the energy 
difference between the global energy minimum (proton bound to the donor) and the local energy minimum 
(proton bound to the acceptor) is very high (~ 8 kcal/mol for HIE and ~ 7 kcal/mol for HID). However, when the 
histidine is protonated (HIP), this energy difference shrinks to only 4 kcal/mol. Thus, in the KDEL-bound state, 
only when H12 is protonated, can the hydrogen bond be classified as a low-barrier hydrogen bond and is consist-
ent with our hypothesis that the protonated histidine strengthens the hydrogen bond in the KDEL-bound state.

Though the QM calculations showed that the protonated histidine allows the criteria of a low-barrier hydro-
gen bond to be met, a potential issue is that these calculations are performed under vacuum conditions. Thus, to 
address this issue we also performed QM/MM calculations to compute the free energy barrier of stretching the 
hydrogen bond in both KDEL-bound and Apo states with both deprotonated (HID) and protonated histidine 
(HIP). As shown in Fig. 2c, in the Apo state, the calculations demonstrate that the short hydrogen bond is unable 
to form regardless of the protonation state. In the KDEL-bound state (Fig. 2d) however, when the histidine is 
deprotonated (HID), some initial resistance is met when separating the H-bond, which quickly plateaus, result-
ing in only ~ 3.5 kcal/mol for the transition. However, when the histidine is protonated, the resistance is ever 
increasing, and the free energy penalty is around 6.5 kcal/mol when reaching the same distance as that observed 
in the Apo state.

The short hydrogen bond influences the affinity of H12 for protons. Since protonated histidine 
stabilised the low-barrier hydrogen bond in the KDEL-bound state, but had no effect on the hydrogen bond 
in the Apo state, the reciprocal effect (i.e. that the short H-bond in the KDEL-bound state should stabilize a 
protonated H12, but no such effect will be present in the Apo state), should also be true. We employed a double 

Table 1.  Properties of the E127⋯H—Y158 H-bond. HID and HIE indicate the proton in neutral histidine 
is positioned the δ or ε nitrogen respectively (see Fig. 1). HIP indicates that both nitrogens are protonated 
leading to positively charged histidine. CVBi is the Core Valence Bifurcation index. H(r) is the total energy 
density, V(r) is the potential energy density, G(r) is the Lagrangian kinetic energy and p(r) is the electron 
density. Details of the interpretation of the parameters reported for the QTAIM analysis are given in the SI.

KDEL-bound Apo

HID HIE HIP HID HIE HIP

Interaction free energy between E127 and Y158 (kcal/mol)

∆G  − 30.33  − 27.30  − 31.37  − 20.55  − 17.4  − 15.83

The core-valence bifurcation index (CVBi)

CVBi  − 0.23  − 0.20  − 0.26  − 0.03  − 0.02 0.04

Quantum theory of atoms in molecules (QTAIM)

H(r)  − 0.031  − 0.028  − 0.034  − 0.002  − 0.001  − 0.002

V(r)/G(r)  − 1.53  − 1.48  − 1.58  − 1.09  − 1.06  − 1.09

H(r)/ρ(r)  − 0.39  − 0.36  − 0.41  − 0.06  − 0.05  − 0.07
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bilayer approach (Methods and Fig. 3) to perform alchemical transformations simultaneously in the Apo and 
KDEL-bound states to compute the difference in proton affinity in these different states under two different regi-
mens; one where the short hydrogen bond is imposed via harmonic restraint throughout the whole process and 
the other where there are no restraints to maintain the short H-bond distance (see Methods). The calculations 
show that under the conditions of the short H-bond, the protonation is more favourable in the KDEL-bound 
state compared to the Apo state, by ~ 3.5 kcal/mol (Table 2). However, when the short H-bond is not constrained, 
this difference is reduced to ~ 2 kcal/mol (Table 2). Control calculations performed on histidines elsewhere on 
the protein (H11 and H90) suggest that any local variation of protonation is likely to be small, of the order of 
0.5 kcal/mol.

To further understand the molecular mechanism behind this short H-bond mediated protonation event, we 
examined the dynamics of these systems in more detail. In all the transformations performed, H12 was extremely 
stable (SI Table 2) in terms of its conformation and no ring flipping was observed. The presence of the short 
H-bond enhances the stability of H12, which is further increased when H12 is protonated.

We then examined the local water environment around the short H-bond. Topologically, the KDEL receptor 
resembles a transporter with both extracellular and intracellular pockets that contain water  molecules13. The 
short H-bond forms a constriction point between these two pockets. In the Apo state (ie in the absence of the 
short H-bond), the two water pockets are joined by a chain of water molecules (Fig. 3b). In the KDEL-bound 
state, on the other hand, the communication between two water pockets is interrupted by the presence of the 
short H-bond (Fig. 3c). The short H-bond appears to “squeeze the waters” away and further into the pockets 

Figure 2.  QM estimate of energy of proton transfer from the Y158 to E127. (a) In the Apo state, a very large 
barrier (~ 20 kcal/mol) is observed during the proton transfer, which is not observed in the KDEL-bound state. 
(b) In the KDEL-bound state, the energy difference for the proton movement is smaller than the ZPE (dashed 
line) when the histidine is protonated (green). The energy difference is greatly increased when histidine is 
deprotonated (orange and blue). (c,d) QM/MM based energy landscape of separating the hydrogen bond. c. In 
the Apo state, the short hydrogen bond is prohibited by the larger energy barrier. (d) In the KDEL-bound state, 
6.5 kcal/mol of energy is required to break the hydrogen bond when histidine is protonated (green line), while 
only 3.5 kcal/mol is required when histidine is deprotonated (blue line).



5

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16903  | https://doi.org/10.1038/s41598-020-73906-3

www.nature.com/scientificreports/

either side. On the face of it, and considered in isolation, this may appear quite surprising because the protonated 
histidine in conjunction with the short H-bond might be expected to facilitate coalescence of water in this region.

However, there are other conformational differences that exist between the Apo and KDEL-bound states 
that influence the size and behaviour of water molecules within these pockets (Fig. 4a,b). These structural 

Figure 3.  Influence of the short H-bond on H12 affinity using classical molecular mechanics based MD (a) 
shows the simulation box used, which is a double bilayer system to simultaneously add/remove a proton from 
H12 in each KDEL receptor.  Na+ and  Cl− ions are represented as blue and green spheres respectively and the 
lipid bilayer is drawn as vdW spheres. (b) In the Apo state and when the H12 is protonated, a continuous water 
network linking the lumenal and cytoplasmic pockets is observed as highlighted by yellow dashed lines. (c) In 
the KDEL-bound state, the presence of the short hydrogen bond prohibits the formation of the water network. 
H12, E127 and Y158 are drawn as yellow sticks in all figure parts.
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re-arrangements also affect the water environment around H12. Specifically, KDEL binding leads to an extension 
of Y151 and the retraction of Y191 (Fig. 4c). The retraction of Y191 allows an additional water pocket to form 
(Fig. 4b). The extension of the Y151 shrinks the water pocket solvating the NƐ of H12. KDEL-binding leads to a 
dramatic change in the nature of the water pocket. Most notably, there is a zone of about 9 Å, between the short 
H-bond and the hydrogen bond formed between R159 and the C-terminus of the KDEL-peptide, where the largest 
cavity only permits two water molecules to exist. This cavity is a relatively hydrophobic pocket created by I124, 
W166 and A180 (Fig. 4d). This is in sharp contrast to the Apo state (Fig. 4a), where the binding pocket is filled with 
disordered water and is almost touching the water pocket under the hydrogen bond formed by E127 and Y158.

To further understand how the size and shape of these pockets influences the water behaviour, we undertook 
Grand Canonical Monte Carlo (GCMC) simulations (see Methods) to investigate preferred water occupancies 
in the different states and under the different protonation states of H12. The GCMC calculations (Fig. 5) in 
the KDEL-bound system revealed very different water behaviour in the pocket (towards the cytoplasmic side) 
depending on the H12 protonation state. In the KDEL-bound state (Fig. 5c), five ordered water molecules 
solvated the protonated H12 and connect it to Y151. When H12 is deprotonated the Nε is no longer solvated. 
In the Apo state, due to the larger volume of the pockets, waters can reorient themselves to solvate both the 
protonated and deprotonated H12 (Fig. 5c,d). Thus, via control of the size of the water pocket, only protonated 
histidine can be stably solvated in the KDEL-bounds state, giving rise to the 3.5 kcal/mol difference.

The energy difference is maximal when the short H-bond is imposed (Table 2). In the alchemical transfor-
mation simulations (Fig. 3 and Table 2), if the short H-bond is not imposed the free energy difference reduces 
down to ~ 2 kcal/mol, and this reflects the formation of sporadic water wires which resemble the water dynam-
ics observed in the Apo state. All of these calculations are consistent with our hypothesis that the protonated 
histidine strengthens the hydrogen bond and that the transition from KDEL-bound state to apo state is 3 kcal/
mol less when H12 is protonated.

Discussion
The coordinates of the oxygen atoms in the E127–Y158 in the crystal structure of the peptide bound KDEL 
receptor are unusual in their close separation of 2.5 Angstroms and suggest the formation of a short hydrogen 
bond between these two side chains. Although there are numerous precedencies for such  observations17, we 
must still consider that the structure could represent something non-physiological (ie. a conformation induced 
by packing effects) or that the interpretation of the electron density of the oxygen atoms is incorrect. The latter 
is highly unlikely, because the electron density is very good for this region of the map (even when contoured at 
3.5 σ, the signal for the oxygens is very clear). However, we cannot completely rule out that the close positioning 
of E127 and Y158 in the peptide-bound structure is an artefact of the crystal lattice. Thus, rather than to set out 
to prove the existence of short H-bond per se, we set out to ask what the consequences of such a short H-bond 
might be and indeed how it itself might be influenced by its own environment.

Short H-bonds, where the donor–acceptor distance is typically shorter than 2.7 Å are often found in the active 
sites of  enzymes18. In that context, such bonds have been described as “low-barrier H-bonds”19,20. A feature of 
such bonds is that the proton is more readily delocalized between the donor and acceptor atoms and the resulting 
H-bond is predicted to be about 10–20 kcal/mol stronger than normal H-bonds21,22. The results here confirm the 
initial postulation that in the KDEL-bound state there is an unusually short H-bond between E127 and Y158. 
The fact that it is a tyrosine is also rather interesting as a recent study revealed an unexpected enhancement of 
tyrosine in such  interactions23. The (QM) potential energy surface of proton transfer (Fig. 2) confirms that in 
the apo state there is a large and expected barrier to move the proton away from its preferred position. In the 
KDEL-bound state, the profile adopts a single well with a shoulder. At this distance, (2.5 Å between donor and 
acceptor oxygens), the result is entirely consistent with other reports of short H-bond proton potential energy 
surfaces (review recently  by17). Furthermore, the calculations suggest the ease of proton-sharing is significantly 
increased if H12 is protonated. H12, which has already been identified as the proton  sensor13, would be expected 
to be protonated in the Golgi, where it also binds to KDEL-bearing cargo proteins.

The above calculations suggest that the presence (and strength) of the short H-bond will be influenced by 
the protonation state of H12. We also investigated whether presence or absence of a short H-bond will influ-
ence the likely protonation state of H12. The results confirm that the presence of the short H-bond favours 
protonation of H12. Moreover, this appears to be linked to the dynamics of the surrounding water molecules 
(Fig. 3b,c). Inspection of trajectories suggests that in the KDEL-bound state, with a short H-bond present and 
H12 protonated, the water pockets either side of the H-bond are not connected (Fig. 4). Moreover, the ability of 
H12 in the protonated state, but not the deprotonated state, to allow an ordered water network of five waters to 
form explains the energetic differences (Fig. 5).

Table 2.  ∆∆G of (in kcal/mol) of deprotonation* of H12 in the KDEL-bound and protonation** of H12 in apo 
state under different conditions. *To or from** a neutral histidine with the proton on the δ carbon (HID).

Condition Run 1 Run 2 Run 3

Short H-bond imposed 3.555 3.787 3.156

No H-bond restraint 1.992 1.996 2.176

H90 (control—no restraint) 0.847

H11 (control— no restraint) 0.435
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What does all this mean for the function of the receptor? The receptor binds KDEL-tagged proteins in the 
Golgi where the pH is lower than in the ER (where the receptor releases its cargo). H12 has already been proposed 
to be the pH  sensor13 and our observation here that a protonated H12 leads to a strengthening of the H-bond 
suggests that it likely plays a role in forming a tighter complex with the ERS. At neutral pH (as found in the ER), 
the short H-bond is weakened, and this facilitates the release of the KDEL-containing cargo protein. We also 
know from previous structural work, that in the KDEL-bound state, there is a different conformation of helix 7 
which moves I147 out of the cytoplasmic pocket. Based on our observations of the hydrogen-bonded networks 
that connect the two water pockets either side of H12, we postulate that the protonation state of the receptor 
may also play a role in controlling the water-dynamics, which in turn might control the preferred conforma-
tional state of the receptor. Thus, the role of the short H-bond is complex. However, a mechanistic link between 

Figure 4.  Influence of KDEL-binding upon water pockets (a) Apo state (green cartoon) there are two large 
fully-solvated pockets to the lumenal (grey) and cytoplasmic sides (orange). They are almost, but not quite, 
connected. (b) Upon binding of KDEL the conformational changes in the protein (cyan cartoon) result in 
the shrinkage of both original water pockets and the formation of an additional pocket between E127 and 
Y191 (red). (c) Summarises the key conformational changes that occur when moving from the Apo (green) to 
KDEL-bound state (cyan). Y151 extends into the water pocket (orange surface in a,b), reducing its size while 
Y191 retracts away to help the formation of the new water pocket (red surface in b). (d) KDEL binding creates a 
zone of ordered waters, where the largest cavity is occupied by two waters surrounded by a hydrophobic pocket 
formed from I124, W166 and A180.
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proton binding, water network rearrangements and structural stability are similar themes in secondary active 
 transporters24–26 with which the KDELR shares the same topology and suggested evolutionary  ancestry27. We 
summarize our results in Fig. 6.

Conclusion
In this work we have performed extensive calculations that support the existence of a short H-bond in the KDEL 
receptor and characterize the influence this would have on receptor dynamics. Moreover, we have shown how 
the protonation state of a key histidine (H12) can dramatically affect the strength of that hydrogen bond. Via 
investigation of the reciprocal effect (of the short H-bond on the affinity of H12 for a proton) we also found a 
hydrogen-bonded water network that is broken in the presence of the short H-bond in the KDEL-bound state 
only and may have ramifications for the conformational dynamics of the receptor, something that we are cur-
rently further exploring.

Figure 5.  GCMC calculations of water occupancy. (a,b) The water network that lies on the cytoplasmic 
side of H12 are not influenced by the protonation state of H12. (c,d) in contrast, in the KDEL-bound state, 
deprotonated H12 is unable to participate in any water interactions (c) whereas protonated H12 (d) enables a 
continuous water-wire to be formed with Y151.
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Methods
QM/MM simulations. The KDEL-bound KDEL receptor (KDELR) and the Apo KDEL receptor were 
retrieved from the PDB (Apo: 6I6B; KDEL-bound: 6I6H) and embedded in a DMPC bilayer following a previ-
ously described  protocol28. The QM region was defined as the three key residues (H12, Y158 and E127) and was 
described at the level of B97-3c29, whereas the qmcut was set to 3 nm to cover the whole protein. The force field 
amber  14SB30 was used to describe the protein and  LIPID1731 was used to describe the lipid. The simulation was 
run with  ambertools1932 in conjunction with ORCA 4.2.033. For the free energy calculation, the collective vari-
able chosen was the distance between the oxygen in the hydroxyl group of the Y158 and the closet oxygen in the 
carboxyl group of E127. 11 equally spaced windows from 2.4 to 3.4 Å with a restraint of 25 kcal/mol/Å were run 
with a 1 fs timestep for 20 ps. The free energy profile was constructed with WHAM 2.0.9.1.34.

QM geometry optimisation. The coordinates of residues H12, E127 and Y158 were extracted from the 
crystal structure of both Apo (PDB: 6I6B) and the KDEL bound (PDB: 6I6H) KDELR. This very simplistic 
model was used as although one might assume that other nearby waters and protein residues might be impor-
tant, the cooperative nature of conformational states means that it becomes totally arbitrary to decide at which 
point to cut-off the system. Thus, rather than make this arbitrary decision we examine this simple system. Note 
that in the original crystal structures the oxygen closest to the tyrosine OH is labelled OE2. To simplify the 
analysis here, we have relabelled that OE1 in this work. The N-termini of the three residues were capped with an 
acetyl group and the C-termini were capped with an N-methyl group. Hydrogen atoms were added to the crystal 
structure and different protonation states of the three residues were assigned using Maestro. The structure of the 

Figure 6.  In the Golgi, the KDEL receptor is initially in its apo state (a), with the key histidine protonated and 
water present on both sides of E127/Y158. The KDEL-tagged substrate binds the receptor starting to trap waters 
as it enters (b). As binding completes some waters are cut from access to the lumen, the short hydrogen bond 
forms and the receptor undergoes other conformational changes to adopt the crystallographically observed 
KDEL-bound conformation (c). The KDEL receptor/KDEL-tagged substrate complex is then transferred to 
the ER where the higher pH causes deprotonation of the histidine. Without the protonated histidine, the short 
hydrogen bond is no longer maintained (d) and, the KDEL-tagged substrate is destabilized and dissociates (e). 
Since deprotonated histidine also favours a continuous water network, the receptor changes conformation and 
the water pocket is connected to bulk again (f).
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H12, E127 and Y158 complex, as well as each capped amino acid monomer and all the possible dimers (H12/
E127; H12/Y158) were independently optimised with non-hydrogen atoms constrained using B3LYP together 
with the def2-TZVP35 basis set with DFT-D436 for the empirical dispersion correction. Due to a known bug in 
the ORCA frequency calculations, the following flags (%freq Hess2elFlags[0] 0 Hess2elFlags[3] 0 end) were 
added as is suggested by the developer (https ://orcaf orum.kofo.mpg.de/viewt opic.php?f=26&t=5566). Vibra-
tional frequency analysis was done at the end of optimisation using ORCA 4.2.033. The  CVBi15 and AIM analysis 
was performed with Multiwfn 3.737.

QM interaction energies. Single point energies were computed on the optimised structure with DLPNO-
CCSD(T)/aug-cc-pVTZ38 at the level of normal PNO, with aug-cc-pVTZ/JK for RIJK acceleration and aug-cc-
pVTZ/C39 for electron correlation calculations. The thermal correction for the Gibbs free energy was computed 
from the frequency calculations and corrected with quasi-harmonic  correction40 and a zero-point energy (ZPE) 
scaling factor of 0.98541 using  Shermo42 to 310 K. For complexes with more than one amino acid, the energy is 
corrected for by basis set superposition error (BSSE). BSSE is defined as  half43 the BSSE energy. The interaction 
energy between E127(E) and Y158(Y) under the influence of the H12(H) is defined as

where G(EYH), G(EH), G(YH), G(H) are the free energy of the geometry optimised E127, Y158, H12 complex, 
geometry optimised energy of the H12 in complex with E127 or Y158 and the energy of geometry optimised 
histidine, all with counterpoise corrected.

QM proton transfer energy. The energy of transferring a proton from tyrosine to glutamate was com-
puted at the level of PWPB95-D4/def2-QZVPP//B3LYP-D4/def2-TZVP44. The calculation was performed in 
the presence of three different protonation states of H12. During the geometry optimisation, the positions of all 
the non-hydrogen atoms were constrained and the bond between the proton and the closest oxygen was also 
constrained. The vibration mode corresponding to motion of the key proton was taken as the mode with the 
highest infrared intensity and confirmed with visual inspection using Gaussview 6.0. The ZPE corresponding to 
this mode was computed using  Shermo42 .

Protonation free energy calculations. A double bilayer box with KDEL-bound and Apo protein was 
constructed. Bilayers were placed 3 nm apart and solvated with TIP3P water and ions added up to 150 mM 
NaCl. The short hydrogen bond was maintained with a harmonic restraint joining the two oxygens in E127 
and Y158 with restraint strength of 10,000 kJ/mol/nm. The equilibrium length is taken from the crystal struc-
ture. The topology for alchemical transformation was generated with  pmx45, where the histidine in the KDEL-
bound structure was transformed from HIP to HID, while the same histidine in the Apo state were transformed 
from HID to HIP. 21 equally spaced windows were used during the transformation, where the bonded, charge 
and vdw parameters were changed linearly at the same time. The simulations were run with Gromacs 2019.146, 
with parameters taken  from47. After the initial energy minimisation, a 200 ps simulation in the NVT ensemble 
were conducted, followed by a 1 ns run in the NPT ensemble. The production run was performed with replica 
exchange at an interval of 1 ps for 30 ns. The resulting energy files were analysed with alchemical  exchange48 with 
the first 5 ns discarded as equilibration time.

Grand canonical Monte Carlo (GCMC) simulations. The GCMC simulation were run with ProtoMS 
3.4.049. The protein system is generated as previously described by  us50. The water pocket is defined as the bound-
ing box encompassing the 12 waters in the crystal structure with a dimension of 43.6 × 29.8 × 75.3 Å3. 32 equally 
spaced Adams windows from − 17.0 to − 1.5 were used. Five repeats of 200 millions steps of production run were 
preceded with 15 million steps of insertion and deletion only equilibration and 5 million steps of full equilibra-
tion.

Data availability
The data is available from the authors upon request.

Received: 20 July 2020; Accepted: 23 September 2020

References
 1. Pelham, H. R. B. The Florey Lecture, 1992. The secretion of proteins by cells. Proc. R. Soc. Lond. Ser. B Biol. Sci. 250, 1–10 (1992).
 2. Ellgaard, L. & Helenius, A. Quality control in the endoplasmic reticulum. Nat. Rev. Mol. Cell. Biol. 4, 181–191 (2003).
 3. Majoul, I., Straub, M., Hell, S. W., Duden, R. & Soeling, H.-D. KDEL-cargo regulates interactions between proteins involved in 

COPI vesicle traffic: measurements in living cells using FRET. Dev. Cell 1, 139–153 (2001).
 4. Gomez-Navarro, N. & Miller, E. Protein sorting at the ER-Golgi interface. J. Cell Biol. 215, 769–778 (2016).
 5. Semenza, J. C., Hardwick, K. G., Dean, N. & Pelham, H. R. B. ERD2, a yeast gene required for the receptor-mediated retrieval of 

luminal ER proteins from the secretory pathway. Cell 61, 1349–1357 (1990).
 6. Munro, S. & Pelham, H. R. B. A C-terminal signal prevents secretion of luminal ER proteins. Cell 48, 899–907 (1987).
 7. Trychta, K. A., Bäck, S., Henderson, M. J. & Harvey, B. K. KDEL receptors are differentially regulated to maintain the ER proteome 

under calcium deficiency. Cell Rep. 25, 1829-1840.e1826 (2018).
 8. Denecke, J., De Rycke, R. & Botterman, J. Plant and mammalian sorting signals for protein retention in the endoplasmic reticulum 

contain a conserved epitope. EMBO J. 11, 2345–2355 (1992).

G = G(EYH)− G(EH)− G(YH)+ G(H)

https://orcaforum.kofo.mpg.de/viewtopic.php?f=26&t=5566


11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:16903  | https://doi.org/10.1038/s41598-020-73906-3

www.nature.com/scientificreports/

 9. Wilson, D. W., Lewis, M. J. & Pelham, H. R. pH-dependent binding of KDEL to its receptor in vitro. J. Biol. Chem. 268, 7465–7468 
(1993).

 10. Dancourt, J. & Barlowe, C. Protein sorting receptors in the early secretory pathway. Annu. Rev. Biochem. 79, 777–802 (2010).
 11. Altan-Bonnet, N., Sougrat, R. & Lippincott-Schwartz, J. Molecular basis for Golgi maintenance and biogenesis. Curr. Opin. Cell 

Biol. 16, 364–372 (2004).
 12. Pfeffer, S. R. Unsolved mysteries in membrane traffic. Annu. Rev. Biochem. 76, 629–645 (2007).
 13. Bräuer, P. et al. Structural basis for pH-dependent retrieval of ER proteins from the Golgi by the KDEL receptor. Science 363, 1103 

(2019).
 14. Cuautli, C. & Ireta, J. Theoretical investigations on the layer-anion interaction in Mg–Al layered double hydroxides: influence of 

the anion nature and layer composition. J. Chem. Phys. 142, 094704 (2015).
 15 Fuster, F. & Silvi, B. Does the topological approach characterize the hydrogen bond?. Theor. Chem. Acc. Theory Comput. Mode. 

104, 13–21 (2000).
 16. Bader, R. F. W. Atoms in Molecules: A Quantum Theory (Clarendon Press, Oxford, 1990).
 17 Zhou, S. & Wang, L. Unraveling the structural and chemical features of biological short hydrogen bonds. Chem. Sci. 10, 7734–7745 

(2019).
 18. Graham, J. D., Buytendyk, A. M., Wang, D., Bowen, K. H. & Collins, K. D. Strong, low-barrier hydrogen bonds may be available 

to enzymes. Biochemistry 53, 344–349 (2014).
 19. Klinman, J. P. Low barrier hydrogen bonds: getting close, but not sharing. ACS Cent. Sci. 1, 115–116 (2015).
 20. Cleland, W. W., Frey, P. A. & Gerlt, J. A. The low barrier hydrogen bond in enzymatic catalysis. J. Biol. Chem. 273, 25529–25532 

(1998).
 21 McAllister, M. A. Characterization of low-barrier hydrogen bonds. 3. Hydrogen maleate. An ab initio and DFT investigation. Can. 

J. Chem. 75, 1195–1202 (1997).
 22 Garcia-Viloca, M., González-Lafont, A. & Lluch, J. M. Theoretical study of the low-barrier hydrogen bond in the hydrogen maleate 

anion in the gas phase. Comparison with normal hydrogen bonds. J. Am. Chem. Soc. 119, 1081–1086 (1997).
 23. Qi, H. W. & Kulik, H. J. Evaluating unexpectedly short non-covalent distances in x-ray crystal structures of proteins with electronic 

structure analysis. J. Chem. Inf. Model. 59, 2199–2211 (2019).
 24. Fowler, P. W. et al. Gating topology of the proton-coupled oligopeptide symporters. Structure 23, 290–301 (2015).
 25. Wu, Z., Alibay, I., Newstead, S. & Biggin, P. C. Proton-control of transitions in an amino-acid transporter. bioRxiv, 606913 (2019).
 26. Parker, J. L. et al. Proton movement and coupling in the POT family of peptide transporters. Proc. Natl. Acad. Sci. 114, 13182 

(2017).
 27. Saudek, V. Cystinosin, MPDU1, SWEETs and KDELR belong to a well-defined protein family with putative function of cargo 

receptors involved in vesicle trafficking. PLoS ONE 7, e30876 (2012).
 28. Wu, Z., Alibay, I., Newstead, S. & Biggin, P. C. Proton control of transitions in an amino acid transporter. Biophys. J. 17, 1342–1351 

(2019).
 29. Brandenburg, J. G., Bannwarth, C., Hansen, A. & Grimme, S. B97-3c: a revised low-cost variant of the B97-D density functional 

method. J. Chem. Phys. 148, 064104 (2018).
 30. Maier, J. A. et al. ff14SB: Improving the accuracy of protein side chain and backbone parameters from ff99SB. J. Chem. Theor. 

Comput. 11, 3696–3713 (2015).
 31. Gould, I. R., A.A., S., Dickson, C. J., Madej, B. D. & Walker, R. C. Lipid17: A comprehensive AMBER force field for the simulation 

of zwitterionic and anionic lipids (in preparation) (2020).
 32. AMBER 2018 (University of California, 2018).
 33. Neese, F. The ORCA program system. WIREs Comput. Mol. Sci. 2, 73–78 (2012).
 34. WHAM: the weighted histogram analysis method v. 2.0.9.
 35. Weigend, F. & Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: 

design and assessment of accuracy. Phys. Chem. Chem. Phys. 7, 3297–3305 (2005).
 36. Caldeweyher, E. et al. A generally applicable atomic-charge dependent London dispersion correction. J. Chem. Phys. 150, 154122 

(2019).
 37. Lu, T. & Chen, F. Multiwfn: a multifunctional wavefunction analyzer. J. Comput. Chem. 33, 580–592 (2012).
 38. Kendall, R. A., Dunning, T. H. & Harrison, R. J. Electron affinities of the first-row atoms revisited. Systematic basis sets and wave 

functions. J. Chem. Phys. 96, 6796–6806 (1992).
 39. Weigend, F., Köhn, A. & Hättig, C. Efficient use of the correlation consistent basis sets in resolution of the identity MP2 calcula-

tions. J. Chem. Phys. 116, 3175–3183 (2002).
 40. Grimme, S. Supramolecular binding thermodynamics by dispersion-corrected density functional theory. Chem. A Eur. J. 18, 

9955–9964 (2012).
 41. Alecu, I. M., Zheng, J., Zhao, Y. & Truhlar, D. G. Computational thermochemistry: scale factor databases and scale factors for 

vibrational frequencies obtained from electronic model chemistries. J. Chem. Theory Comput. 6, 2872–2887 (2010).
 42. Tian, L. & Qinxue, C. Shermo: A General Code for Calculating Molecular Thermochemistry Properties (2020).
 43. Burns, L. A., Marshall, M. S. & Sherrill, C. D. Comparing counterpoise-corrected, uncorrected, and averaged binding energies for 

benchmarking noncovalent interactions. J. Chem. Theory Comput. 10, 49–57 (2014).
 44. Goerigk, L. & Grimme, S. Efficient and accurate double-hybrid-meta-GGA density functionals—evaluation with the extended 

GMTKN30 database for general main group thermochemistry, kinetics, and noncovalent interactions. J. Chem. Theory Comput. 
7, 291–309 (2011).

 45. Gapsys, V., Michielssens, S., Seeliger, D. & de Groot, B. L. pmx: automated protein structure and topology generation for alchemical 
perturbations. J. Comput. Chem. 36, 348–354 (2014).

 46. Abraham, M. J. et al. GROMACS: High performance molecular simulations through multi-level parallelism from laptops to 
supercomputers. SoftwareX 1–2, 19–25 (2015).

 47. Aldeghi, M., de Groot, B. L. & Gapsys, V. in Computational Methods in Protein Evolution (ed Tobias Sikosek) 19–47 (Springer New 
York, 2019).

 48. Klimovich, P., Shirts, M. & Mobley, D. Guidelines for the analysis of free energy calculations. J. Comput-Aid. Mol. Des. 29, 397–411 
(2015).

 49. ProtoMS 3.4 (2018).
 50. Aldeghi, M. et al. Large-scale analysis of water stability in bromodomain binding pockets with grand canonical Monte Carlo. 

Commun. Chem. 1, 19 (2018).

Acknowledgements
We thank Irfan Alibay and Joanne Parker for useful discussions. We thank the Advanced Research Comput-
ing facility, the ARCHER UK National Supercomputing Services for computer time granted via the High-End 
Computing Consortium for Biomolecular Simulation, HECBioSim (https ://www.hecbi osim.ac.uk), supported 

https://www.hecbiosim.ac.uk


12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:16903  | https://doi.org/10.1038/s41598-020-73906-3

www.nature.com/scientificreports/

by EPSRC (EP/L000253/1). This research was supported by Wellcome Trust Awards (109133/Z/15/A and 
219531/Z/19/Z) to PCB and SN.

Author contributions
S.N., and P.C.B. designed the research. Z.W. designed, performed and analysed simulations. S.N., Z.W. and 
P.C.B. wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-73906 -3.

Correspondence and requests for materials should be addressed to S.N. or P.C.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-73906-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The KDEL trafficking receptor exploits pH to tune the strength of an unusual short hydrogen bond
	Results
	The strength of the E127⋯H—Y158 H-bond depends on the protonation state of H12. 
	The short hydrogen bond influences the affinity of H12 for protons. 

	Discussion
	Conclusion
	Methods
	QMMM simulations. 
	QM geometry optimisation. 
	QM interaction energies. 
	QM proton transfer energy. 
	Protonation free energy calculations. 
	Grand canonical Monte Carlo (GCMC) simulations. 

	References
	Acknowledgements


