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Abstract 

Protein-protein interactions are crucial in biology and play roles in e.g. the immune system, 

signalling pathways, and enzyme regulation. Ultra-high affinity interactions (Kd, <0.1 nM) 

occur in these systems, however, structures and energetics behind stability of ultra-high affinity 

protein-protein complexes are not well understood. Regulation of the starch debranching barley 

limit dextrinase (LD) and its endogenous cereal type inhibitor (LDI) exemplifies an ultra-high 

affinity complex (Kd of 42 pM). In this study the LD–LDI complex is investigated to unveil 

how robust the ultra-high affinity is to LDI sequence variation at the protein-protein interface 

and whether alternative sequences can retain the ultra-high binding affinity. The interface of 

LD–LDI was engineered using computational protein redesign aiming at identifying LDI 

variants predicted to retain ultra-high binding affinity. These variants present a very diverse set 

of mutations going beyond conservative and alanine substitutions typically used to probe 

interfaces. Surface plasmon resonance analysis of the LDI variants revealed that high affinity 

of LD–LDI requires interactions of several residues at the rim of the protein interface, unlike 

the classical hotspot arrangement where key residues are found at the centre of the interface. 

Notably, substitution of interface residues in LDI, including amino acids with functional groups 

different from the wild-type, could occur without loss of affinity. This demonstrates that ultra-

high binding affinity can be conferred without hotspot residues, thus making complexes more 

robust to mutational drift in evolution. The present mutational analysis also demonstrates how 

energetic coupling can emerge between residues at large distances at the interface. 
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SIGNIFICANCE STATEMENT 

Ultra-high affinity protein-protein complexes play important roles in nature. Here we show that 

not all such complexes rely on an interface-centred hotspot constituted by a few residues. Rather 

residues across the interface contributed importantly to binding, hence making the complex 

more robust to mutational drift in evolution. Our findings provide valuable insights for future 

computer-guided protein engineering. In particular, the inhibitor scaffold is of interest for 

engineering of new binders. 

 

ABBREVIATIONS 

Kd, dissociation constant; LD, limit dextrinase; LDI, limit dextrinase inhibitor; RBI, 

bifunctional α-amylase/trypsin inhibitor from ragi; SASA, solvent-accessible surface area; 

SPR, surface plasmon resonance; wt, wild-type  



  

INTRODUCTION 

Protein-protein interactions are crucial in biological systems and play key roles in e.g. the 

immune system, signalling pathways, and enzyme regulation. Ultra-high affinity interactions 

(dissociation constant, Kd, <0.1 nM) are usually seen in relation to enzyme-inhibitor 

interactions. However the structural and energetic reasons behind the stability of ultra-high 

affinity protein-protein complexes are not well understood. High resolution structures can give 

insight into structure-function relationships of these interactions, but only a small number of 

well-characterized ultra-high affinity protein-protein complex structures are available. 

Moreover, mutational data, if available, are often limited to either alanine substitutions or 

drastic mutations that completely kill the interaction. According to the PDBbind database1 

(version 2019 with 21,382 entries including 2,594 protein-protein complexes) only 203 

structures of protein-protein complexes with Kd≤0.1 nM have been deposited. Sixty-nine of 

these are unique complexes between an enzyme and a peptide or protein, of which 51 contain 

a protease. 

   It is well-accepted that a few key residues at binding interfaces are responsible for most of 

the free energy of binding, the so-called binding hotspots, which tend to be at the centre of the 

protein interfaces.2,3 A hotspot residue is a residue that, when mutated to alanine, gives rise to 

a distinct increase in the dissociation constant (10-fold or more), i.e. resulting in a 

destabilisation of the complex.3 Kortemme et al. defined hotspot residues as residues showing 

a change in the binding free energy (∆Gbind) by more than 1 kcal/mol when replaced by alanine.4 

Hotspot centric design has been a useful approach for de novo design of protein-protein 

interfaces.5 However, the hotspot theory does not fit for all protein-protein complexes, 

especially ultra-high affinity complexes seem to need more interactions than provided by one 

or a few hotspot residues. This behaviour, however, is only understood when mutational 

analysis is performed of the residues at the interface, since computational methods typically fail 



  

to predict the high stability of these complexes. Furthermore, prediction of specific contacts 

important for such interactions is difficult. Hence, experimentally based understanding of how 

high affinity complexes function is crucial for facilitating rational protein design of desirable 

complexes. 

   The structurally characterized complex between the starch debranching enzyme barley limit 

dextrinase (LD) and its endogenous inhibitor (LDI) is an example of an ultra-high affinity 

complex (Kd = 42 pM) having no classical hot-spot centric interaction interface.6 LD is involved 

in starch degradation by hydrolysing the α-1,6-linkages in the branch points of the starch 

component, amylopectin. Barley LD is mainly involved in energy mobilisation during seed 

germination, where it works in concert with other glycoside hydrolases.7,8 The order of the 

action of these enzymes is important. LD, which is controlled by LDI, is highly active on the 

α–amylase products, the so-called limit dextrins,9–11 at a later stage of the germination. In 

nature, LDI unfolding and proteolytic degradation is required for LD to regain activity.12 It is 

unclear why the LD–LDI complex has to be so tight, but unlike similar enzyme-inhibitor pairs, 

LD and LDI have been co-evolving. LDI belongs to the cereal type inhibitor protein family 

mainly functioning in defence against pathogens and pests, typically fungi and insects, by 

inhibiting their α-amylases or proteases (e.g. trypsin and chymotrypsin). A few even possess 

dual specificity inhibiting both of these enzyme classes,13 emphasising the versatility of the 

cereal type inhibitor scaffold. Remarkably, LDI is the only characterized family member that 

solely inhibits an endogenous enzyme. 

   The crystal structure of the LD–LDI complex (PDB entry: 4CVW) has been solved to 2.7 Å 

resolution.6 The 1325 Å2 interface between LD and LDI is characterized by cross-interface 

hydrogen bonds created by side chain-side chain interactions as well as a hydrophobic cluster 

of LDI residues L41 and V42, and LD residues W512, F514, and F553, identified previously.6 

Two helices (α1 and α2) of the LDI four-helix bundle, loop regions 1 and 3, and the N-terminal 



  

segment interact with LD (Figure 1). In total 23 of out 114 LDI residues are in contact with LD, 

13 being involved in salt bridges/hydrogen bonds. The contacts cluster in two groups; i) LDI 

residues from helices α1 and α2 and the loop connecting them (C32–R38, loop 1), and ii) 

residues of a long loop 3 (G68–P88) and the N-terminal segment (T1–L20) (Figure 1b). The 

wide active site cleft of LD is buried by helix α2, and R34 and R38 of LDI loop 1 interact 

directly with the three catalytic residues of LD (D473, E510, and D642). Previously, R34 and 

R38 were identified as hotspots based on alanine substitutions (∆∆G = 1.8 and 2.1 kcal/mol, 

respectively),6 though they are situated at the rim of the interface and hence not classical 

hotspots (Figure 1b). 

   Comparison of the LD–LDI structure with the only other complex structure between a cereal-

type inhibitor and its target enzyme, namely that of the bifunctional α-amylase/trypsin inhibitor 

from ragi (RBI) in complex with an α-amylase (PDB entry: 1TMQ), surprisingly showed the 

binding orientations of the two inhibitors to be extremely different.6 The overall structure of 

RBI is similar to LDI, but RBI has two distinct binding sites; one for a protease and one for an 

α-amylase. There is only structural evidence for the α-amylase site (PDB entry: 1TMQ): this 

site is constituted of the N-terminal segment (S1–A11), which upon binding adopts a 310-helical 

conformation, and residues found on the N- and C-termini of helix α3, as well as residues from 

the C-terminal of the inhibitor.14 The interaction area is 1201 Å2. Despite α-amylases and LD 

being closely related, their active site shapes are very different; LD has a wider cleft with space 

for substrate branch chains, while α-amylases have a narrower site. In addition, protease 

inhibition by RBI is effectuated by two residues (R34 and L35, which correspond to S37 and 

R38 of LDI) on the loop equal to loop 1 of LDI (Figure 1a). 

   The LD–LDI complex is almost permanent having a Kd of 42 pM that mainly stems from a 

very low dissociation rate constant (koff, 6.4×10-5 s-1).6 By aid of surface plasmon resonance 

(SPR) analysis the LD–LDI complex formation has been shown to be accompanied by a large 



  

decrease in heat capacity (∆Cp = –0.8 kcal/(K ⋅ mol)) and driven by a free energy change (∆G 

= –13.6 kcal/mol) originating from equally favourable entropy (–T∆S = –7.2 kcal/mol) and 

enthalpy (∆H = –6.5 kcal/mol) changes.6 

   In beer brewing, the presence of LDI could be thought as unwanted as it inhibits the LD 

activity in starch degradation to fermentable sugars, but LDI also protects LD from thermal 

inactivation, the unfolding temperature (Tm) of LD being 65.9°C and that of the complex 

77.4°C. The Tm of LDI alone is 97.4°C.6 The two LDI residues forming a seemingly important 

hydrophobic cluster with LD (L41, and V42) found on helix α2 that succeeds loop 1 (Figure 1) 

mentioned above were previously engineered aiming at finding LDI variants with weaker 

binding to LD that might be relevant for modulating LD activity and stability during beer 

brewing.6 The L41G and L41W mutants resulted in ∆∆G of 2.7 and 0.3 kcal/mol, respectively, 

while a V42D mutation gave ∆∆G = 4.9 kcal/mol. Combining L41G and V42D resulted in a 

significant loss if binding energy (∆∆G = 7.7 kcal/mol).6 

   It may seem intuitive that ultra-high affinity requires highly specific interactions, which are 

sensitive to mutations, hence the interaction is evolutionary optimised with the wild-type (wt) 

sequence lying near the optimum of a fitness landscape. But if only one sequence confers the 

high affinity, the corresponding complex would be very fragile during evolution and could be 

spontaneously destroyed by mutation. It is fundamentally interesting to identify if only a very 

limited number of sequences can provide a high affinity complex. In the picomolar interaction 

between a snake toxin and acetylcholinesterase mutational scanning experiments identified that 

although the toxin sequence was close to optimal, a few mutations could be identified that 

improved the affinity.15 Here, the LD–LDI complex is investigated for i) to what extent the 

ultra-high affinity complex is robust to sequence changes in the protein-protein interface, and 

ii) whether alternative sequences could confer the ultra-high affinity of the complex. The 

interface of LD–LDI was reengineered to identify alternative sequences predicted to have 



  

similar binding affinity using computational protein design. We characterized LDI variants with 

near native binding affinity for LD, but with significantly different interface residues, by using 

SPR analysis, thus creating a useful thermodynamic data set. The mutations presented offer a 

very diverse set of mutants that go beyond alanine substitutions. Hence, the study provides data 

on more subtle sequence-structure-binding relations and could also be useful for improving 

computational methods to predict affinity. Finally, single, double, triple, and quadrupole 

mutants are analysed to dissect the results from the computationally generated variants, and 

yield insight into how the structure of this 114 amino acid LDI protein has been fine-tuned to 

function as an ultra-high affinity inhibitor. 

 

RESULTS AND DISCUSSION  

Searching sequence space for identification of LDI variants with similar binding affinity 

as wt LDI  

A computer-based redesign approach was used for identifying sequences with predicted 

binding affinity similar to wt (Figure 2): Sequence space was searched using an energy-

minimized LD–LDI structure (PDB entry: 4CVW; chains A and C), docking optimization, and 

interface design using the Rosetta Design protocol in RosettaScripts16 aiming to identify LDI 

variants that may have similar or even higher affinity for LD than wt LDI. LDI residues within 

8 Å of LD were allowed to change (excluding cysteines), i.e. 59 LDI residues were included. 

Initially 10 models were generated, followed by generation of 10,000 models. Overall, 

sequence analysis clearly showed that the redesigned LDI sequences were very similar; they 

had the same positions exchanged and there was little variation in the types of amino acids 

introduced. These models were compared with respect to total Rosetta energy, ∆G, and change 

in buried SASA (∆SASA-interface). A multiple sequence alignment of the top-10 scoring 

models (combination of low total Rosetta energy, low ∆G, and ∆SASA like the wt complex) 



  

showed that they were similar to each other with only few deviating positions. Based on the 

energies and structural investigations two of the generated models (LDI-A and LDI-B) were 

chosen as basis for further computational analysis. LDI-A and LDI-B had 12 and 13 changed 

positions (Figure 3), respectively, compared to wt LDI, which represents more than half of the 

residues within 4 Å of the target protein LD, but only one fifth of the total number of LDI 

residues allowed to change. The positions belonged to LDI helices α1 and α2, and the long 

loop 3. In addition, both models had H17 of the N-terminal segment replaced by tryptophan. In 

general, hydrophobic, hydrophilic and electrostatic changes were involved (Figure 3). When 

examining the models, the new residues seemed to improve packing at the interface, however, 

as a result possible hydrogen-bonds between LDI and LD were weakened or lost, as seen for 

example in the case of the H17W mutation (Figure 4b,c). Furthermore, some of the mutations 

resulted in more intramolecular interactions in LDI (Figure 4). The impact of each of the 

changed positions on the ∆G of complex formation was computationally evaluated by mutating 

the residues at each position one at a time back to the wt residue using Rosetta. A change in 

∆∆G of at least –1 Rosetta energy unit was defined as significant, hence when a back mutation 

had an impact less than that, the wt residue was kept. Furthermore, V42 was excluded for 

mutation, since a previous experimental study had found this residue to be important for 

binding.6 Based on mutational analysis using Rosetta combined with visual inspection of LDI-

A and LDI-B models, two versions of each of these models were selected for experimental 

investigation (Figure 3). The two versions of each of LDI-A and LDI-B complemented each 

other; one having additional mutations in the N-terminal segment and loop 3 to probe the impact 

of these regions at the opposite side of the previously recognized hot-spot at the rim of the 

interface. The two LDI-A variant versions had two (LDI-A_2) and five (LDI-A_5) 

substitutions, while the two LDI-B versions possessed five (LDI-B_5) and seven (LDI-B_7) 

substitutions (Figure 3). All four models had a total Rosetta energy in the same range (–1457 



  

to –1453 Rosetta units), which was significantly better than the energy of the wt complex (–

1152 Rosetta units). However, the calculated ∆G values of the LDI-A versions were in the range 

of the wt complex, while the LDI-B variants had significantly lower ∆G (Table 1). Likewise, 

the ∆SASA of the two LDI-A versions was similar to wt, while the ∆SASA of the LDI-B 

versions were approx. 200 Å2 larger. The LDI-A and LDI-B had a more hydrophobic and less 

polar ∆SASA as compared with the wt complex (Table 1). 

 

Surface plasmon resonance analysis of LDI-A and LDI-B variants 

Genes encoding the LDI-A and LDI-B variants were synthesized and recombinantly expressed. 

SPR analysis was done to determine the affinity of the redesigned complexes: The recombinant 

LDI variants were immobilised on sensor chips and wt LD was passed over. It was possible to 

obtain kinetic data for LDI-A_2 and LDI-B_5, whereas due to much reduced affinity only 

steady state measurements were achieved for LDI-A_5 and LDI-B_7 (Table 2). LDI-A_2 and 

LDI-B_5, only mutated in helix regions, had similar Kd as wt LDI, but the wt complex still 

showed highest affinity. LDI-A_5 and LDI-B_7 containing additional mutations in the N-

terminal segment and the long loop 3 lost affinity significantly, still though with Kd-values in 

the sub-µM to nM range. LDI-B_5 bound LD with a similar binding affinity as wt LDI despite 

three of the substituted residues were in direct contact with LD in the wt complex structure. In 

the predicted LDI-B_5 model, four of the five substituted residues are in direct contact with 

LD; hence an additional interaction has been introduced as compared with the LD-LDI wt 

complex structure. Notably, LDI-B_7 was better than LDI-A_5, even though LDI-B_7 has two 

extra mutations in helix α1 and one extra mutation in helix α2 (Figure 3). Probably either the 

additional mutations compensate for the other mutations, or helix α1 is not important for 

binding. This cannot be settled based on the present data. 



  

Based on the results from the four LDI variants, it can be concluded that the set of introduced 

mutations were not stabilising for the complex, despite the computational predictions. In 

general mutations are more likely to be destabilizing so that mispredictions are more often 

resulting in decreased affinity. It is thus possible that some of the individual mutations enhance 

affinity, but the combination does not. It is also possible that the mutations are non-additive, 

something we explore in the next section. In general, energy functions used in protein design 

are better at describing the amino acid preferences in the protein core rather than at the surface. 

A computational alanine scanning of the LD-LDI interface (Table S1) suggests that many 

residues which contribute to binding are charged and polar residues and that the effects are 

spread out through the interface. Such interfaces are typically challenging to describe for the 

Rosetta energy function, especially if interactions are water mediated. Some sequence 

improvements may be found with the latest energy function of Rosetta, which was not available 

when these calculations were made.17  

 

Energetic coupling between distant structural elements of LDI 

The results from the LDI-A variants indicated that residues from different parts of the interface 

have an influence on each other, even though they are not in direct contact or found on the same 

structural element. LDI-A_2 (E44W and R45Q) maintained wt affinity despite being on helix 

α2, which dock into the active site cleft of LD, while LDI-A_5 had reduced affinity (∆∆G = 

3.9±0.03 kcal/mol) (Table 2). As compared with LDI-A_2, LDI-A_5 had three additional 

mutations (H17W, R84H, and R85N; Figure 3) found on the N-terminal segment and the long 

loop 3. To dissect the interplay between the five substituted positions of LDI-A_5, five single 

mutants were analysed by SPR. Among these H17W gave the largest change in ∆∆G (1.7±0.03 

kcal/mol), while a smaller effect was seen for E44W, R45Q, and R85N and the affinity of the 

R84H variant was the same as for wt (Table 2). According to the models, replacing H17 with 



  

tryptophan should improve the packing in that area, however the interaction through LDD579 

was significantly weakened, and the possibility to interact intramolecularly with E78 from loop 

3 was lost (Figure 4a–c). The two single variants E44W and R45Q showed larger, albeit still 

modest, changes in ∆∆G than the corresponding double variant (LDI-A_2). The additive ∆∆G 

(3.6 kcal/mol) of the five mutations was close to the ∆∆G (3.9±0.03 kcal/mol) of LDI-A_5.  

   Six multiple mutants were also included in the analysis. They focused on the interplay 

between the three different structural elements with positions mutated in LDI-A_5; the N-

terminal segment (H17), helix α2 (E44 and R45), and the long loop 3 (R84 and R85) (Figure 

1a). Three double variants (H17W_E44W, H17W_R45Q, and H17W_R85N) had reduced 

affinity for LD, with H17W_R85N showing the largest affinity loss (Table 2). It was 

unexpected that the combination of H17W and R85N would yield a ∆∆G = 3.7±0.03 kcal/mol, 

i.e. a ∆∆G value in the same range as for LDI-A_5, since the sum of these two mutations was 

only 2.5 kcal/mol. This finding implies that there is an energetic coupling effect across the 

interface. In the wt structure R85 of LDI interacts with the carboxyl group of LDE729, while R84 

interacts with the backbone carbonyl of LDD730 (Figure 4g). LDD730 moreover interacts with 

R34 of LDI, previously shown to be a hotspot,6 hence destabilisation of loop 3 can also 

destabilise this interaction. However, an analysis of the double LDI mutant R84H_R85N 

showed a modest change in ∆G (0.7±0.06 kcal/mol), and therefore H17W seems to play a key 

role and R85 most likely contributes to the LD–LDI affinity through the direct interaction with 

LD and not by stabilising the LDI structure. 

   Both H17W_E44W and H17W_R45Q showed that there is an energetic coupling effect 

despite the structural distance of the mutated positions (Figure 1b) as the ∆∆G for these double 

mutants was not as high as expected based on simple addition (Table 2). Thus, the 

H17W_E44W variant had a ∆∆G similar to H17W alone, and hence it seems that E44W 

compensates for the effect of H17W or vice versa. Furthermore, the LDI-A_2 variant 



  

E44W_R45Q had ∆∆G = 0.1±0.03 kcal/mol, whereas based on the ∆∆G values of the individual 

mutations it was expected to be 1.1 kcal/mol. So, these two mutations also compensate for each 

other. This type of relation was moreover seen for the two analysed quadruple mutants, which 

corresponded to LDI-A_5 without replacement of either E44 or R45. Both mutants had 

measured ∆∆G values higher than ∆∆G of LDI-A_5, while the additive ∆∆G values calculated 

based on the single mutants were more than 1 kcal/mol lower (Table 2). 

 

Importance of rigidity of loop 3  

The results from the LDI H17W_R85N double variant that had the largest affinity loss among 

the double mutants (∆∆G = 3.7±0.03 kcal/mol), indicated that the long loop 3 plays an 

important role in binding, even though it has only a few contact points with LD (Figure 4g). 

R85 of LDI interacts with LDE729, while H17 is participating in inter- and intramolecular 

interactions with LDD579 and E78 found on loop 3 (Figure 4g). To evaluate the importance of 

the intramolecular interaction between H17 and E78, a single mutant LDI E78Q was made. 

∆∆G of E78Q was 1.2±0.07 kcal/mol, i.e. with smaller impact than H17W (1.7±0.03 kcal/mol). 

This difference between the E78Q and H17W variants possibly reflects that H17, besides the 

intramolecular contact with E78, interacts directly with LDD579. H17W thus disturbs both inter- 

and intramolecular interactions. Still, the intramolecular contact between H17 and E78 is more 

important for binding than the interaction between LDI H17 and LDD579, which, to some extent, 

is still maintained when H17 is mutated to tryptophan. Hence, a rigidified loop 3 as well as the 

overall structural stability of LDI owing to the four disulphide bridges contribute to an efficient 

binding and recognition process. 

   The long loop 3 (except a short segment from helix α3 to E78) is structurally conserved 

between LDI and two related cereal type inhibitors (Figure 5). Their sequence similarity is 

modest (37–58%), but the structural conservation is high (RMSD: 0.78-1.18Å), even when 



  

NMR and crystal structures of free inhibitor or complex structures are compared, as in case of 

RBI (PDB entries: 1TMQ, 1B1U, and 1BIP). The H17 and E78 of LDI are conserved in RBI 

and the corn Hageman factor inhibitor (CHFI; PDB entry: 1BEA) (Figure 5), suggesting this 

pair is structurally important. Among proteins related to LDI, most have histidine and aspartate 

at the sequence position equal to H17 and E78, respectively.6 

   It seems, moreover, that a destabilisation of the rim area of the binding interface involving 

either R34 or R38 at one side of the interface or H17 at the opposite side and/or of the long loop 

3, can be compensated by exchanging residues at the centre of the interaction surface (Figure 

1b): The SPR results for the LDI-B_7 interestingly showed that by mutating H17 and R85 in 

addition to the mutated residues of LDI-B_5 (H24E_I28R_E44W_R45K_R48Q) found at the 

centre of the interface resulted in a smaller change in the ∆∆G value than expected based on 

the H17W_R85N variant having ∆∆G of 3.7±0.03 kcal/mol, while the ∆∆G of LDI-B_7 was 

3.1±0.03 kcal/mol (Table 2). LDI-B_5 had the same affinity as wt. In the LDI-B_5 model, all 

mutated residues except I28R are interacting with LD, but H24E interacts with I28R and it is 

not unlikely that I28R can interact directly with LD, depending on the rotamer position. 

According to the LDI-B models, the substitution of H24 with glutamic acid has both resulted 

in an additional interaction with LDN555 and an additional intramolecular interaction with the 

introduced arginine at position 28 (I28R) as compared with the wt structure (Figure 4i). 

 

Kinetic and mutational signature of LD-LDI in relation to other high-affinity protein-

protein complexes 

Comparison of the kinetic parameters of the wt complex with data deposited in the SKEMPI 

v2.0 database18 (Table 3) suggests that they are in the same range as other high-affinity protein-

protein complexes. Lower stabilities are primarily associated with changes in koff. This is 

consistent with what is typically observed when mutations that reduce affinity are introduced. 



  

Data from the SKEMPI database demonstrate that koff changes are generally larger than changes 

in kon (Figure S2). The effect of single mutations are also in line with what has been observed 

for other high-affinity complexes: most lead to a significant destabilization (defined as ΔΔG > 

0.4 kcal/mol).15,19 Of the single mutants tested in this study, only R84H is neutral (Table 2). 

Nonetheless, our data show many mutations can be combined without significant changes to 

ΔG. Two multi-mutant variants have ΔΔG values of 0.1 kcal/mol. This would not have been 

possible to predict from the single or double mutants and suggests that non-additive effects can 

play a substantial role in the thermodynamics of binding. 

 

Rational engineering of LDI 

To determine how many mutations can be introduced in LDI without significantly changing the 

affinity for LD, two additional variants (LDI-C and LDI-D) with multiple mutations were 

constructed based on the information gained from all the other variants analysed in the present 

and a previous study.6 By combining the computational redesign, which has reduced sequence 

space, and with the knowledge from the analysed point mutations, one can get an impression 

of; i) if the high affinity depends on the wt sequence representing a fully optimised outcome of 

the evolution, where every interacting residue plays a role or ii) if evolution has not yet reached 

a fully optimised binder as this might not be needed in barley seed physiology. 

   The sequence of LDI-C was essentially as LDI-B_5, but with R45 mutated to glutamine rather 

than lysine, since LDI-A_2 with glutamine at that position actually maintained wt affinity, and 

the single R45Q variant showed only modest reduction in affinity (∆∆G = 0.4±0.03 kcal/mol). 

The outcome of changing this position from lysine in LDI-B_5 to glutamine in the LDI-C 

variant increased ∆∆G from 0.1±0.03 kcal/mol to 1.1±0.03 kcal/mol, even though the R45Q 

mutation alone gave, 0.4±0.03 kcal/mol and the double variant E44W_R45Q 0.1±0.03 



  

kcal/mol. These differences indicate that the characteristics of the residue at position 45 and its 

interplay with other nearby LDI interface residues significantly influence the binding affinity. 

   The fourth LDI variant, LDI-D, stems from information on the other multiple variants made 

with the aim to replace as many residues as possible, while maintaining good affinity. Thus 

LDI-D essentially combines what appeared the best substitutions from the LDI-A and LDI-B 

variants. With ∆∆G = 2.6±0.03 kcal/mol LDI-D, although not at the LDI wt affinity level, was 

the best of the variants with 7 modified positions. 

   The high affinity of the LD–LDI complex depends on residues at the rim of the interaction 

interface, unlike the classical hotspot arrangement of key residues situated at the centre of the 

interface. Interface residues of LDI found at the centre and the rim could be exchanged by 

amino acids with properties different from the wt residues and still maintaining high affinity. 

Based on the results it is shown that many sequences are compatible with high affinity binding. 

From the organismal point of view, it can be beneficial that the high affinity does not rely on 

only a few residues, since this makes the interaction less prone to be lost by mutational drift in 

the course of evolution. 

   The backbone of LDI is structurally conserved among related inhibitors from different 

cereals, however, they have different kinds of target enzymes and different modes of inhibition. 

Hence, this together with the results presented here shows that evolution has benefitted from a 

backbone structure that can be optimised for very different targets. This makes it an interesting 

scaffold for engineering of new binding molecules.  

 

MATERIALS AND METHODS 

Computational redesign 

The crystal structure of the LD–LDI complex (PDB entry: 4CVW) was used as template for 

the computational design. First a relaxation of the structure was done using the Rosetta software 



  

package.20 The redesign using the relaxed structure as template was done using 

RosettaScripts.16 A dock followed by one-sided fixed backbone design approach was used. It 

consisted of three rounds of dock and design using change in ∆G (∆∆G), ∆SASA, and rmsd as 

filters (∆∆G threshold = –15; ∆SASA threshold = 800; rmsd threshold = 5) and using 

Talaris2013 as score function. Residues of LDI within 8 Å of LD were allowed to be mutated 

to any amino acid with the only exception that cysteines of LDI was not allowed to be replaced. 

In total 10,000 models were generated. The two selected models, LDI-A and LDI-B, were 

further analysed by using a RosettaScript where each mutated position in the two models were 

mutated back to wt residues. Prediction of ∆∆G values for mutating to alanine was done with 

the DdGScan mover using the ref2015 energy function. ∆∆G values were computed by taking 

the difference in energy after sidechain repacking between the proteins in the bound state and 

the energy after sidechain repacking in a configuration where the binding partners are unbound. 

Because repacking is a stochastic process, the energy values were taken as the result after 

averaging of 5 independent repacking simulations. 

 

Production of LDI variants 

Synthetic DNA (Invitrogen GeneArt Gene Synthesis) encoding the LDI variants identified from 

the computational redesign as well as selected point mutants (LDI H17W and LDI 

H17W_R84H_R85N) were cloned into the pPICZαA vector (Invitrogen) using the EcoRI and 

KpnI restriction sites according to standard protocols. Point mutations were introduced using 

the Q5 Site-Directed Mutagenesis Kit (New England BioLabs) with the primers and templates 

listed in Table 4. The pPICZαA-LDI-variant plasmids were linearised using FastDigest MssI 

(Thermo Scientific) and transformed into Pichia pastoris X-33 by electroporation following 

the instructions for EasySelect Pichia Expression Kit (Invitrogen). Transformants were 

screened for protein production and the best yielding were used for production of LDI variants 



  

in shake flask cultures (750 ml) according to the manual for the EasySelect Pichia Expression 

Kit (Invitrogen) induced by methanol for 72 hrs at 20°C. The proteins were purified by a two-

step protocol of HisTrap affinity chromatography and gel filtration as described previously.21 

 

Surface plasmon resonance analysis 

Interaction between LDI variants and recombinant LD (produced and purified as previously 

described22) was determined using SPR analysis (BIAcore T100; GE Healthcare) essentially as 

previously described.6 LDI variants (maintaining the C-terminal His-tag) were covalently 

immobilized on CM5 sensor chips (GE Healthcare) by amine coupling following the 

manufacture’s protocol using 5–10 µg/ml protein in 5 mM acetate buffer pH 4. The amine 

coupling will result in covalently coupling via primary amine groups of lysine residues or the 

N-terminus. The immobilization level was 200–400 response units. The analysis comprised 4 

min of association, 15 min of dissociation, and two cycles (40 s and 30 s) of regeneration with 

10 mM glycine HCl, pH 1.5; flow rate 30 μl/min. The binding analysis was done at 25°C using 

eight LD concentrations (0.1–8 nM for wt, LDI-A_2, LDI-B_5+7, all the single mutants, 

H17W_E44W, H17W_R45Q, and R84H_R85N; 1.6–320 nM LD for the rest of the variants) 

in 10 mM Mes/NaOH pH 6.0, 150 mM NaCl, 0.005% P-20 surfactant. The protein 

concentration of LD was determined by A280 using an extinction coefficient of 1.52×105 M-

1cm-1 determined by amino acid analysis,23 while the concentration of the LDI variants were 

determined by A280 based on theoretical extinction coefficients. The data were analysed using 

the BIAcore T100 Evaluation Software (ver. 1.1) with a 1:1 binding model or the steady state 

model. 
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TABLE 1. Information from Rosetta about the wt LD–LDI complex as well as the final 

complex models experimentally analysed in the present study. 

Model 
Total Rosetta scorea 

(Rosetta energy) ∆G binda,b ∆SASAa,c 
(Å2) 

∆SASA, hydrophobica/ 
∆SASA, polara 

wtLD–wtLDI -1152 -31 2769 0.94 
wtLD–LDI-A_2 -1456 -33 2708 1.31 
wtLD–LDI-A_5 -1455 -35 2725 1.33 
wtLD–LDI-B_5 -1453 -45 2914 1.20 
wtLD–LDI-B_7 -1457 -48 2960 1.21 

 
aInformation obtained from the Rosetta application InterfaceAnalyzer. bThe change in Rosetta 

energy when the interface forming chains are separated, versus when they are complexed: thus 

“the binding energy”. Calculated by actually separating (and optionally repacking) LDI from 

LD. c Change in the solvent accessible area buried at the interface. 



  

TABLE 2. SPR analysis of computationally redesigned LDI variants. When only a Kd value is given, it is calculated based on steady state results. See 

Figure S1 for representative SPR data for the LDI-A and LDI-B variants. 

LDI variant 
kon 

(M-1s-1) 
koff 

(s-1) 
Kd 

(M) 
∆∆Ga 

(kcal/mol) 

Expected 
∆∆G based 

on additivity 
(kcal/mol)b 

wtc (1.5 ± 0.02)⋅106 (6.4 ± 0.20)⋅10-5 (4.2 ± 0.20)⋅10-11 0.0  
Variants with the purpose of making a better/equal binder      
LDI-A_2: E44W_R45Q (1.2 ± 0.02)⋅106 (6.0 ± 0.02)⋅10-5 (4.9 ± 0.01)⋅10-11 0.1±0.03 1.1 
LDI-A_5: H17W_E44W_R45Q_R84H_R85N – – (2.9 ± 0.04)⋅10-8 3.9±0.03 3.6 
LDI-B_5: H24E_I28R_E44W_R45K_R48Q (1.4 ± 0.01)⋅106 (6.7 ± 0.12)⋅10-5 (5.0 ± 0.05)⋅10-11 0.1±0.03  
LDI-B_7: H17W_H24E_I28R_E44W_R45K_R48Q_R85N – – (7.5 ± 0.03)⋅10-9 3.1±0.03  
LDI-C: H24E_I28R_E44W_R45Q_R48Q (8.4 ± 0.08)⋅105 (2.2 ± 0.00)⋅10-4 (2.6 ± 0.03)⋅10-10 1.1±0.03  
LDI-D: H24E_I28R_E44W_R45Q_R48Q_R84H_R85N (9.2 ± 0.23)⋅105 (3.0 ± 0.06)⋅10-3 (3.2 ± 0.01)⋅10-9 2.6±0.03  
Variants for evaluation of the computationally redesigned 
variants      

H17W (7.9 ± 0.04)⋅105 (5.6 ± 0.16)⋅10-4 (7.1 ± 0.16)⋅10-10 1.7±0.03  
E44W (6.7 ± 0.13)⋅105 (8.9 ± 0.12)⋅10-5 (1.3 ± 0.04)⋅10-10 0.7±0.03  
R45Q (8.3 ± 0.06)⋅105 (6.7 ± 0.20)⋅10-5 (8.1 ± 0.18)⋅10-11 0.4±0.03  
E78Q (1.6 ± 0.11)⋅106 (5.3 ± 0.21)⋅10-4 (3.4 ± 0.37)⋅10-10 1.2±0.07  
R84H (1.2 ± 0.01)⋅106 (5.2 ± 0.20)⋅10-6 (4.4 ± 0.15)⋅10-11 0.0±0.03  
R85N (1.1 ± 0.03)⋅106 (1.8 ± 0.03)⋅10-4 (1.6 ± 0.02)⋅10-10 0.8±0.03  
H17W_E44W (1.1 ± 0.02)⋅106 (6.7 ± 0.21)⋅10-4 (6.1 ± 0.33)⋅10-10 1.6±0.04 2.4 
H17W_R45Q (1.2 ± 0.03)⋅106 (1.1 ± 0.02)⋅10-3 (9.4 ± 0.03)⋅10-10 1.8±0.03 2.1 
H17W_R85N – – (2.2 ± 0.05)⋅10-8 3.7±0.03 2.5 
H17W_R84H_R85N – – (2.3 ± 0.02)⋅10-8 3.7±0.03 2.5 
H17W_E44W_R84H_R85N – – (5.7 ± 0.32)⋅10-8 4.3±0.04 3.2 
H17W_R45Q_R84H_R85N – – (4.0 ± 0.09)⋅10-8 4.1±0.03 2.9 
R84H_R85N (8.1 ± 0.13)⋅105 (1.0 ± 0.07)⋅10-4 (1.3 ± 0.10)⋅10-10 0.7±0.06 0.8 

a∆∆𝐺𝐺 = 𝑅𝑅𝑅𝑅 ln 𝐾𝐾d,mut
𝐾𝐾d,wt

. Calculations based on Albeck et al.24. 

bCalculated as the sum of ∆∆G of each single mutation. This information can tell if the mutations are additive or not.25 

cData for wt LDI is based on Møller et al.6 

 



  

TABLE 3. Kinetic parameters for protein-protein complexes with Kd < 1·10-9 M extracted from 

the SKEMPI v2.0 database.18 

Protein-protein complex kon 
(M-1s-1) 

koff 

(s-1) 
Kd 

(M) 
Ribonuclease inhibitor/Angiogenin 2.8 ⋅ 108 1.4 ⋅ 10-7 5.0 ⋅ 10-16 

Barnase/Barstar 3.7⋅ 108 3.7 ⋅ 10-6 1.0 ⋅ 10-14 

Trypsin/BPTI 9.9 ⋅ 105 5.0 ⋅ 10-8 5.0 ⋅ 10-14 

β-lactamase/BLIP-II 1.9 ⋅ 106 6.0 ⋅ 10-7 3.0 ⋅ 10-13 

Subtilisin BPN/chymotrypsin inhibitor 2 5.5 ⋅ 106 3.9 ⋅ 10-6 7.0 ⋅ 10-13 

scaC cohesion/scaB dockerin 2.1 ⋅ 106 4.2 ⋅ 10-5 2.0 ⋅ 10-11 

HyHEL-10/HEW Lysozyme 1.9 ⋅ 106 5.4 ⋅ 10-5 3.0 ⋅ 10-11 

LD/LDI 1.5 ⋅ 106 6.4 ⋅ 10-5 4.2 ⋅ 10-11 

M12B9 fab/Vaccinia L1 5.1 ⋅ 108 4.8 ⋅ 10-5 9.0 ⋅ 10-11 

α-chymotrypsin/PMP-C insect inhibitor 8.0 ⋅ 105 1.6 ⋅ 10-4 2.0 ⋅ 10-10 

Herceptin/erbB-2 7.0 ⋅ 105 4.0 ⋅ 10-4 5.0 ⋅ 10-10 

Interferon α-2/Interferon α/β receptor 2 1.0 ⋅ 107 5.0 ⋅ 10-3 5.0 ⋅ 10-10 

Protein A-Z/IgG1 Fc 8.8 ⋅ 106 5.0 ⋅ 10-3 6.0 ⋅ 10-10 

Bone morphogenetic protein-2/BMPR-IA receptor 3.4 ⋅ 105 2.4 ⋅ 10-4 7.0 ⋅ 10-10 

Human growth hormone/hGH binding protein 3.0 ⋅ 105 2.7 ⋅ 10-4 9.0 ⋅ 10-10 

 

  



  

TABLE 4. Mutagenesis primers used for obtaining the specified gene constructs. Small letters 

indicate bases to be mutated; f, forward primer; r, reverse primer. 

LDI mutant LDI template Primer sequences (5ʹ→3ʹ) 

E44W wt LDIa f: gtgGCGGTGCTGCCGGGAGCT 
r: ttcaCCAGCATGGGCCGGCTGG 

R45Q wt LDIa f: GGTGAAGGAGcagTGCTGCCGGG 
r: AGCATGGGCCGGCTGGGA 

E78Q wt LDIa f: CCGCGTGGTTcagGGACGGCTCG 
r: CCCTCCGGCGTGCGCACC 

R84H wt LDIa f: GCTCGGTGACcatCGTGACTGCCCGAG 
r: CGTCCCTCAACCACGCGG 

H17W_E44W_R84H_R85N H17W_R84H_R85Nb f: gtgGCGGTGCTGCCGGGAGCT 
r: ttcaCCAGCATGGGCCGGCTGG 

H17W_R45Q_R84H_R85N H17W_R84H_R85Nb f: GGTGAAGGAGcagTGCTGCCGGG 
r: AGCATGGGCCGGCTGGGA 

H17W_E44W H17Wb f: gtgGCGGTGCTGCCGGGAGCT 
r: ttcaCCAGCATGGGCCGGCTGG 

H17W_R45Q H17Wb f: GGTGAAGGAGcagTGCTGCCGGG 
r: AGCATGGGCCGGCTGGGA 

H24E_I28R_E44W_R45Q_ 
R48Q_R84H_R85N 
(LDI-D) 

H24E_I28R_E44W_ 
R45Q_R48Qb 
(LDI-C) 

f: GCTCGGTGACcataatGACTGCCCGAGGGAGG 
r: CGTCCCTCAACCACGCGG 

aSee Jensen et al.21 for further information. bSynthetic gene cloned into pPICZαA.  

  



  

FIGURE LEGENDS 
 

FIGURE 1. Structural overview of the LD–LDI complex. (a) Overall structure of LDI (orange; 

PDB entry: 4CVW) in complex with LD (grey surface; catalytic residues indicated in cyan). 

Selected structural elements are highlighted: N-terminal segment (wheat), loop 3 (teal), and 

R38 (sticks) that interacts with the catalytic residues of LD. (b) Overview of the interaction 

interface of LDI: Interface residues of LDI (distance < 4 Å) are coloured according to type: 

charged (positive, blue; negative, red), hydrophilic (green), hydrophobic (pink), and special 

cases (grey). Residues previously shown by Møller et al.6 to be important for binding to LD 

are encircled (black broken line). The view is a 180º flip around the y-axis of the view shown 

in (a). 

FIGURE 2. Diagram showing the workflow of the study. 

FIGURE 3. Sequence alignment of the two LDI variants (LDI-A and LDI-B) initially obtained 

by computational guided redesign and the four variants finally produced. Positions different 

from wt LDI are indicated by different colours according to the property of the residues as in 

Figure 1b: charged (positive, blue; negative, red), hydrophilic (green), hydrophobic (pink), and 

aromatic (orange). Positions mutated in the final mutants are indicated by asterisks. Secondary 

elements as well as eight cysteines forming disulphide bridges (no. 1–4) are indicated above 

alignment. 

FIGURE 4. Comparison of model LDI-A_5 and LDI-B_7 with wild-type structure (PDB 

entry: 4CVW). Residues of LD (grey) in contact with LDI (wt and mutants; orange) are shown 

as sticks. In the wild-type panels residues involved in contacts in the two models are included 

even though they are not involved in contacts in the wild-type structure. The side chain of wt 

LDI R48 was not completely solved in the crystal structure due to too weak electron density 

indicating conformational flexibility of this residue. 



  

FIGURE 5. Comparison of inhibitors related to LDI focusing on structural similarities of loop 

3, H17 and E78 of LDI. LDI (orange, PDB entry: 4CVW), RBI (blue, PDB entry: 1TMQ, 

inhibitor-enzyme complex crystal structure; cyan, PDB entry: 1B1U, crystal structure, RBI 

alone; teal, PDB entry: 1BIP, NMR structure), and CHFI (purple, PDB entry: 1BEA). H17 and 

E78 of LDI as well as residues equal to those from RBI (PDB entry: 1TMQ) and CHFI are 

shown as sticks. 
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