Loop replacement design: a new way to improve potency of plant cystatins
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Abstract

Plant cystatins function as competitive inhibitors of cysteine proteases. Similar to other
defence proteins, cystatins include hypervariable, positively selected amino acid sites
presumably impacting their biological activity. Protein engineering approaches, such as
point mutations, at these functionally relevant amino acid sites have already been found to
be a powerful tool in improving the inhibitory properties of cystatins. Such engineered
cystatins not only better protect against digestive proteases of herbivorous arthropods but
also against cysteine proteases of several other plant pests as well as against cysteine
proteases produced in plant during stress-induced senescence. Despite previous
engineering successes, an urgent need still exists to further improve both plant cystatin
potency and specificity. Tremblay and colleagues propose in this issue a new cystatin
engineering strategy to substitute the function-related structural elements (SEs) of a
cystatin by the corresponding elements of an alternative cystatin. This strategy, possibly
combined with direct cystatin gene editing in a target plant, might provide an innovative
way to control cysteine protease activity.
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LRD - loop replacement design
SE - structural element

SpCas9 - streptococcus pyogenes Cas9



Introduction

Plant cystatins function as competitive inhibitors of cysteine proteases. They act, for
example, as inhibitors in the digestive tract of herbivorous arthropods causing amino acid
shortage, growth delays and eventual death of the herbivorous enemy [[1, 2]]. Engineering
of cystatins is therefore a powerful tool to improve the inhibitory properties of the inhibitor
against digestive proteases of herbivorous arthropods [[3, 4]]. In protein engineering, a
protein sequence is modified through substitution, insertion or deletion of nucleotides in
the encoding gene, with the goal of obtaining a modified protein that is more suitable for a
particular application or purpose than the unmodified protein. The recent methodological
progress in, and also novel applications of, protein engineering and directed evolution in
plant research has been recently reviewed [[5]]. Particularly, previous cystatin engineering
approaches have included, as a feasible and powerful strategy to obtain more potent and
specific cystatins, either the substitution of amino acids in individual cystatins or the
creation of cystatin fusions. Plant cystatins have hypervariable, positively selected amino
acid sites which impact their biological activity. Specifically, these sites have been targeted
in the past to optimize cystatin action [[6, 7]]. In a first ground-breaking work, positively
selected amino acid sites were identified in cystatins which allowed for successful
modulation of their inhibitory profile [[8]]. These positively selected amino acid sites were
specifically located at strategic positions on the protein. They included, for example, sites
surrounding the conserved glycine residues in the N-terminal region. Other sites are located
within the first and second inhibitory loops entering the active site of target enzymes, and
adjacent to a conserved LARFAV motif in the a-helix. In particular, amino acid substitutions
in the N-terminal trunk, or the inhibitory loops, of cystatins proved highly useful to enhance,
for example, the inhibitory potency or changing the affinity profile of plant cystatins
towards insect cysteine proteases [[9]].

Loop replacement as a new tool

Cystatin engineering by taking advantage of the potential of existing alternative cystatins as
a source of function-related structural elements, as proposed by Tremblay and colleagues, is
an interesting new and innovative approach [[10]]. They specifically applied a ‘loop
replacement design’ (LRD) by which a function-related element of a protein is changed for
the corresponding element of a related protein [[11]]. Such an approach allows
conformational changes on a length scale and not only at a selected amino acid site. In their
LRD approach, they followed the scheme by first applying protein modelling aimed to
establish a cystatin model. Modelling also included replacing a loop of the cystatin model by
a naturally occurring loop from an existing cystatin to create various cystatin hybrids. These
hybrids were designed in silico by substituting the N-terminal trunk, first inhibitory loop
and/or second inhibitory loop of a model tomato cystatin with corresponding element(s) of
cystatins derived from different plant taxa. Cystatin—cysteine protease docking simulations
were then carried out to evaluate the binding of the newly created hybrid cystatin to a
target model cysteine protease. Finally, the newly designed hybrid cystatins were
recombinantly expressed and then tested in assays for potency against protease containing
extracts. Figure 1 provides a general overview of the test scheme followed. Overall, this
excellent work by Tremblay and colleagues has clearly demonstrated the potential of
naturally occurring cystatins as a reservoir for structural elements to generate potent broad-



spectrum cystatins. Work has further demonstrated the overall power of protein modelling
to rationally design hybrid plant cystatins with higher potency and specificity. LRD-designed
hybrid cystatins might ultimately not only be applicable to protect against digestive cysteine
proteases in pests but also against cysteine proteases expressed in plants, for example,
during stress-induced senescence. In particular, cysteine proteases, which are naturally
recalcitrant to cystatin inhibition, might also be among the targets for such hybrid cystatins.
Such proteases, which sustain leaf consumption and larval growth, include proteases that
are specifically upregulated in the Colorado potato beetle to prevent cystatin action [[12]].

in silico in vitro

¥ 4
2 5

+ Inhibitor design * Recombinant inhibitor expression
* Inhibitor : protease * Inhibitor : protease kinetic
interaction prediction analysis

Fig. 1. Scheme of in silico cystatin hybrid design and cystatin—cysteine protease docking simulations followed
by in vitro assays testing cystatin hybrid for potency against proteases and protease-containing extracts and
final in vivo expression of newly designed hybrid cystatin in plants after cystatin editing to obtain improved
potency.

Where to go

The question is, however, where to go next and what potential does this new LRD strategy
actually have? Tremblay and colleagues propose several useful immediate follow-up studies
for further experimental proof of the strategy. Such experiments include comparison of the
protective effect of potent cystatin hybrids with potent natural cystatins or single-variant
cystatins and also to test replacement of further ‘structural elements’. As Tremblay and
colleagues outline, an unsolved question at this point is, however, the actual relevance of
the new approach in practice. In this regard, the functional variability among members of
the plant cystatin family and any possible negative effects of any high inhibitory efficiency,
already measured for some hybrid cystatins, have to be carefully considered. In addition,
serious doubts have been previously raised about the actual agricultural application
potential of any engineered cystatin. This scepticism is based on findings that cystatin-
mediated protection against pests is generally lower than that provided by potent
conventional chemical pesticides. In the past, any cystatin engineering approach was further
strongly driven by the prospect to use such engineered cystatins in genetically engineered
plants, and plant genetic engineering was an attractive option for plant improvement [[4]].
In recent years, however, any further major research in cystatin engineering unfortunately
suffered from the declining interest in genetically engineered plants in many parts of the
world due to non-scientific public and political resistance against such plants and also
possible biosafety concerns.



Research results of Tremblay and colleagues will, without doubt, form an interesting future
basis for gene editing to directly engineer a selected cystatin in the genome of a target
plant. The ability to efficiently edit plant genomes at scale currently alters our approach to
trait development. Gene editing has the advantage that an engineered cystatin transgene
requiring sufficient expression does not have to be first integrated into the plant genome.
Gene editing already works in both monocot (e.g. maize, wheat and rice) and dicot (e.g.
tomato, potato and soybean) crop species [[13]]. A further interesting approach is cystatin
editing directly in a ‘bio-factory’ plant like tobacco to ultimately establish a master bio-
factory plant where cysteine proteases no longer compromise foreign protein production. In
general, plant genome editing has currently been mostly achieved by transferring DNA
encoding the Streptococcus pyogenes Cas9 (SpCas9) protein and an engineered guide RNA
into plant cells by Agrobacterium-mediated transformation followed by regeneration of an
edited plant through a tissue culture process [[14]]. The gene-editing revolution has been,
however, slow to be realized in plants due to the still inefficient delivery methods of DNA
allowing for constitutive expression of the CRISPR/Cas9 machinery for targeted DNA
modifications. New technological approaches, such as de novo induction of gene-edited
meristems and the use of RNA viruses, to create gene edits through infection, are therefore
currently being tested [[15]]. There are also additional challenges due to lack of editing
efficiency and off-target mutations in the edited products [[15, 16]]. Furthermore, precision
breeding of plants through gene editing is still banned in the EU following a 2018 ruling by
the European Court of Justice. This technique is subject to the 2001 EU directive banning
genetically modified organisms (GMOs). In a break with the European Union’s stance, the
United Kingdom, however, plans to ease requirements for field research. Gene-edited crops
are no longer required to submit risk assessments [[17]]. But the UK government still does
not allow selling such products in supermarkets.

Conclusions

Cystatin engineering using cystatin segments of naturally occurring cystatins as a reservoir
for engineering is a new and innovative strategy to greatly extend cystatin engineering. To
combine this engineering technique with the powerful tool of gene editing might offer, in
the future, a major breakthrough to not only control digestive cysteine proteases in an
herbivorous arthropod but ultimately also in all pests as well as within the plant itself.
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