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Resumo

Enzimas sdo versateis catalisadoras presentes em sistemas biolégicos e com elevado
potencial tecnologico. Metaloproteases de zinco sdo uma classe de enzimas com aplicagao
corrente na industria e.g. alimentar, biofarmacéutica e detergentes. A versatilidade quimica de
diferentes metais combinada com modifica¢cdes na sequéncia de metaloenzimas podem ser
exploradas de forma a aumentar a sua robustez e leque de aplicacdes bioldgicas e tecnoldgicas,

Neste trabalho, novos metaloproteases de zinco foram desenhados computacionalmente de
forma a testar se atividade proteolitica pode ser reproduzida em proteinas pequenas adaptadas
para bioengenharia. Andlise de aspetos estruturais/dindmicos de metaloproteases permitiram
identificar interacdes cataliticamente relevantes. Modelos do centro ativo de zinco foram
desenvolvidos para examinar com o software Rosetta um conjunto de 43 pequenas estruturas
quanto ao seu potencial em recapitular a funcdo nativa de enzimas. Duas estruturas foram
selecionadas para design e caracterizacdo experimental, nomeadamente o “zinc-finger” 2 da
proteina Spl e o subdominio cabeca da vilina. Embora coordenacdo com o metal tenha sido
alcancada (constantes de afinidade Kznp.app Na ordem 10° M), as estruturas apresentam baixa
estabilidade (temperatura de desnaturacdo inferior a 50 °C), refletindo perturbactes
provavelmente causadas por 4-10 modificacBes de sequéncia. Os metalopéptidos apresentam
actividade catalitica para ésteres semelhante aos valores de literatura obtidos para outras
pequenas estruturas (constantes de segunda ordem kz na ordem 10! M-1s1).

A metodologia desenvolvida neste trabalho foi bem sucedida em desenhar metalopéptidos
cataliticos, embora a atividade alvo de metaloprotease néo tenha sido alcancada. Simulacdes de
dindmica molecular na escala de microsegundo foram usadas posteriormente para detectar
falhas nos designs relacionadas com elevada flexibilidade estrutural. Este trabalho contribui para
o melhoramento de métodos de design computacional de enzimas, ao demonstrar a necessidade
de considerar aspectos dindmicos dos designs em escalas de tempo maiores, € ho
desenvolvimento de métodos rapidos para classificar e avaliar um vasto leque de potenciais
biocatalisadores.

Termos-chave: design de enzimas; biocatalisadores: bioengenharia; péptidos;

metaloproteases
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Abstract

Enzymes are highly versatile catalysts present in biological systems and with high technolog-
ical potential. Zinc metalloproteases are a major class of enzymes currently being employed in
e.g. food, detergent, biopharmaceutical industries. In order to increase their robustness and range
of biological and technological applications, metalloenzymes can be redesigned by exploring the
chemical versatility of different metals along with protein sequence modifications.

In this work, the computational design of new zinc metalloproteases was approached to test if
proteolytic activity can be recapitulated in small scaffolds tailored for bioengineering applications.
Structural and dynamical aspects of metalloproteases were first addressed to identify catalyti-
cally-relevant interactions. Models of the active site were developed to screen a set of 43 small
scaffolds with the Rosetta software for their ability to recapitulate the native enzyme functionality.
Two candidate scaffolds were selected for enzyme design and experimental characterization,
namely the Sp1l zinc finger 2 and the villin headpiece subdomain. While metal coordination was
achieved (binding constants Kznp app in the 10° M- range), the scaffolds presented low stabilities
(thermal unfolding bellow 50 °C) most likely due to perturbations introduced by the 4 to 10 se-
quence modifications. The metallopeptides presented catalytic activity towards ester substrates
within the range of values found for other small scaffolds in the literature (second-order rate con-
stants kz in the 10" M-1s range).

The design approach developed in this work was successful in achieving catalytically-active
metallopeptides, although target metalloprotease activity could not be achieved. Molecular dy-
namics simulations in microsecond regimes were subsequently used to detect design flaws re-
lated with high scaffold flexibility. This work contributes to the improvement of the computational
enzyme design approaches by pointing out the need for a dynamical treatment of the designs in
longer time-scales, and through the development of fast methods to rank and evaluate a large

number of potential biocatalysts.

Keywords: enzyme design; biocatalysts; bioengineering; peptides; metalloproteases
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General Introduction

1.1 Computational Enzyme Design

Enzymes are highly specific and active protein catalysts found in biological systems. The ver-
satile chemical properties of these catalysts find use in many fields of research and industry by
allowing the creation of biologically-active or valuable chemicals.[1,2] Enzymes are a result of
millions of years of evolution, where fitness to natural environments does not necessarily translate
into direct applicability and efficiency in industrial processes, in particular for non-natural occurring
transformations. The ability to design enzymes for a given chemical reaction or to optimize its
properties for process-based applications holds great potential for industry and biotechnology and
has been the subject of multi-disciplinary efforts.

Metalloenzymes have been common targets in rational design of protein biocatalysts over the
last decades.[3,4] The chemical versatility of metal ions can be explored along with protein se-
quence modifications to increase the range of biological and technological applications of these
biocatalysts. Approaches used include metal substitution, inclusion of unnatural amino acids or
co-factor replacement for the redesign of native metalloenzymes or the design of novel metal-
loenzymes from non-active scaffolds. Computational enzyme design (CED) approaches have
also contributed significantly to the development of metalloenzymes by bringing together topics
of chemistry, biochemistry and biophysics with computational methods to design tailored proteins
sequences.[5-8] Recent examples include design of proteins with artificial organometallic co-
factors [9,10] and iron-cluster centres [11]. Design of Zn(Il) metalloenzymes has been extensively
addressed [12] since this metal ion plays a catalytic role in all classes of enzymes.

CED methodologies allow to redesign metal centres in native systems or to de novo design of
alternative scaffolds with metal centres to obtain active biocatalysts from scratch. The ROSETTA
(Rosetta) software suite [13] have shown to be a particularly suitable tool to develop new metal-
loenzymes, as it will be discussed throughout this work in the context of design of Zn(ll) proteins.
Rosetta employs a molecular-mechanics (MM)-based force field including knowledge-based po-
tentials to guide the design of sequence modifications in a given protein structure.[14—16] Com-
mon features of Rosetta and other CED algorithms such as those implement in DEZYMER [17],
ORBIT [18] and OSPREY [19] software suites include: i) a coarse-grained representation of scaf-
folds with lower degrees of freedom, where discrete sets of side chain rotamers or atom types
are considered; ii) an assumption of low backbone flexibility; iii) scoring functions based on scaf-
fold features and physics-based potentials and; iv) a classical treatment of metal-protein interac-
tions. These considerations allow for the design of protein structures to be computationally trac-
table using heuristic approximations, since finding the optimal solution for the conformational
space of side chain and backbone atoms in a polypeptide chain is NP-hard.[20] The robustness

of employing Rosetta protocols to introduce new functionalities in protein scaffolds has also been
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shown with the development of new biocatalysts that can perform non-native chemical reac-
tions.[21-23] Moreover, CED approaches allow to integrate both simulations and directed evolu-

tion techniques to optimize initial designs with residual catalytic activity. [24]

1.2 Metalloproteases

Metalloproteases (MPs), also termed metallopeptidases or metalloproteinases, are metalloen-
zymes spread throughout all kingdoms of life. According to the MEROPS database of peptidases,
MPs are found in fourteen clans and over sixty protein families, being encoded in around 2% of
the genes in all organisms (further details of their classification will be given in Chapter 2). [25—
27] They are located either intracellularly or bound to cell membranes, or can be secreted to the
periplasm or extracellular environment. Other types of proteases are known besides MPs, which
differ from the former by their catalytic apparatus. These are the serine, threonine, aspartic, glu-
tamic proteases.

Cleavage of the peptide bond in the MP type of hydrolases is achieved by the nucleophilic
attack of a water molecule activated by a metal ion present at the active site (AS), such as zZn(ll),
Co(Il), Mn(II), Ni(ll) or Cu(ll). The most common type are MPs containing Zn(ll), where the AS
contains a single catalytic ion (often referred as zincins) or two ions acting co-catalytically. Three
protein ligands coordinate the single metal ion at the AS, while in MPs containing co-catalytic
Zn(ll) ions the number of ligands is raised to five, with one ligand coordinating both metal ions.

Most of known MPs are grouped in the MA clan (clan classification according to MEROPS
database), which is characterized by a single catalytic Zn(ll) ion, the conserved HEXXH sequence
motif and a common fold architecture - a two-domain catalytic unit where the AS is located in-
between (Scheme 1.1). Division of this clan into subclans is based on the set of Zn(ll) ligands
present at the AS. These subclans are represented by their corresponding archetype proteins,
astacin in MA(M) and thermolysin in MA(E), the latter being also the archetype protein for the
entire MA clan. In MA(M) subclan members (metzincins) three histidine residues bind to the metal
ion. A conserved methionine residue located in a 3-turn underlying directly the AS, “met-turn”, is
on the origin of the metzincin term.! In MA(E) subclan members (gluzincins) two histidines and
one glutamate are the coordinating residues (the glutamate is on the origin of the gluzincin term).

Variations in domain composition and topology occur between families of the two MA sub-
clans. The conserved N-terminal domain where the HEXXH motif is located contains both con-
served a-helices and six-stranded [(3-sheets. The two Zn(ll)-coordinating histidines common to
both subclans are part of a conserved a-helix in this domain, together with the catalytic glutamate
(details below). The C-terminal, which contains the third Zn(ll) ligand, can vary greatly in terms of

size and topology across families. This distance can either be eighteen or more residues in the

1 There are cases where an aspartate replaces one histidine ligand.
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MA(E) subclan, where the glutamate is contained in a a-helix, or six residues in the MA(M) sub-
clan where the histidine is in a conserved 3-turn. The MC clan in which the well-studied carboxy-
peptidase A is the archetype protein has a distinct fold but the AS organization is similar to the
MA(M) subclan, where variations occur mostly at the level of the Zn(ll)-coordinating nitrogen at-
oms from the histidine side chains. Due to such variations between distinct MP members, only
the N-terminal domain is commonly used for classification. Conservation of AS features beyond
residue composition is best captured in terms of their structural organization, as it will be further

explored in Chapter 2.

MA(E) MA(M)
Thermolysin Astacin
HE_,(XXHX,.E HEC,,XXHX,!H

Zn(ll)
Ca(ll)

Scheme 1.1 — Representative members of the two MA clan of MPs.
Thermolysin (PDB ID: 3FDG) from the MA(E) subclan and astacin (PDB ID: 1QJl) from the MA(M) subclan.
Top: Backbone in cartoon representation, color-coded by residue index. Inhibitor molecules mimicking pro-
tein-substrate interactions in green. Bottom: detail of AS composition and structure for each subclan. Con-
served sequence motif (n > 18 residues in MA(E), n=6 residues in MA(M)). Zn(ll) coordinated to two histi-
dines and one glutamate (MA(E)) or three histidines (MA(M)).

MPs from the MA clan have a wide range of substrates, spanning small peptides to full-sized
proteins, and acting as exopeptidases (carboxypeptidases or aminopeptidases) if peptide bond

cleavage is performed in the termini of the substrates, or endopeptidases if cleavage is performed
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along the polypeptide chain. MA(M) members act strictly as endopeptidases while MA(E) mem-
bers present both types of activities. Selectivity in MPs is a result of well-defined pockets placed
along the corresponding AS clefts that mediate specific interactions between the enzyme and the
substrate. MPs play many biological roles, such as virulence factors (P. aeruginosa elastase, the
anthrax lethal factor from Bacillus anthracis and bacterial collagenases secreted from Vibrio and
Clostridium strains) [28—31]; cell defence through bacteriolytic activity (staphylolysin) [32]; nutri-
tion by degradation of other proteins [33]; regulation and homeostasis through tissue maintenance
(matrix MPs); regulation through activation of small bioactive peptides, autocalytic activation
through degradation of pro-peptides. [34,35] As it will be discussed in the following two sections,
the catalytic role played by the Zn(ll) ion allows for the cleavage of peptide bonds to occur under
mild conditions (close to neutral pH in aqueous media), which makes MPs interesting target for

technological applications.

1.3 Catalytic mechanism of metalloproteases

Different levels of theory have been used to describe the catalytic mechanism of metalloen-
zymes, such as the commonly used density functional theory (DFT) at quantum mechanical level
and hybrid quantum mechanics/molecular-mechanics (QM/MM) methods. [36—38] In such studies
a set of atoms from the enzyme are defined to represent the AS and its electron density treated
quantum mechanically. When the protein environment and solvent contributions are considered
to play an important role in the enzymatic mechanism, hybrid QM/MM methods are employed
where the active site is treated accurately at quantum mechanical level and the remaining enzyme
is treated with classical MM simulation methods. An overview of these methods is far beyond the
scope of the current work, but it should be noted that valuable contributions to the understanding
of MP enzymatic mechanisms have been obtained through their application.[39—-47] While the
mechanisms often vary for different atomic sets or even for different levels of theory employed,
there are common features that apply for several MPs, including the well-studied MA clan repre-
sentatives astacin and thermolysin. An overview of the catalytic mechanism of astacin based on
DFT studies (with the B3LYP hybrid functional) is given in Scheme 1.2 and will be described
below. [41]

The enzyme resting-state (substrate-free) contains Zn(ll) bound to three structural ligands and
one water molecule in a tetrahedral geometry. In astacin, the tyrosine OH group is considered as
a fifth ligand in a trigonal bipyramidal geometry. The catalytic glutamate acts as a second coordi-
nation sphere ligand through positioning/interaction with the bound water via hydrogen bonds.
The enzyme-substrate complex is formed when the substrate binds at the AS, where the sub-
strate carbonyl oxygen replaces tyrosine as the fifth Zn(ll) ligand, the so called “tyrosine switch”
in MA(M) members.[48] Stabilization of this new interaction is mediated by the tyrosine residue

or alternatively by a proximal histidine in thermolysin. [49] The bound water molecule is displaced
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towards the catalytic glutamate residue, which acts as a general base by accepting one proton.
The resulting hydroxide anion is polarized between the negatively-charged carboxyl group and

the positively-charged Zn(ll) ion, increasing the electronic density in the oxygen atom.
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Scheme 1.2 — Enzymatic mechanism of a MP from the MA(M) subclan (Adapted from ref.
[41)).

The reaction then proceeds by nucleophilic attack of the bound hydroxide to the substrate
carbonyl carbon. Concomitant with this process is the formation of a hydrogen bond between the
protonated glutamate and the nitrogen atom from the peptide bond, with the former acting as a
general acid (proton shuttle mechanism). The resulting gem-diol tetrahedral intermediate is thus
formed with an energy barrier of 19 kcal/mol, corresponding to the most energetic step of the
reaction coordinate - transition-state (TS). In this intermediate, the Zn(ll) ion is penta-coordinated
to the three structural ligands and to the gem-diolate moiety acting as a bidentate ligand, with one
oxygen from the carbonyl group and another from the hydroxide anion. Electronic charge accu-
mulation at the carbonyl oxygen is stabilized by interaction with the tyrosine residue via a hydro-
gen bond and by the Zn(ll) ion. However, it should be noted that this form of oxyanion stabilization
is not conserved in the subclan: In stromelysin 1 and other matrix metalloproteases with surface-
exposed AS pockets, an additional water molecule plays a similar electrophilic role as tyrosine.
[46,50] In Snapalysin, the smallest MA(M) member known with 132 residues, the tyrosine is po-
sitioned away from the AS. In adamalysin Il, MMP-8 and leishmanolysin this residue is replaced

by a superimposable proline.[51]
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The remaining steps of the reaction coordinate occur downhill the energy landscape. In inter-
mediate 2 the hydrogen bond between the hydroxide anion and glutamate is strengthened due to
negative charge accumulation in the latter, while there is positive charge build up in the nitrogen
atom due to its protonation. For astacin, an additional proton transfer between the hydroxide anion
and the catalytic glutamate before N-C peptide bond elongation has been proposed in the form
of intermediate 3. Upon its formation, charge stabilization of the Zn(Il)-bound carbonyl leads to
disruption of the peptide bond. Finally, the enzyme-product complex is formed and the glutamate
proton is transferred back to the bound hydroxide. The catalytic cycle is closed by detachment of
the two product fragments by replacement with a solvent water molecule.

It should be noted that the three-proton exchange process is described for astacin, while in
MA(E) members a single-proton transfer from the glutamate to the nitrogen concomitant with N-
C bond cleavage is described instead.[40,52,53] In any case, the nucleophilic attack of an acti-
vated water molecule leading to formation of the gem-diol intermediate is commonly considered
to be the most energetic step of the reaction for both subclans. The differences in catalytic envi-
ronments and specific electronic readjustments occurring throughout the reaction in different MA
members is an opportunity to test by CED if MP activity could be reproduced in alternative scaf-
folds.

1.4 Technological applications of metalloproteases

The MA clan contains most of the industrially-relevant MPs, constituting up to half of the total
enzyme sales in the market. [1,54,55]. Examples are Thermoase PC10F (thermolysin - Amano
Enzyme Inc., Japan) and Neutrase® (Bacillus amyloliquefaciens neutral protease - Novozymes
Corp., Denmark) used in the food industry to produce flavour-enhancing peptides and hydrolysed
food proteins from soy, wheat, milk and meat. Such flavour enhancers are used in soups, sauces
and cheese products. Other applications include brewing [56] and leather [57] industries and also
in the production of high-value functional foods given the probiotic, digestive and antioxidant ef-
fects of released peptides. [58—60] Reverse proteolysis with MPs can also be used for large scale
production of aspartame by thermolysin (DSM, The Netherlands).

Biotechnological applications of MPs can also be explored, such as limited proteolysis for pro-
teomic sequencing [61,62]. Other applications with therapeutic potential include the usage of col-
lagenases in tissue dissociation to isolate different cell types or to remove necraotic tissue from
burns and ulcers. [26,63,64] Given the wide range of organisms in which MPs are found (from
psychrophiles to mesophiles and thermophiles, from acid to alkaline environments) their potential
for biocatalysis is continuously explored, including function in mixed solvents common in process-
based applications.[65] The activity towards biological targets and variety of folds, mechanisms
and sizes adopted by different MPs makes them good targets to test if proteolytic activity can be

recapitulated in alternative scaffolds tailored for process-based applications.
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1.5 Small scaffolds for bioengineering applications

Peptides and small proteins (Scheme 1.3) are independently folded units whose structures
often resemble (or are part of) single protein domains, where native functionality can be repro-
duced (or retained). The reduced size and complexity facilitates their design and allows for their
structural features to be easily accessed through simulations. Moreover, it allows production to
be done through synthetic methods, thus allowing full sequence modification and introduction of
other non-natural chemical functionalities. Computational and experimental results can therefore
be more easily achieved and correlations found between them used to guide the design process
iteratively.

From a bioengineering perspective, a high number of functionally active units per mass of
biocatalyst can be achieved using small (low molecular weight) scaffolds. Further advantages can
be explored such as immobilization in solid supports for reusability, thereby reducing operation
costs. [66,67] Magnetic nanoparticles based on iron oxide are particularly suitable given their high
surface area to volume ratio that allows for high loading of biocatalysts and superparamagnetic

properties that can be explored for extraction/recovery after each reaction cycle.[68]

Peptides and small proteins Theory
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Scheme 1.3 — The potential of peptides and small scaffolds for bioengineering applications.

Although production of small scaffolds is easier to achieve once their sequences are defined,
there are difficulties from both experimental and bioinformatic approaches to study them. This is
because to isolate and access their functionality in biological system is challenging, and methods
for prediction of genes are less robust to small DNA sequences. Therefore, our current knowledge
of protein function is still too limited to larger systems, leaving the properties of peptides and small
scaffolds under-studied. Only recently an increased focus on small genes and their function has
been approached.[69-72] In these studies there is a pervasive under-representation of enzymatic

function. Indeed, the smallest enzymes known up to date are around one hundred residues long,
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falling outside the range of small proteins.[73] The only exception is 4-oxalocrotonate tautomer-
ase with sixty-two residues in a Bap fold, which nonetheless forms a homopentamer in its func-
tional form.[74,75] This raises the question if there are selective constraints on sequence size for
enzymatic function to be achieved in biological contexts or if this is a result of our current under-
exploration of small protein scaffolds. The current project addresses this issue by testing if MP
activity can be achieved in peptide scaffolds. If so, then the range of scaffolds suitable for enzyme-

based bioengineering applications can be expanded.
1.6 Objectives and project layout

The objective of the current project is to develop catalytic metallopeptides with protease activ-
ity (Scheme 1.4). Miniaturization of MPs was attempted by reproducing the functionality of their
AS in peptide scaffolds combining computational design and simulation tools. Identification of
active scaffolds was planned to be followed by immobilization in magnetic nanoparticles to de-
velop recyclable catalysts for bioengineering applications. The starting point was the catalytic
mechanism of MPs already described in the current chapter. In Chapter 2, MPs from the MA clan
were characterized in terms of their structural and dynamical features. Conserved structural prop-
erties across a subclan were used to develop a computational model of the AS based on the
catalytic mechanism described in the current chapter. The Rosetta software was then used to
design a metallopeptide scaffold, where the sequence was modified to incorporate the model AS
and to optimize interactions with both the Zn(ll) metal ion and a model dipeptide substrate. The
resulting peptide was synthesized thorough chemical methods as described in Chapter 3.

After purification and identity confirmation, the physicochemical and structural properties of
the metallopeptide was addressed. In Chapter 4 both the metal binding affinity and thermal sta-
bility of the scaffold were characterized and compared to the native sequence to identify misfolded
forms or destabilizing interactions introduced during the design stage. Protease activity of the
designed metallopeptide was evaluated in Chapter 5 along with other esterase and amidase sub-
strates. The results obtained in Chapter 4 and 5 were used to iteratively guide the computational
methodology developed in Chapter 2. A second version of the metallopeptide was designed, and
the approach was extended to screen a set of peptide and small-protein scaffolds. The candidate
scaffold was identified and its sequence optimized as before. Both the second version of the
metallopeptide and the candidate peptide were again characterized and their catalytic activities

evaluated.
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Scheme 1.4 — Objectives (top) and layout (bottom) of the current project. Details in main text.

Structural features of the designs were explored in Chapter 6 with both simulations and ex-
periments in order to rationalize the low stabilities and low catalytic activities observed in previous
chapters. The combination of both computational and experimental methods in this work allowed
to identify advantages and inherent limitations of design tools when applied to metallopeptides

and considerations for their improvement were discussed throughout the following chapters.
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2.1 Introduction

In the study and design of enzymes, it is generally assumed that catalytic proficiency stems
from their ability to stabilize the most energetic state(s) of a given chemical reaction at the
AS.[76,77] As a result of this, reactions with higher activation energies (TS formation) present
more challenging targets for designs where the TS stabilization is attempted. In order to produce
a description of the underlying chemical reaction, theoretical models of the target enzymatic re-
actions are built where the enzyme AS is modelled together with the substrate as a TS. Introduced
by Ken Houk’s group in so called “theozymes”, such models correspond to minimalistic descrip-
tions of idealized protein orientations of side chain (or backbone) functional groups in relation to
the TS.[78,79] In addition to QM methods to calculate optimized geometries for lowering of reac-
tion activation barriers, models can also be derived from analysis of known enzyme AS. In this
respect, MPs stem as ideal design targets given the wealth of information regarding both QM
investigations of their enzymatic mechanism, as described in Chapter 1, and the experimental
data available in the Protein Data Bank (PDB) [80] and MEROPS database of peptidases.[25]
Regarding the latter, MP members are grouped into families based on their sequence similarity
and structurally homologous families are combined into clans, therefore providing a description
on how members are evolutionarily related at the sequence and structure levels.

In order to develop AS models of MPs, general features of MA clan members were first exam-
ined in light of their sequence-structure-dynamics relationships in Section 2.3.1. There has been
an increasing interest in addressing functionally-relevant dynamical aspects of proteins, with the
development of computational tools allowing to systematically compare proteins based on their
dynamical similarity, such as the ALADYN webserver [81] and ProDy software [82] (details of
principles and methodologies are fully addressed in Annex 1). Employment of such tools was
made in order to correlate information on MP dynamics with their sequence and structure rela-
tionships, revealing important aspects of structural AS conservation in the MA clan. Following
this, MP-inhibitor complexes were used to characterize the geometrical features of ASs (Section
2.3.2). These structures provide important clues regarding catalytically-relevant interactions,
since in most cases the inhibitor molecules are modelled in order to mimic TS interactions, i.e.
transition-state analogues (TSA).[83,84] TSA molecules typically contain a Zn(ll) binding group
(ZBG) which interacts with the metal ion as hypothesized upon formation of the gem-diol inter-
mediate (TSAzec). This source of information was chosen over DFT and QM/MM models of MP
enzymatic mechanism as the later tend to be limited to a small number of specific case studies
and therefore do not capture the heterogeneity of catalytic interactions across the MA clan.

With the characterization of both Zn(ll)-coordination geometries and catalytic interactions in
the MA(M) subset of MPs, computational models of the corresponding ASs were developed with

the Rosetta software package in Section 2.3.3.[13] In addition to the examples given in Chapter
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1 of its successful implementation in the design of biocatalysts, Rosetta has also been used re-
cently to design a Zn(ll) metal centre with first coordination sphere similar to the one found in
native MA(M) members. [85] An overview of its implementation for design of small scaffolds is
given in Scheme 2.1. Two programs included in the package are used for screening and design
of peptides/small-proteins: matcher and enzyme design. The matcher program uses an arbitrary
scaffold as input where backbone coordinates are used as anchor points to build the TS side
chain geometry of a given AS model.[86] In cases where this is possible, a positive hit is gener-
ated (Unigue Match, UM) corresponding to the input structure containing the modelled AS in a
set of sequence positions. The enzyme design program is used afterwards to optimize catalytic
interactions of UMs or other input structures. [87] It performs successive rounds of sequence
optimization by designing and repacking residues close to the modelled AS, whose spatial organ-
ization is kept fixed. New amino acid entities are selected to minimize repulsions with AS residues
and mediate favourable interactions with the substrate molecule.

Active site model
matcher l

enzyme
design

Sequence design

Scheme 2.2.1 — Design of small scaffolds with the AS model of MA(M) subclan using Ro-
setta.

This process is repeated for a pre-defined number of iterations with the target function of min-
imizing the energy of the system, with generation of new amino acid entities based on a Monte

Carlo sampling algorithm. The final outputted structures (Designed Enzyme, DE) may therefore
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vary at each run in the number and type of amino acids introduced, which implies running the
executable several times to obtain convergent sequence profiles. Quality of designs is evaluated
based on Rosetta scoring function, including penalties for deviations from idealized starting ge-
ometries of the AS model. [16]

The general AS model of a MP was used in the control design of the MA(M) subclan archetype
astacin in Section 2.3.4. After being validated, it was used in Section 2.3.5 for the redesign of a
native zinc-finger (ZF) metallopeptide, the finger 2 of the (DNA-binding) human Sp1 transcription
factor (Sp1f2). [88] ZFs have been previously used as input scaffolds for rational design of cata-
lytic metallopeptides.[89,90] In the case of Splf2, variants with one less coordinating residue
presented esterase activity. Differences in Zn(ll)-coordination sets (histidines to glycine/alanine,
cysteines to glycine/alanine) exhibited distinct pH-dependent catalytic profiles, which indicates
that pKa modulation of bound water can be achieved by modifications of first coordination sphere
interactions. As it will be described in following sections, the AS model developed contains both
first sphere and second sphere interactions with the Zn(ll) metal ion. Therefore, the Sp1f2 peptide
is a good candidate to test if improved catalytic efficiencies can be obtained by employing com-
putational methods where both coordination spheres are taken into consideration.

In addition to the redesign of a native metallopeptide, other peptides and small-protein scaf-
folds available in the Structural Classification Of Proteins — extended (SCOPe) database of pro-
tein structures were de novo designed in Section 2.3.6.2 [91] The 42 alternative scaffolds varied
in terms of chain length, fold and content of secondary structure elements. An additional design
challenge was thus introduced - while in ZF redesign a structural Zn(ll)-site is converted into a
catalytic Zn(ll)-site, in de novo design the catalytic Zn(ll)-site needs to be designed from scratch
since the scaffolds do not present native metal ions. Moreover, ZF peptides fold upon binding to
the metal ion (metal-coupled folding) while for remaining scaffolds the driving force of folding is
different, e.g. hydrophobic collapse. [92] Nonetheless, this approach was pursued since it allowed
to test if the AS of native MPs could be modelled in other protein architectures. The best candidate
resulting from the screening of peptide/small-protein scaffolds was identified and its design was
made in Section 2.3.7. The designed scaffolds were synthesized in Chapter 3 and experimentally
characterized in Chapter 4 and 5, with the observations made therein being used to iteratively
guide the approach developed in the current chapter. Finally, the dynamical features of the de-

signs were subject to further analysis and validation by other computational tools in Chapter 6.

2 The term de novo is employed here in the context of enzyme design, referring to the development of a
catalytically active variant of protein scaffold rather than the design from scratch of a new protein scaffold.
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2.2 Materials and Methods

An overview of the workflow followed in this chapter is given in Scheme 2.2 and will be de-
scribed below.

MP dynamical vanability

MPs ProDy MP internal dynamics Dynamics-based
13 unbound MPs _—) Thermolysin alignments
112 thermolysin DALIALADYN

Development of AS model

Structure
Refinement
MP-TSA > AS geometric features Ligand Modelling
82 MP:inhibitor complexes dug, B4, Bg, Xa Xap Xe diAla
Input files
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Screening and design with Rosetta
Sp1f2 ZF
31 NMR states 33 NMR/8 X-ray matcher enzyme design
+ > Secondary —» 11X screening
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42 peptides/small proteins 2.2x10% Co

+ + PCA

RDO1(v2) RDO02

Scheme 2.2 — Workflow of CED developed in this chapter.

Selection of structures: The MEROPS database (release 9.9) was used to manually search
and extract information of MP members. [25] The search routine for MPs focused on the MA clan,
therefore excluding families containing bi-metallic Zn(ll) centres or other metal ions. For ligand-
free structures used in Section 2.3.1, full details of selection criteria are given in Annex 1. Se-
quence alignments were done with Clustal W program, where scores (bits) are related to the
score of a given substitution matrix (credit for identity minus penalties for gap insertions and non-
identity) and to the fraction between the number of aligned residues and total length of the align-
ment. [93,94] Network representations of similarity scores were done with the Cytoscape software
using the Edge-weighted Spring embedded layout.[95] For MP-inhibitor complexes used in Sec-
tion 2.3.2, the selected structures were those which i) contained one TSA molecule per protein
with; ii) either a carboxylate or phosphonate ZBG where the distance Zn-O < 3.2 A and; iii) had
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an atomic resolution < 2.6 A.2 For peptide/small-protein structures used in Section 2.3.6, the
SCOPe database (2.05 release) of protein structures was used. The classes g: Small Proteins, j:
Peptides and k: Designed Proteins were manually inspected for structures with i) more than a
single a-helix or B-sheet elements (minimum topological motif); ii) less than 65 residues and,; iii)
no metal ion or disulphide bridges involved in folding. The corresponding .pdb files were retrieved
from the PDB database, selecting whenever possible the ones with no mutations, minimal number
of NMR conformers, or highest resolution in case only X-ray structures were available.

Refinement of MP-TSA structures: For each of the N structures selected, coordinates of the
Zn(ll)-coordinating residues (Hisi-3), the Zn(ll) metal ion, catalytic glutamate (Gluca)) and the
TSAzec were extracted from the corresponding .pdb file and used for further analysis in PyMOL
visualization software.[96] AS belonging to the MA(M) and MA(E) subclans were treated sepa-
rately since the Zn(ll)-coordinating residues are different (Chapter 1). The AS were then aligned
and outliers were removed by an iterative procedure based on pairwise root-mean squared (RMS)
deviations for different sets of atoms: i) 1t coordination sphere, Zn(ll) ion and Ne2 from His resi-
dues or Cd from Glu residue (O¢! and O¢? atoms can coordinate to the metal ion); ii) Side chain,
Ne2, Cel, Co2, Not, Cy CB, Cd; iii) Backbone, C, Ca, N, O. To evaluate heterogeneities at each
iteration, a symmetric NxXN matrix of all pairwise alignments was calculated (align_all_to_all.py
PyMOL script) for the three sets of atoms and the “similarity” score S; = ¥'¥., RMS calculated for
each ith column. The average value m and standard deviation & of Sj values was also calculated.
The exclusion rule Si > m+26 was applied to all atom sets in order to identify and remove outliers.
For comparison between subclans, S=Si/N was also determined. For MA(M) this process was
repeated until no outliers were obtained (N from 14 to 11). For MA(E) the procedure was done
twice: first, only for thermolysin structures in order to decrease the total number (N from 39 to 16),
second with the remaining AS from the subclan (N from 29 to 21). The resulting consensus set
with no outliers was used to measure the dispersion of values of six geometrical parameters (das,
B4, B8, Xa X8, X8) between TSAzec and i) Hisi-z or ii) Glucat with the PyMOL “measurement” tool
(details below). Production of all images was done using VMD [97] and rendering of image files
done with Tachyon. [98] Protein residues were typically represented in CPK (combination of
bonds and Van der Waals), Zn(ll) ion in silver spheres, backbone in ribbon or cartoon or surface
representations. Colouring based on atom type: nitrogen in blue, oxygen in red, hydrogen in white,
sulphur in yellow, carbon in grey (protein) or purple (ligand).

Ligand modeling: A model of the dipeptide Ala-Ala bound to Zn(ll) as a gem-diol intermediate
(diAla) was manually constructed based on atomic coordinates of TSA molecules bound to MPs
in PyMOL. For diAlamin the starting structure PDB code was 4AIG (Adamalysin Il with bound in-
hibitor  N-[(FURAN-2-YL)CARBONYL]-(S)-LEUCYL-(R)-[1-AMINO-2(1H-INDOL-3-YL)ETHYL]-
PHOSPHONIC ACID, FLX) and for diAla the PDB code was 1QJI (high-resolution structure of

3 MC and ME clans were also considered but discarded, since the number of members which fulfilled the
criteria was significantly lower than those from the MA.
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astacin with bound inhibitor CARBOBENZOXY-PRO-LYS-PHE-Y(PO2)-ALA-PRO-OME, PKF).
In both cases the TSA was trimmed and the phosphate atom replaced by a carbon atom. The
PKF molecule is modeled after a pentapeptide, which allowed for reconstruction of alanine side
chains in extended conformation. The following steps were done to generate diAla conformers
using the Open Babel software [99]: i) a .pdb file of the ligand without Zn(Il) was processed with
the confab command to generate the corresponding .sdf file (6 rotatable bonds identified, 7776
conformers tested and final 306 conformers produced, including the original extended conformer);
i) Zn(ll) atom manually added to the .sdf file (replacement of the last hydrogen atom in file by
Zn(ll) coordinates and defining its binding to the Ow atom). The resulting .sdf file was then con-
verted to 1QJI_diAla_conf.params file (Annex 2) with the executable molfile_to_params.py as
part of Rosetta3.5 apps (M_commands file used, containing M ROOT Zn and M NBR Ow). This
executable automatically sets the net charge of the molecule to O (initial charge 1.145, offset of -
0.036 to all 32 atoms). All .pdb files of the 306 conformers were concatenated (replacement of
END for TER lines), which is identified at the end of the .params file with the PDB_ROTAMERS
flag. For diAlamin the corresponding .pdb file of FLX was converted to a .sdf and subsequently
converted to 4AIG_diAla_min.params file as described for diAla.

AS modelling: computational versions of AS models were built using constraint files (MAM_di-
Ala.cst and 4AIG_diAla_min.cst), as shown in Annex 2. These five-column .cst files contain in-
structions to set i) the interacting ligand-residue atom pairs - Zn(ll) to O¢! or O¢? atoms for Glucat
and Zn(11) to N&! or Ne2 atoms for Hisi-3; ii) the measured values (x0), deviations (xtol) and asso-
ciated penalty constants (k) for all geometrical parameters; iii) sampling level (n) and; iv) perio-
dicity, 360° for all geometrical parameters except for xas in Hisi-3 where it was set to 11.25°,
corresponding to discrete rotation of the imidazole ring around the CB-Cy bond. Interactions were
modelled as pseudocovalent for Hisi-3-Zn(Il) and as non-bonded for Gluca-Zn(ll), with higher k
values for distances than for angles and dihedrals to penalize designs with distorted coordination
geometries. Two versions of .cst files were used to sample the xOxxtol value range at regular
intervals: the first with n=1 to sample 2n+1=5 discrete values for all 6 geometrical parameters;
the second with the “rule-of-thumb” n=xtol/0.1 for das and n=xtol/5 for remaining geometrical
parameters (n<4, maximum 9 discrete values to keep algorithm running times feasable). The first
version of the .cst file was used to screen and design NMR structures; the second version was
used to screen and design X-ray structures and to redesign of Sp1f2, since it allows increased
conformational sampling of side chain orientations. The CstfileToTheozymePDB Rosetta pro-
gram was used to inspect the constraint files via production of corresponding .pdb files, with n=0
(xtol values only) for clear visual inspection.

Screening of scaffolds with Rosetta: The .pdb files of the selected scaffolds were used as
starting point to build the inverse-rotamer tree of residues and substrate position (Dunbrack library

of rotamers 2010, X'1,2¢ 20 side chain sampling for His1.3) with the Rosetta matcher executable.*

4 Each UM obtained is automatically split in files containing a maximum of 100 different diAla positions.
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For each NMR (total 34, 10-38 states) or X-ray structure (total 8) used as input, the op-
tions_matcher.flags (Annex 2), scaffold positions file (.pos), AS model (.cst) and substrate
(.params) files were used. The “secondary algorithm”,®> which allows for distorted coordination
geometries of Hisi-s residues, was used in the first step to screen combinatorially all C® positions.
UMs where the AS had at least one residue in the termini or two consecutive His residues were
discarded since such designs are unlikely to reproduce consensus coordination geometries. The
“classical algorithm” was then used in the second step of design to filter the UMs with proper
geometry for all His1-3 and Glucat residues. Only combinations of C? positions where Glucat could
be modelled in the first step were screened for each structure. In the redesign of ZF scaffolds
both algorithms were used. The two-step design approach is redundant since UMs with proper
geometries are obtained in both stages. However, using the faster “secondary” algorithm in the
first step allowed to screen a total of 2.2x104 C positions for 552 structures (544 NMR and 8 X-
ray) in a reasonable amount of time (3-4h CPU per structure in 20 < C% < 64 positions, total
~1900h CPU time), which would not be feasible using first the “classical” algorithm (~1h CPU time
per C¢ position, total >2.2x10%h CPU time).

Design of scaffolds using Rosetta: The Rosetta enzyme design executable was used to design
scaffolds using as input the UMs (.pdb), together with information of which AS (.cst) and substrate
(.params) models to use and the options_enzdes.flags file (Annex 2).The design step included 4
cycles of repacking and design of residues close to the modelled AS in order to optimize catalytic
interactions. The output DEs were evaluated using Rosetta scoring function (Rosetta energy
units, REU) with a total of 59 parameters. For principal component analysis (PCA) using the Origin
Pro software (2016 edition), only a set of 16 parameters was selected to build the corresponding
correlation matrix plus an additional parameter corresponding to chain length (L).6 This set does
not contain parameters specific to each scaffold, such as pose metric calculators (_pm). For en-
hanced discrimination of results, the parameters related with constraint penalty k, all_cst and
SR5_all_cst, were represented as logarithm value of k. The -native_compare option flag was not
used in order to compare the DEs with native scaffolds, since in case of NMR structures it yielded
unrealistic values (>107 REU).” The final step of design did not evaluate repacking in the absence
of diAla since zZn(ll) was modelled as part of the substrate (charge repulsion in the absence of
Zn(ll) render the pre-organization of Hisi-s unfavourable). For screening of peptide/small-protein
scaffolds, only one round of design was used (-nstruct 1) for a total of 542 UMs (1-4 min for DE

production, total > 10*h CPU time). UMs with coplanar H-bond pairs were not designed, as the

5 The first residue to be screened, Gluca, was built with the classical algorithm, n=1 for all geometrical
parameters. The remaining Hisi-3 were built with secondary algorithm, n=1 with only das defined.

6 total_score (Scoreww), fa_rep (repulsive LJ), hbond_sc (H-bond energy), all_cst (constraint, k),
tot_pstat_pm (Packing), tot_nlsurfaceE_pm (surface energy), SR_1_total_score (Glucat), SR_2_total_score
(His1), SR_3_total_score (His2), SR_4_total_score (Hiss), SR_5_total_score (diAlascore), SR_5_fa_rep (diAla
repulsive LJ), SR_5_hbond_sc (diAla H-bond energy), SR_5_all_cst (diAla constraint, k), SR_5_in-
terf_E_1 2 (diAla interface energy), and SR_5_dsasa_1_2 (diAla solvent accessible surface area, SASA).

7 This may due to issues with Rosetta when using multi-state structure files.
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enzyme design algorithm fails to process and evaluate such structures. For redesign of ZF scaf-
folds and sequence design of best candidate from peptide/small-proteins screening, 10 rounds
were done (-nstruct 10) and sequence logos of outputted DEs generated to select the most fre-

quent residue substitutions.[100]

2.3 Results and Discussion

2.3.1 Structural and dynamical variability of metalloproteases

The MA clan of MPs was first analysed to explore the relationship between sequence-struc-
ture-dynamics of the corresponding members. Full details of the analysis are described in Annex
1 and summarized below in Figure 2.1. Members from each subclan formed two distinct structure
clusters, which is expected given the criteria of structural similarity to group MP members within
clans in the MEROPS database. However, this relationship is not preserved when considering
their sequence and dynamical similarity, with no clear identification of sequence or dynamics
clusters. This suggests distinct selective pressures acting on different levels for MPs of the MA

clan, with no clear correlation found between structural and dynamical similarity.

Sequence Structure Dynamics

Figure 2.1 — Sequence, structural and dynamical variability of the MA clan of MPs.
Network representation of sequence (left), structure (middle) and dynamics (right) similarity between MP
family representatives from the MA(M) subclan (black) and MA(E) subclan (red). Nodes correspond to family
representatives and edge length proportional to similarity scores, bits for sequence and Z-scores for struc-
ture and dynamics (further details in Annex 1). Network topology built using edge-weighted Spring embed-
ded layout, reflecting all pairwise comparisons between nodes.

An important observation resulting from this analysis was that AS tend to be located in regions
structurally conserved and with low large-scale flexibility. This is relevant in terms of protein de-
sign, since the catalytically-relevant aspects of MP function can be focused on the analysis of the

AS from crystallographic structures.
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2.3.2 Analysis of metalloprotease active sites

The structural conservation and low flexibility of AS regions in MPs observed in previous sec-
tion indicates that catalytic residues do not undergo major structural fluctuations along the cata-
Iytic cycle (reviewed in Chapter 1). Nonetheless, in the case of the clan type thermolysin, binding
of inhibitors was associated with small residue fluctuations at the AS pocket. Given that such local
fluctuations are catalytically relevant, their characterization was addressed. The selection of cor-
responding structures of MP-TSA complexes was made and is summarized in Table 2.1 for the
MA(M) subclan and in Annex 2 for the MA(E) subclan.

Table 2.1 — Structures of MP-TSA complexes used in the analysis of MA(M) subclan AS.
Information of protein members was retrieved from the MEROPS database and selected based on the cri-
teria defined in Section 2.2. Family representative members underlined. Selected structures for further anal-
ysis in black, structures excluded during refinement striked. *1CGL was excluded after the refinement step
since it presented a highly distorted orientation of the TSAzsc.

Subclan Family Member MP-TSA complex
Fibroblast collagenase 1CGL*
MMP3 1zTo
M10 Neutrophil collagenase 1176
MMP7 1IMMP
MA(M) Stromelysin 1 1CIZ, 1CAQ, 1B8Y, 1HFS, 1H¥Y71SLN
Astacin 1QJI
M12 Adamalysin I 4A1G
Atrolysin C 1ATL
ADAM17 3G42

In the first step, information from MEROPS was used to select from the structures of MP-TSA
complexes that followed the criteria defined in Section 2.2. In the second step, a refinement pro-
cedure was employed to remove large structural heterogeneities in the MA(M) set at the level of
Zn(ll)-coordinating residues, as shown in Figure 2.2. Flexibility of Glucat residue was not consid-
ered at this stage since structural fluctuations are a result of local accommodations to different
TSA molecules.

Ouitliers could be identified as “hot spots” in the matrixes of pairwise alignments, particularly
in the case of 1%t sphere Zn(ll)-coordinating atoms and backbone. Iterative refinement of the
MA(M) subclan in 3 rounds resulted in a refined set of 11 structures with smaller atomic hetero-
geneities. Therefore, the procedure allowed to obtain a more well-defined Zn(lIl) coordination ge-
ometry. Comparison of the AS from the two subclans shows that the 15t coordination sphere in-
teractions are tightly preserved across subclans. However, the MA(E) subclan presents higher
heterogeneities at the level of side chain orientation, although there are no major differences at
the level of the backbone. Visual inspection of MA(E) ASs (not shown) revealed that side chain
heterogeneities were related with glutamate coordination to Zn(ll), which differ between mono-

dentate and bidentate forms in Zn(ll)-dependent enzymes.[101]
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0.5
0.4
_ Backbone
<L 0.3-
(7]

i:’ Initial Refined

0.0

MA(M) Initial MA(M) refined  MA(E)

Figure 2.2 — Analysis of similarity scores (S) between AS of the MA(M) and MA(E) subclans.
AS were structurally aligned based on three atoms sets: A- 1%t coordination sphere, B - Side chain, C —
Backbone. Details of atoms used for each alignment in Section 2.2. D — Comparison between the initial and
refined MA(M)as set, Glucat and TSAzec transparent since they were not considered during alignments. Box
plots correspond to 25%-75% distribution of S values (50% central line), crosses to the 1% and 99%, aver-
age value in squares and whiskers to outliers. Matrixes of MA(M) pairwise alignments shown in box plots,
with each element corresponding to RMS values of each member ordered as in Table 2.1 and scaled to 0
< RMS < 0.4 for all atom sets. MA(E)as correspond to the refined set of thermolysin structures and remaining
subclan members analysed (details in Annex 2).

2.3.3 Active site model

The refined set of MA(M) members obtained in previous section was used to develop the cor-
responding AS model. This subclan was chosen over the MA(E) since Zn(ll) coordination is more
well-defined. Consideration for experimental aspects was also taken into account, since design
of a Glu-containing AS of the MA(E) subclan in peptide cores may pose additional issues related
with increased repulsive electrostatic interactions. Also, as discussed in Chapter 4, protein and
peptide designs based on (His)z-Zn(ll) coordination motifs are common and thus allow for more
direct comparison with the designs developed here. Selected MA(M) structures were analysed in
order to characterize the geometric parameters of the AS, as exemplified for astacin in Scheme
2.3.
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TSAzec

H,N OH

Zn(ll) coordination (His1.3)

Scheme 2.3 — Characterization of AS geometrical features for the MA(M) subclan.
A -Example of AS from astacin, corresponding to the three Zn(ll)-coordinated histidines (Hi-Hs), catalytic
glutamate (Glucat), Zn(Il) and bound TSA moiety (TSAzsc). B — Geometrical parameters defined for catalytic
interactions (top) and Zn(ll) coordination (bottom), corresponding to one distance (das), two angles (6a and
0s) and three dihedrals (xa, xas, x8) between protein and TSA atoms.

Two types of interactions were defined, “zinc coordination” between Hisi-3 residues and zZn(ll)
and “catalytic interaction” between Gluca, Zn(ll) and the TSAzes. The former was used to define
the tetrahedral/trigonal bipyramidal coordination geometry of the metal, while the latter was ex-
pected to reflect orientation of the Glucat upon TS formation. Characterization of these geometrical
features reflects the specific orientation of TSA molecules along the active site pocket, therefore
providing also information on the positioning of the bound carbonyl oxygen atom (Oyp). The corre-
sponding values of the two types of interactions for all MA(M) structures is summarized in Table
2.2.

MPs present specificity towards different peptide sequences on the basis of interactions of
substrate side chains with pockets in the MP matrix. Such interactions modulate substrate access
to the AS but are not directly coupled to the catalytic mechanism per se. Nonetheless, substrate
bulkiness was taken into consideration when modelling the diAla substrate, as shown in Figure
2.3. This simple form of a capped peptide was chosen since it has only one target peptide bond
but allows to access side chain and backbone orientations. A minimal representation of diAla was
also modelled (diAlamin), with only one possible conformer, absent portions of the Ala residues
(including backbone N- and Ow-bound hydrogens) and with no amidation or acetylation of the C-
and N-terminals, respectively. The usage of the two substrate models allowed to evaluate the
influence of size and conformation in the successful production of designs. These were based on
structures of two MA(M) members with similar interactions between Zn(Il) and TSAzsc. The high-
resolution structure of astacin was used for diAla, while for diAlamin the structure of adamalysin 11

was chosen instead (see below).
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Table 2.2 — Geometrical parameters of AS from selected MA(M) structures.

Interaction | 2 % g g % 0 5 [u) = g X+ cd
= 5 & 9 &8 I g 3 s 8 v

His1 2 2.1 2.2 2.2 2.2 1.9 2.2 2.1 2 2 2.1#0.1
e His2 2 2.2 2.2 2.2 2.2 1.9 2.1 2.2 21 2 2.1#0.1
Hiss 2 2.1 2.2 2.2 2.2 1.8 1.9 2.3 2 2 2.1#0.2
Glucat | 51 4.9 5 5 5.2 5.5 4.7 5.2 4.6 5.1 5.0£0.3
Hisi | 1005 918 936 91.8 942 933 105 96 1124 89.6 96.847.1

oa His2 | 884 949 884 966 933 882 1088 839 1065 926 94.2+8.1
Hiss | 1422 1506 1514 1472 1442 1544 130.6 1447 1319 143 | 144.07.8
Glucat | 33 31 304 361 365 198 482 315 511 334 35.1+9.0
Hisi | 1267 1261 1294 1282 1325 1293 1331 1288 131.3 1189 | 128441

05 Hisz | 1239 1261 1212 1215 1149 1315 1268 121 1265 1249 | 123845
Hiss | 1266 117.3 1191 1226 121.6 1247 1262 1314 1229 1305 | 124345
Glucat | 885 961 931 947 908 833 853 94 988 933 | 91.8+48
Hisi | 2484 261.1 2477 2404 2374 249 2433 2462 2814 2527 | 250.8+12.6

" Hisz | 1439 1583 1421 1344 1319 1457 1342 1435 1723 1532 | 146.0+12.4
Hiss | 362 342 374 175 17 37 107 377 536 383 | 30.4£155
Glucat | 184.7 1885 173.8 160.6 156.3 187.2 1661 186 220 190.3 | 181.4x184
Hisi | 1655 1498 1678 169.1 1704 1565 1489 167.3 129.1 157.6 | 158.2+12.9
- Hisz | 2086 1979 191.3 198 1983 1983 197.4 201.9 1989 191.2 | 198.2+4.9
Hiss | 46 229 28 162 296 87 392 43 211 198 | 16.9%12.0
Glucat | 796 749 672 673 701 956 724 82 79.1  66.1 75.4%9.1
His: | 168 1748 1606 1556 154.7 1769 164.6 161.9 1823 1712 | 167.129.2

) Hisz | 186 1905 1902 1844 1852 1869 195 193 1983 1949 | 190.4+4.8
X Hiss | 1626 1634 173 1768 1639 1675 1649 1713 1651 158.1 | 166.745.6
Glucat | 1387 1457 1403 141.3 1438 1484 1516 148 1515 1412 | 145.147

a — AS of subclan archetype astacin used in diAla modelling. b — AS of adamalysin Il used in diAlamin
modelling and RDO1 design. ¢ - Average values of each geometrical parameter for the n=10 analysed AS,
used as x0 values in the general MA(M) AS model. d — Corresponding standard error of values used as xtol
in both the Adamalysin Il and general MA(M) AS models.

The Zn(Il) metal ion was modelled as part of the substrate molecule in order to combine the
design of the metal site and substrate, as done similarly in the redesign of adenosine deami-
nase.[102] As discussed in Section 2.3.6, this proved to be useful in the design of peptide scaf-
folds lacking structural metal sites.®

The computational models of the AS were built using the Rosetta software package, as de-

picted in Figure 2.4.

8 Design of only metal sites is possible by usage of virtual atoms bound to Zn(ll) ion to define proper
coordination geometries.
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Figure 2.3 - Modelling of diAlamin and diAla substrates.
A — Modelling of diAlamin based on the structure of adamalysin II-FLX complex (PDB 4AIG). B — modelling
of diAla based on the structure of astacin-PFK complex (PDB 1QJI). Displayed distances and angle in two-
dimensional models (left) correspond to values found in the respective crystallographic structures. Ow atoms
identified in red and x1-s rotatable bonds of diAla in purple. Single conformer for diAlamin and 306 conformers
for diAla represented in three-dimensional models (right). Transparent representation of conformers used
for clarity.

diAlapin
R1=Ry: CHz ('no H) . Ne?/N§'
diAla
R1: CH3CH2C=0(NHy)
R>: CH3CONHCH;3
HO.
Hisq

Figure 2.4 — Development of Adamalysin Il and general MA(M) AS models.
A — Refined set of MA(M) AS, including Glucat residue and TSAzsc. B — Two-dimensional representation of
models Adamalysin Il (4AlGas:diAlamin) and general MA(M) (MA(M)as:diAla). Interactions with more than one
possible atom identified as coloured double arrows. Sampled histidine rotamers controlled at the level of x'1
and 'z dihedrals. C — three-dimensional representation 4AlGas:diAlamin D — three-dimensional representa-
tion MA(M)as:diAla. Superimposition of modelled AS with the refined set of MA(M) AS displayed in transpar-
ent representation and using arbitrary x’1 and X’z sampling values for clarity.
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Starting from the characterized geometrical features, a computational version of the Adama-
lysin 1l and general MA(M) AS was developed using the CstfileToTheozymePDB program. The
corresponding models of the Adamalysin II-diAlamin (4AlGas:diAlamin) and general MA(M)-diAla
(MA(M)as:diAla) ASs were generated and checked against the refined set.

Overlap with experimental structures shows that both models reproduce proper AS geometries
and that sampling of side chain conformers does not cause distortions of interacting atoms. More-
over, the AS maintains the trigonal bipyramidal Zn(ll)-coordination geometries found in MP-TSA
complexes. This coordination geometry was enforced by attributing pseudocovalent bonds be-
tween the Zn(ll) ion and the coordinating nitrogen atoms of histidine residues. Both computational

models were therefore validated, and their usage in a native enzyme tested in the next section.

234 Control design of astacin

The MA(M)as:diAla model was tested for its capacity to recapitulate the AS of native astacin
in a control design. Using the sequence positions of AS residues as input, the matcher program
successfully generated 4 UMs where MA(M)as:diAla was accomodated in the binding pocket, as
shown in Figure 2.5. Each UM corresponded to distinct diAla conformers, with small deviations in
residue side chain orientations and substrate position (total > 104). Using the enzyme design
program to evaluate the UMs, the corresponding DE with best score (repack with no sequence
design) presented residue conformations similar to the one found for the native structure. Integrity
of catalytic interactions was kept, as exemplified by Y149 orientation which contribute to oxyanion
stabilization upon formation of the TS.°

The control design shows that the MA(M)as:diAla model used in Rosetta can reproduce AS
features of a native MP, and therefore was used in the following sections in the redesign of a

metallopeptide and de novo design of peptide/small protein scaffolds.

9 During the design step Glucat and His1-s residues are kept fixed, therefore conservation of their orientation
is enforced.
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Figure 2.5 — Control design of astacin with MA(M)as:diAla model.

A — Scaffold representation of a UM obtained for astacin with modelled MA(M)as:diAla. B — AS detail of the
DE with lowest Scoretwta and comparison with native AS in transparent representation (left). Detail of residue
fluctuations (right, top) and diAla conformers (right, bottom) designed within the range of sampled geomet-
rical parameters. Residue fluctuations and diAla conformers shown in transparent representation for clarity.
AS residues identified in bold. The Y149 residue does not belong to the MA(M)as but was represented since
it was subject to repacking during the design stage and contributes for oxyanion stabilization in the native
enzyme.
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2.3.5 Design of RDO1 and RD0O1v2

The first design was focused on the Splf2 ZF, whose sequence is shown in Scheme 2.4.
Given that the AS models contain similar Zn(ll)-coordination motif as in other active Sp1f2 variants
(discussed in section 2.1), redesign of Sp1f2 was expected to also yield catalytically-competent
peptides. With this scaffold, it could be addressed if inclusion of second sphere interactions with

the metal (Glucat) lead to an increase in catalytic competence of the Sp1f2 scaffold.

10 20 30

1
Sp1f2 RPFMCTWSYCG KRFTRSDELQRHKR'II' HTGEK-NH,
I | |
RD01 RPFMGTWSYHGGRFTRSDELQRHKRE ,;HTGEK-NH,
I |
RD01v2 RPFT GTWSYHGVTFTRSDELQRHKRE ,;HTGEK-NH,
Scheme 2.4 — Sp1f2 redesign into RDO1 and RD0O1v2.

Modelled residues underlined and Zn(lIl)-coordinating residues in bold. Sequence changes identified by ver-
tical bars: DEs in green, non-Zn(ll)-coordinating residues in red and scaffold stabilization in purple.

Structures of Sp1f2 were used in the Rosetta matcher program to test if design of the both AS
models was possible. UMs were not found for more compact X-ray structures (PDB ID: 1SP2),
which prompted the usage of NMR structures (PDB ID: 1VA2, 31 states), as shown in Figure
2.6.10 This allowed to test different backbone conformations, therefore allowing for exploration of
the flexible features of the peptide in solution. All NMR states were independently screened, using
the native (His)2(Cys)2-Zn(ll) residue positions and the 4AIGas:diAlamin model as input, translating
in >10°% conformations sampled for each designed residue. This model was initially used as it
corresponds to an empirically-derived AS with geometrical features close to the set average.

Generation of UMs for Sp1f2 was limited, with only 1 diAlamin placement with small atomic
fluctuations in 1 NMR state, as shown in Figure 2.7. Additional approaches were pursued to gen-
erate more UMs, such as combinational variations of tested residue positions, increase of sam-
pling density level, employment of secondary matching algorithm for His:-Hiss design. These
however did not lead to new UMs, which points to a highly-constrained design. This may be at-
tributed to the C10 sequence change for bulkier H10, corresponding to Hiss design in the hydro-
phobic core.

The designed AS presented a mixed coordination to Zn(Il) by Ne? (H10, H23) and N&! (H27)
atoms, while in native Sp1f2 coordination of the two histidine residues (H23, H27) is made through

the Ne2atoms. Sampling of both nitrogen coordinating atoms was modelled since it is also found

10 Additional X-ray structures of finger 1 and finger 3 of Spl protein, X-ray structures of Zif268 and the
consensus-ZF peptide (CP1) structures were also tested. No positive hits were obtained for these scaffolds
with the 4AIGas:diAlamin model. NMR structures tend to present less packed side chain and backbone con-
formations.
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in native MPs - in MA clan through the N&2 atoms and in structurally similar MC clan through the
N&! atom (e.g. Carboxypeptidase A, PDB ID: 6CPA).

H27

Figure 2.6 — Sp1f2 zinc finger metallopeptide.
A — Scaffold cartoon representation. Secondary structure elements identified in bold. NMR states in ribbon
representation shown in top right. B — Detail of tetrahedral Zn(ll) structural site with coordinating residues
identified in bold.

The designed Zn(ll) ion was more surface-exposed than in native scaffold, and the Glucat was
designed by a T26E sequence change, thus recapitulating the HEcaXXHXnH coordination motif
found in native MPs. The resulting UMs were edited with an additional C5G sequence change to
allow for a bulk solvent molecule to coordinate with the Zn(ll) ion.

The Rosetta enzyme design program was used to design the vicinity of the modelled AS to
optimize interactions of the scaffold with the diAlamin substrate. DEs with an additional K12G se-
quence change resulted from this step, which was accepted given the steric clash between diAl-
amin and Lys side chains observed in UMs. The resulting peptide sequence shown in Scheme 2.4,
termed RDO1 (Rosetta Design 01), was selected for synthesis and experimental characterization.
As it will be described in further detail in the following chapters, this peptide sequence adopted a
fold similar to the native structure but presented no catalytic activity towards diAla substrate and
low hydrolytic activity towards a general esterase substrate, similar to other reported Sp1f2 vari-
ants. Issues related with decreased stability of the scaffold were encountered, therefore it was
addressed if improvements at the design stage could lead to a catalytically competent version of
RDO1.
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Figure 2.7 — Design of RDO1.
A — Scaffold representation of obtained UM for Sp1f2 with modelled 4AlGas. Secondary structure elements
identified in bold and corresponding NMR state (27) in green ribbon. B — AS detail of the DE with the diAlamin
substrate and AS sequence changes identified in bold (left). Detail of designed sequence changes identified
in bold and shown in coloured wireframe (right).

In the second round of Sp1f2 redesign, the MA(M)as:diAla model was used and all NMR states
of the structure were screened indenpendently with the Rosetta matcher program, with a higher
number of sampled conformations (> 107) due to modelling of diAla conformers. As shown in
Figure 2.8, the resulting UMs from 1 NMR state presented the same Zn(ll)-coordinating atoms
and side chain orientations of AS residues.
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MA(M)as:diAla

Figure 2.8 - Design of RD0O1v2.
A — Scaffold representation of obtained UM for Sp1f2 with modelled MA(M)as. Secondary structure elements
identified in bold and corresponding NMR state (27) in green ribbon. B — AS detail of the DE with the diAla
and AS sequence changes identified in bold (left). Detail of designed sequence changes identified in bold
and shown in coloured wireframe (right).

Placement of diAla was similar to the one found in previous design for diAlamin but only one
conformer was obtained. No additional UMs were obtained when employing other redesign
approaches, pointing again to a constrained design. Therefore, the usage of both AS models
does not lead to differences in produced UMs. An additional C5G or C5A sequence changes were
done and scaffold stabilization was pursued by including the M4T (1) and R13T (B2) sequences
changes, as threonine mutations in p-sheets are known to increase the stability of designed
ZFs.[103-105]

The modified UMs were used as input for further design with the Rosetta enzyme design

program. DEs presented a new sequence change, K12V or K12H, the later being discarded in
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order to not introduce additional Zn(ll)-coordinating residues. The designed valine side chains
interacted with the capped N-terminal of the diAla substrate. The two sequence variants, C5G
and CbHA, presented the K12V sequence change. Differences in the desing of K12G (in RD01)
and K12V (RD01v2) were addressed and found to be due to the usage of the -enz_debug option
flag in the former, which sistematically generates a K12G sequence change for the Splf2
scaffold.!! Evaluation of Rosetta’s scoring of these both C5G and C5A variants revealed that they
were nealy identical (not shown), and therefore the C5G sequence change was chosen to
preserve the non-coordinating residue of RDO1. The resulting sequence shown in Scheme 2.4,
RDO0O1v2, was synthesized and experimentally charachterized. Similar catalytic and structural
features as RDO1 were obtained, thus indicating that improvements at the design stage do not
lead directly to more profficient catalysts in the case of Sp1f2 scaffold. Wether the AS model or
the Splf2 scaffold were unsuitable for development of an active MP was addressed in the
following section, where a more thorough evaluation of RD0O1v2 scoring was made in parallel with

the screening and design of other peptide/small-protein scaffolds.

2.3.6 Screening of peptide and Small protein scaffolds

A set of 42 peptide/small-protein scaffolds (Annex 2) with varying chain lengths and with no
structural metal sites or disulphide bridges were selected from the SCOPe database and
screened for their capacity to accommodate the catalytic Zn(ll)-site of the MA(M)as:diAla model.
Two sequential steps of screening were done with the Rosetta matcher program: the first — “Sec-
ondary Algorithm” - allowed for distorted coordination geometries of Hisi-s residues; the second
— “Classical Algorithm” - only allowed for both properly defined coordination and catalytic geom-
etries. Whenever possible, NMR structures were used to capture the inherent flexibility of small
scaffolds. The number of tested conformations was typically >10° per modelled residue/sub-
strate/scaffold position. The results from the screening are summarized in Table 2.3 and in full
detail in Annex 2. A high number of UMs were produced for the majority of screened scaffolds,
although no correlation with chain length or fold type was found. This shows that the MA(M)as
can be easily modelled in smaller systems with reduced number of secondary structure elements,
not necessarily restricted to the same architecture of native MPs. Moreover, it indicates that the
low number of UMs obtained for RDO1 and RDO1v2 were due to high structural constraints im-
posed by the Sp1f2 backbone and not a limitation of the used MA(M)as:diAla model or options

controlling the matcher executable.

11 The usage of enz_debug option flag was chosen in RDO1 redesign, which was made using Rosetta3.4
version. The redesign of RD01v2 and remaining MA(M)as:diAla designs was made using Rosetta3.5 where
the -enz_debug flag was not used. In a subsequent control design of RDO1 using Rosetta3.5 without the
enz_debug flag, the K12V sequence change was also obtained, thus pointing to the sensitivity of the design
methodology to used parameters.
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Table 2.3 — Summary from the screening and design of peptide and small-protein scaffolds.

SCOPe Screened Scaffolds

20-64 residues
class g,j,k 42 (33 all-a, 6 a+f3, 3 all-B)
34 NMR, 8 X-ray

Matcher Modelled AS
Secondary algorithm 279 35
Classical Algorithm 122 (542 UM, 5.5x10° diAla) 27
Enzyme Design Designed
DE 5494 27 (20 all-a, 4 a+B, 3 all-B)
DEr10o 555 11 (8 all-a, 2 a+B, 1 all-B)

All UMs obtained were designed with the Rosetta enzyme design program, including the UMs
from RDO1v2 as a negative control (no MP activity) and native astacin as a positive control (MP
activity). Given the high number of produced DEs, a detailed evaluation of each one was not
feasible. Also, ranking of DEs based on arbitrarily defined cut-offs for parameters was not pursued
since the dataset was highly heterogenous. An ad hoc evaluation of DEs was therefore developed
to select the best candidate for further sequence design. It consisted first in identify which of the
17 selected Rosetta parameters could be used to best discriminate DEs by PCA, as shown in
Figure 2.9. [106-108] PCA is a useful orthogonal linear transformation method which allows to
reduce an original dataset of variables (17 parameters) and data points (5494 DEs) to a new
coordinate system where projection along the major axis (Principal Components, PC) reflects the
amount variance encoded by each variable. Thus, parameters which account for higher variance
in the dataset, and therefore best discriminate DEs, are those that present higher projections (or
loadings) along the subspace of first PCs (typically PC1-PC2). From eigenvalue decomposition
of the correlation matrix of 17 parameters, the resulting scree plot presented a steep curve with
a bend at PC3 but with no abrupt flattening until PC17. The PC1-PC2 subspace biplot, whose
PCs encode for 42% of total variance in the dataset, revealed two clusters corresponding to asta-
cin and remaining peptide/small-protein DEs. The orthogonal pairs of parameters that presented
highest loadings along the two clusters were i) Scorewta and sequence length L (correlation, corr=
-0.52), interpreted as larger scaffolds having more negative scores, i.e. being more favourable
since lower REU values are considered “good” in Rosetta; ii) constraints k and Scorediaia (corr=
0.27), interpreted as DEs with higher constraints tending to present less favourable diAla scores.
These orthogonal pairs of parameters were used in the next step of evaluation. The original da-
taset was projected along the original subspace of pair i) and a linear combination of pair ii), as

shown in Figure 2.10.%2

12 A linear combination of parameters from pair ii) was chosen since these two parameters are positively
correlated: An increase in one parameter reflects an increase in the other.
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Figure 2.9 — PCA of peptide/small-protein scaffolds designed with the MA(M)as:diaia model.
A — Correlation matrix of 17 parameters, where each element was calculated over 5494 DEs. Pairwise cor-
relation values were scaled between -1 for anti-correlated parameters and 1 for totally correlated parame-
ters. Details of used parameters described in Section 2.2. B — Corresponding scree plot obtained from ei-
genvalue decomposition of the correlation matrix. C — Biplot of parameter loadings (top and right axis) and
DE projections (bottom and left axis) along PC1 and PC2. DEs represented as black dots. Parameter load-
ings represented as vectors, coloured with respect to the corresponding features: scaffold-related in ma-
genta (4), substrate-related in orange (5) and AS residues in blue (4). Parameters selected for further DE

analysis in green (4).
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Figure 2.10 — Evaluation of peptide and small-protein designs.
A — Projection of DEs along the subspace of parameters Scoretota, chain length (L), and linear combination
of constraints (log k) and Scorediaa. DEs from the negative control (RD01v2) represented as red spheres,
from positive control (astacin) as green spheres and from the DEp1o subset in magenta spheres (see full text
for DEp10 definition). Remaining DEs represented as black dots with grey projections. B — Hyperplane pro-
jection of scaffolds included in the DEp1o subset. PDB identifier and chain length in parenthesis. Error bars
correspond to variations between the respective DEs. Best candidate scaffold 1UNC identified in blue.

The two clusters of DEs vary in terms of sequence length and scaffold score, although pre-
senting similar k/Scorediaa combinations to the remaining designs. The later shows large disper-
sion of Scoretwtal but relatively smaller variation of k/Scorediaia ratio. Evaluation of the designs was
focused at this point to the first decile of DEs (DEr10) with lower Scoretwtal (More negative) and low
k/Scorediaia, thus corresponding to the set of top best scaffolds. This set consisted in DEs from 12
scaffolds, including astacin, with varying sequence length and predominantly an all-a fold. Inclu-
sion of RD0O1v2 results allowed to clearly identify its unfavourable features as a scaffold for the
MA(M)as model, such as positive Scoretwtal and high k/Scorediaa combination. Selection of the best
candidate was therefore based on the scaffold that presented scores further from those of
RDO01v2 and closer to those of astacin. The scaffold which best met these criteria was the human
villin headpiece C-terminal subdomain - commonly termed HP35 (PDB 1UNC) - with a Scoretotal
more negative than control astacin, although with a relatively high k/Scorediaa. HP35 was there-

fore selected for further analysis, as described in the next section.

2.3.7 Design of RD02

The human HP35 scaffold, whose sequence is shown in Scheme 2.5, is part of the actin-
binding protein villin.[109] Its chicken homologue is a model system for protein folding since it is
the smallest protein that folds cooperatively, having been extensively characterized with both
computational [110-116] and experimental approaches. [117-122] HP35 designs included in the

DEr10 data set correspond to two sequence variants for the designed Hisi residue, F6H and F17H,
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as shown in Figure 2.11. The remaining residues Hisz, Hiss and Glucat were designed at identical
positions in the scaffold. The HP35 proved to be quite “designable”, since 5 additional sequence

variants were also modelled but not present in the DEp1o set.13

10 20 30

1
HP35 LSIED FTQAFGMTPAA FSALPRWK QQ, NLK KEKGLF-NH,

| T
BT PR LA
| | |

probability
o
w

0.0 M

I
RD02 GSIEAHTQAFGMTPAAASALPRWMHE_,,ALHKEKGLS-NH,

Scheme 2.5 — HP35 design into RD02.
Sequence logo with relative amino acid frequencies for each scaffold position. Modelled residues underlined
and Zn(ll)-coordinating residues in bold, as well as conserved phenylalanine residues. Sequence changes
identified by vertical bars: DEs in green, non-Zn(ll)-coordinating residues in red and scaffold stabilization
residues in purple.

MA(M)as:diAla

E26 H17 H25 H29

Figure 2.11 — HP35 design.
A — Scaffold cartoon representation. Secondary structure elements identified and conserved phenylalanine
residues in bold. NMR states in ribbon representation shown in bottom right. B — DEs of sequence variants
contained in the DEp1o set of designed peptide/small-protein scaffolds, with variations at the level of the His:
residue, H6 (top) or H17 (bottom).

Both variants present at least one sequence change for the highly conserved F6, F10 and F17

residues, whose hydrophobic collapse is attributed to be major driving force of HP35 folding.[118]

13 Screening of chicken X-ray structure (PDB 1VII) and the closely related human advillin (PDB 1UND) did
not yield UMs, which again points to the sensitivity of the screening methodology to small differences in
backbone conformations, as in the case of the Sp1f2 scaffold.
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Substitution of these residues for leucine is known to lead to significant destabilization of the
scaffold, with F17L leading to the most destabilizing variants (substitution for other amino acids
leads to unfolded or misfolded variants).[109,118] Analysis of UMs obtained for the F6H variant
revealed properly defined Zn(ll) coordination geometries through the Ne2 atoms of Hisi-sresidues,

as shown in Figure 2.12.

A

Figure 2.12 — Design of RD02.
A — Scaffold representation of obtained UMs for HP35, H6 variant with modelled MA(M)as. Secondary struc-
ture elements identified in bold and corresponding NMR states (6, 20, 22, 25) in green ribbon. B — AS detall
of the DE with lower Scoretwtal, diAla and AS sequence changes identified in bold (left, top). Detail of residue
fluctuations and diAla conformers designed within the range of sampled geometrical parameters (left, bot-
tom). Residue fluctuations and only one diAla structure per conformer shown in transparent representation
for clarity. Detail of designed sequence changes identified in bold and shown in coloured wireframe (right).
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A methionine residue in position 12 was positioned below the designed AS (not shown), re-
sembling the conserved “met-turn” of MA(M) members. A higher number of UMs was produced
in comparison with RD0O1v2, corresponding to scaffolds with slight atomic fluctuations of designed
residues, four different diAla conformers with small atomic fluctuations (> 4000 placements), and
four distinct NMR states.

Regarding interactions with the substrate, the F6H variant presents diAla in extended confor-
mation and placed along the scaffold surface, while in F17H it is positioned closer to the first a-
helix and in bent conformation. Given the least destabilizing sequence change and diAla place-
ment resembling those found in protease-substrate complexes, the F6H variant was selected for
sequence design.

DEs from the F6H variant yielded 10 sequence changes with more than one proposed amino
acid identity, as shown in Scheme 2.5. Native residue identity was kept when it was also pro-
posed by the Rosetta enzyme design program, such as F10, P14, R22 and L34. The proposed
S18A sequence change was excluded since the native Ser residue interacts through a H-bond
with native R22 residue and also to avoid formation of poly-Ala sequence motifs. The F17A se-
quence change was accepted over the F17L in order to decrease steric clashing with the metal
centre.* The sequence changes L1G and F35S were accepted to optimize interactions with diAla
by reducing side chain size in the termini of a1 and a3. In addition to the sequence changes
proposed by the Rosetta enzyme design program, other modifications were done to address the
stability of the scaffold: D5A (al) to eliminate competing Zn(ll)-binding residues in the vicinity of
designed Hiss, similarly to the C5G sequence change done in RD01, RD01v2 design; K24M and
N27A (a3) to increase scaffold stability, since they are known to contribute for the formation of
hyper stable HP35 variants.[111] The scores of HP35 remained practically unchanged since the
initial screening through the sequence design stage and after the additional D5A, K24M and N27A
sequence changes (Scorewta -33.9 to -33.2 REU), suggesting that no destabilizing amino acids
were introduced during sequence design. The final peptide sequence, RD02, is shown in Scheme
2.5 and was selected for synthesis and experimental charachterization together with the RD01
and RDO1v2 peptides.

2.4 Conclusion

In this chapter, MPs from the MA clan were characterized in terms of their sequence-structure-
dynamics relationships in order to capture essential aspects of their enzymatic function. Besides
the conserved sequence motifs, the AS were shown to be structurally conserved in regions of the
scaffold with low fluctuations. Characterization of conserved geometric features between AS res-

idues allowed to develop two computational AS models, one of Adamalysin Il and another of a

14 The effect of F10 and F17 sequence changes will be further discussed in Chapter 6.
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general MA(M). The general MA(M) model was shown to reproduce the AS features of the native
MP astacin and was successfully used to screen and design a total of 43 peptides or small-protein
scaffolds. One of such scaffolds was the ZF metallopeptide Sp1f2, whose redesign was made in
two rounds, RD01 and RDO1v2, the latter being used to address scaffold stability by incorporation
of ZF-stabilizing sequence changes. The best candidate from the remaining 42 scaffolds in terms
of Rosetta scoring function was identified, which corresponded to the model peptide HP35. The
scaffold was extensively designed with the general MA(M) AS model, leading to the final se-
quence RDO02. The employment of NMR structures as input allowed to capture the flexible fea-
tures of small scaffolds and how successful design of the AS model was consequently affected.
The employment of PCA allowed to identify the set of Rosetta scoring parameters that best dis-
criminate between native MPs and small scaffold designs.

The three RD peptides were selected for synthesis, as described in the following Chapter 3.
Given the relatively high number of sequence changes made for such small scaffolds, potentially
destabilizing interactions could have been introduced, which was addressed by physicochemical
characterization in Chapter 4 and evaluation of catalytic proficiency in Chapter 5. While the RD
peptides closely reproduced AS geometries found in native MPs, the employed MM-based
method provided limited clues if such interactions are kept under more realistic conditions (i.e.
system properties in solution). Therefore, in Chapter 6 the computational design approach was
re-evaluated by exploring the structural flexibility of RD peptides through simulation and experi-

ments.
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3. Synthesis and purification of Peptides
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3.1Introduction

Production of candidate sequences is a crucial step in any protein design project. Ideally, all
designs that are considered for a given target function should be experimentally evaluated to
address the robustness of the employed approach, while relying in high-throughput methods of
protein purification and characterization.[123,124] However, in practical terms the evaluation of
candidate sequences is usually limited to the set that can be obtained in soluble form through
recombinant techniques for expression in biological systems. [23,87] While this may reduce the
time and effort necessary to find the best catalyst, valuable information from failed designs may
be lost merely because proper expression conditions are not met. For enzyme design endeav-
ours, additional problems arise in case the target reaction is also performed by the host’s molec-
ular machinery, since even low-level contaminations of native enzymes can mask the observed
catalytic activities and lead to false positive results.[125,126] Proteases are an example of this,
given that they are ubiquitous and span a wide range of kinetic and substrate specificities. [25]
Last, production of metalloproteins in biological systems requires additional treatment of expres-
sion crudes with chelators to ensure removal of endogenous metals, which otherwise could inter-
fere with proper characterization of their metal-binding properties.

Peptides and small proteins designs benefit from their reduced size since production can be
done through chemical methods and thus avoid some of the caveats of recombinant protein ex-
pression. Solid-phase peptide synthesis (SPPS) is a particularly suited technique for rapid and
efficient production of peptides. Introduced by Merrifield in 1963 [127] with t-butyloxycarbonyl
(commonly referred as Boc) based chemistry and later adapted for 9-fluorenylmethyloxycarbonyl
(Fmoc)-based chemistry by Carpino in 1970’s,[128] SPPS is now routinely used by the majority
of peptide laboratories.[129] This iterative method is represented in Scheme 3.1 and further de-
tails will be given in Section 3.2. Nascent peptide chains are covalently attached to an insoluble
polymeric support. The N of the nascent chain is protected by the base-labile Fmoc group, which
is removed prior to carboxyl activation and coupling with the next amino acid in the sequence.
Chain elongation occurs from the C to N terminal by successive cycles of deprotection and cou-
pling, with removal of excess reagents through filtration and washing. After deprotection of the N-
terminal amino acid, side chain deprotection concomitant with cleavage from the solid support is
achieved though acidic conditions. This orthogonal scheme, e.g. removal of N%-protecting group
under basic conditions and side chain deprotection under acidic ones, has been increasingly
adopted for standard synthesis protocols given the less harsh conditions required for cleav-
age.[130]
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Scheme 3.1 — Summary of Fmoc-based SPPS. Description of each step is made in main text.

Since its initial developments, Fmoc-based SPPS has been optimized and can now be autom-
atized for production of peptides and small proteins.[131] It is thus a suitable method to produce
the RD peptides described in Chapter 2 and their respective native sequences, shown in Scheme
3.2. SPPS also allows the possibility of introducing unnatural amino acids and other specific
probes/modifications in posterior design stages. Nonetheless, it still faces limitations regarding
longer chain lengths due to accumulation of by-products from incomplete coupling and deprotec-
tion reactions that lead to premature termination or truncated sequences. [132] This is usually
attributed to steric hindrance or intra- and intermolecular aggregation phenomena, which can be
minimized, for example with the aid of microwave heating, mixtures of solvents, special amino

acids or employment of different solid supports.[133,134]
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Sp1f2 RPFMCTWSYCGKRFTRSDELQRHKRTHTGEK-NH,
(Cio5H25N56045S3, 3841.9 Da)

RD01 RPFMGTWSYHGGRFTRSDELQRHKREHTGEK-NH,
(C164H246N57046S, 3786.9 Da)

RDO0O1v2 RPFTGTWSYHGVTFTRSDELQRHKREHTGEK-NH,
(Cip2H24gN54045, 3743.9 Da)

HP35 LSIEDFTQAFGMTPAAFSALPRWKQQNLKKEKGLF-NH,
(C1g5H226N 45044, 3998.1 Da)

RD02 GSIEAHTQAFGMTPAAASALPRWMHEALHKEKGLS-NH,
(Ci54H257N49047S;, 3730.9 Da)

Scheme 3.2 — Sequences of natives Spl1f2, HP35 and designed RD01, RD01v2 and RD02
peptides with C-terminal amidation (NH2). Calculation of mass based on chemical formula.

Aggregation is dependent on local sequence motifs that occur during chain elongation. For
example, sequences containing amino acids prone to form B-sheet elements (alanine, valine,
isoleucine, asparagine, glutamine) may yield crudes with lower purity due to increased hydrogen
bonding and hydrophobic interactions. Indeed, as it will be described in Section 3.3.1, synthesis
of both native Sp1f2 and RD0O1 peptides was relatively straightforward in comparison with syn-
thesis of RD01v2 described in Section 3.3.2 due to the increased (-sheet forming propensity of
the later. However, difficulties are not restricted to peptides containing B-sheets, as it will be de-
scribed in Section 3.3.3 for the synthesis of the all-a HP35 and RD02 peptides.

Although issues were encountered regarding coupling and deprotection cycles, the standard
Fmoc-based methods employed resulted in complex crudes from which the target peptides were
present as major species. This was observed by reversed-phase high-pressure liquid chromatog-
raphy (HPLC), the commonly used purification technique used in combination with SPPS. [135]
Peptides are first adsorbed in the stationary phase via hydrophobic interactions with the column
matrix and then eluted differentially by decreasing the polarity of the mobile phase. The identity
of peptides was confirmed by mass spectrometry analysis of isolated HPLC peaks, which allows
for direct identification of their amino acid sequence. [136] The details of the synthesis and puri-

fication steps will be described in the following sections.

3.2 Materials and Methods

Chemicals: Fmoc-amino acids were purchased from CEM, Novabiochem (now Merk) and Iris
Biotech GmbH. Rink Amide 4-methylbenzhydrylamine (MBHA) (100-200 mesh, loading 0.59
mmol/g), Rink Amide MBHA low-loading (LL, 100-200 mesh, loading 0.36mmol/g) resins and 2-
(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were obtained

from Novabiochem. Trifluoroacetic acid (TFA), anisole, thioanisole, 1,2-ethanedithiol, triiso-
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propylsilane (TIS), 1-Hydroxybenzotriazole (HOBt) and piperidine were acquired from Sigma-Al-
drich (now Merck). Acetonitrile (ACN), dimethylformamide (DMF), diethyl ether, dichloromethane
(DCM), N-methyl-2-pyrrolidone (NMP), N,N-diisopropylethylamine (DIEA), acetic anhydride and
triethylamine (TEA) were obtained from different commercial suppliers. All reagents used were
the highest grade available.

Synthesis: SPPS were done in an Initiator+ Alstra Automated Microwave Peptide Synthesizer
(Biotage) or in a Liberty Microwave-Assisted Automated Peptide Synthesizer (CEM GmbH). The
methods employed were based on protocols provided by the manufacturers (Biotage) or opti-
mized for synthesis of long peptides (CEM), further details are given in Table 3.1. The Rink Amide
MBHA and Rink Amide MBHA LL resins were used as solid supports and swelling was done with
DCM followed by washing with DMF. 1. An excess of 4 equiv. amino acids, 3.9 equiv. HBTU, 4
equiv. HOBt and 8 equiv. DIEA was used to increase reaction yields. After the last coupling cycle

resins were washed with DMF and DCM.

Table 3.1 — Methods and conditions used in the synthesis of peptides.

Biotage CEM
Reaction vial 10 mL 45 mL
Deprotection
Reagents 20% piperidine in DMF
» 13 min or 20 min for “long-peptide” 5 min or 20 min for “long-peptide”
Conditions
room temperature 75 °C
Coupling?
Activator: HBTU in DMF ) ]
] Activator: HBTU in DMF
Reagents Base: DIEA in NMP .
- ) Base: DIEA in NMP
Additive: HOBt in NMP
5 min or 10 min for “long-peptide” 5 min or 10 min for “long-peptide”
» 75 °C 75 °C
Conditions ) . ) . )
60 min for histidine/aspartate/cysteine histidine/cysteine/glutamate/aspartate
room temperature 50 °C
Acetylation - 20% acetic anhydride in DMF
Stirring Vortex N2 current

a - Coupling cycles were doubled for arginine, threonine, proline, and tryptophan in CEM.

Deprotection and Cleavage: side chain deprotection and cleavage from resin was done with
TFA/TIS/H20 95:2.5:2.5 v/v (RD0O1v2), or TFA/thioanisole/1,2-ethanedithiol/anisole 90:5:3:2 v/v
for peptides containing cysteine or methionine residues (Sp1f2, RD01, RD02 and HP35), Vi=10-
20 mL for 2h under N2 atmosphere. The resin-cleaved peptides contained an amide group at the

C-terminal from the MBHA linker. Afterwards, TFA from the cleavage filtrate was removed under
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Nz current and added to cold diethyl ether to form peptide crude precipitates.'® After filtration and
washing with cold diethyl ether, the peptide crudes were dissolved in water, lyophilized and stored
at -20 °C until purification.

Purification: crudes were purified by preparative reversed-phase HPLC (Agilent 1260 or Wa-
ters 2535 Quaternary gradient module with 2489 UV/Vis detector) with a C18 column (Phenom-
enex Jupiter 250 mm x 21.2 mm, 15 ym 300 A) and mobile phase of solvent A (H.O/TFA 99.9:0.1
v/v) and solvent B (ACN/H20/TFA 90:9.9:0.1 v/v). Crudes were dissolved in the minimum volume
possible of solvent A to reach full solubilization (> 20 mL) or in a mixture of solvent A/solvent B
95:5 or 90:10 v/v in case of low solubility. Initial 1 mL injections were made as a test and subse-
guently the injection volume was increased up to 4 mL (5 mL loop) or 9 mL (10 mL loop). Prior to
injection, crudes were filtered with 0.22 um filters to remove aggregates. Chromatograms were
obtained by tracking absorbance signal intensity at 220 nm and 280 nm channels with flow rates
of 10 or 20 mL/min. Linear gradient methods were employed and optimized for each crude, start-
ing at 0 to 20% and going up to 60% solvent B in slopes ranging between 1.25 to 5% solvent
B/min. Peaks of interest were identified and manually collected after elution in one to three frac-
tions (lower slopes were used for multiple fractions). After collection, samples were lyophilized
and stored at -20 °C until usage. Approximately 10 mg of purified peptide were typically recov-
ered.!® Purity and identity of peptides were determined by analytical HPLC (Agilent 1100 Series
or Hitachi LaChrom Elite) and mass spectrometry analysis, respectively. Samples were dissolved
in MQ water or solvent A for analytical HPLC in C12 (Phenomenex Jupiter Proteo, 250 mm x 4.6
mm, 4 um, 300 A) or C18 (Phenomenex Jupiter 250 mm x 4.6 mm, 15 ym, 300 A and Discovery
HS 250 mm x 4.6 mm, 5 ym) columns, with the same gradient methods used in preparative HPLC
and 1 mL/min flow rate. The same steps were applied in re-purification of isolated peaks and
recovery of RD01.Y7

Fmoc removal: In synthesis where a Fmoc group was kept, the removal was carried out after
HPLC purification by addition of 5% v/v TEA to solutions containing the Fmoc fractions for 1h
(HP35) or extended to 3h (RD0O1v2 and RD02). TFA was then added to the reaction for neutrali-
zation (6 < pH < 8). Afterwards, the samples were filtered with 0.22 ym filters and the soluble

fraction stored at -20 °C until purification as described above.

15 |n the first synthesis of RD01v2 cold diethyl ether was added directly to the TFA solution due to the low
solubility of cleavage filtrate.

16 Assuming efficiencies of 90% for each coupling cycle (and 100% for each deprotection cycle), synthesis
yields (mg purified/mg calculated x 100) were < 27% for Sp1f2, RD01 and RD01v2 and < 43% for HP35 and
RDO02. The example of calculations for RDO1 (Biotage) is given: 946 mg (product weight) x 0.93 (90% cou-
pling over 31 cycles) = 36.1 mg (calculated). Synthesis yield: 10 mg (weighted maximum)/36.1 mg (calcu-
lated)= 27%.

17 RDO1 assays were pooled once finished and the peptide recovered. Treatment with 10 mM EDTA and
a drop of 1M HCI overnight at room temperature was made to obtain the Zn(ll)-free peptide. Solutions were
filtered and injected directly into preparative HPLC.
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Mass analysis: mass characterization of the peptides was done by time-of-flight (TOF) MS
with electrospray ionisation (ESI) - Spectropole, Aix-Marseille Université and UniMS (Waters Syn-
apt G2 HDMS), Mass spectrometry Unit ITQB/IBET (Thermofinnigan ESI-LTQ and ESI-LCQ) ser-
vices or; matrix-assisted laser desorption/ionization (MALDI) - UniMS, Mass spectrometry Unit
ITQB/IBET (Applied Biosystems Sciex 4800plus, TOF/TOF) and Laboratério de Analises,
REQUIMTE (Voyager-DE PRO, TOF) services. Solids were dissolved in diluted solutions of either
formic acid, acetonitrile or methanol/ammonium acetate before ionization (ESI) or directly eluted

in CHCA matrixes (MALDI) and acquired in positive ion mode.

3.3 Results and Discussion

3.3.1 Synthesis and purification of Sp1f2 and RDO1

The native peptide Sp1f2 has been extensively studied and described in the literature, includ-
ing its production through Fmoc-based SPPS.[137,138] No specific details have been raised re-
garding difficult couplings within the full polypeptide chain, which prompted the usage of standard
coupling and deprotection methods for all the 31 cycles (Biotage). It should be noted that synthe-
sis done in Biotage followed the protocols provided by the manufacturer as the instrument had
not been tested at the time for synthesis of long peptide sequences, while those made in CEM
(see below) had already been optimized in the laboratory. As shown in Figure 3.1, after cleavage
from the Rink Amide MBHA resin, the HPLC chromatogram of peptide crude contained multiple
peaks, with the major one eluting at ~28% solvent B. This peak was collected in a single fraction,
with the corresponding analytical HPLC revealing the presence of a small impurity.

ESI-MS analysis confirmed the identity of the target sequence (3841 Da) with the presence of
a truncated sequence (3582 Da) with less two amino acids, corresponding to the observed by-
product which could not be removed even after an additional round of HPLC purification (not
shown). No further rounds were attempted since a significant portion of the target peptide was
lost when discarding fractions containing the by-product. As will be described in Chapter 4, this
batch was used only for control folding and stability assays and the results obtained are in agree-

ment with the literature, indicating small interference from the containing impurity.
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Figure 3.1 — HPLC purification and MS identification of Sp1f2 peptide obtained by SPPS.
A — Preparative HPLC chromatogram of peptide crude (Biotage). Collected peak and eluting conditions are
identified by arrows, details of gradient methods used in top left of chromatograms. B — Corresponding
analytical HPLC chromatogram of collected peak. Absorbance signals monitored at 220 nm. C — Mass spec-
trum of collected peak obtained by ESI-MS. Compounds identified in top right: [Sp1f2 +4H]** 961.6(calcu-
lated)/961.5(measured); [Sp1f2 +5H]>* 769.5/769.4; [Sp1f2 +6H]®* 641.4/641.3; [Sp1f2 +7H]"* 549.9/549.8
and [Sp1f2 +8HI8* 481.3/481.2.

0

Given the small number of introduced sequence changes (C5G, C10H, K12G), the RDO1 pep-
tide was also synthesized with the same methods used for Sp1f2, except for doubled coupling
steps in the last three cycles to prevent truncated sequences (Biotage). HPLC of peptide crude
shown in Figure 3.2 revealed again multiple peaks, with the major one eluting at ~26% solvent B.
After purification, ESI-MS analysis confirmed that this peak corresponded to the target sequence
(3786 Da), although containing small impurities (not shown). An additional round of preparative
HPLC was required to isolate the target sequence (not shown), as shown by analytical HPLC and
ESI-MS analysis (3789 Da).
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Intensity

A — Preparative HPLC chromatogram of peptide crude (Biotage). Collected peak and eluting conditions are
identified by arrows, details of gradient methods used in the chromatograms. B — Corresponding analytical
HPLC chromatogram of collected peak. Absorbance signals monitored at 220 nm. C — Mass spectrum of
collected peak obtained by ESI-LTQ MS. Compound was identified based on: m/z [RDO1 +2H]?* 1894.6(cal-
culated)/1894.0(measured); [RDO1 +3H]3** 1263.4/1263.0; [RDO1 +4H]** 947.8/948.0; [RDO1 +5H]>*
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Figure 3.2 — HPLC Purification and MS identification of RDO1 peptide obtained by SPPS.

758.4/759.0 and [RDO1 +6H]%* 632.2/633.0.

pling methods were used from the 15" to the 315t cycle to prevent formation of truncated se-
quences, where increased efficiency is attempted by extending reaction times. Elongation of trun-

cated sequences was also prevented through acetylation of unreacted chains from the 15 to the
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30t cycles. The Rink Amide MBHA LL resin was used to decrease interchain interactions on resin
beads that may lead to aggregate formation. As shown in Figure 3.3, the HPLC of peptide crude

presented a single major peak eluting at ~26% solvent B, which was collected in three fractions.
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Figure 3.3 — HPLC purification and MS identification of RDO1 peptide obtained by SPPS with
optimized conditions.
A — Preparative HPLC chromatogram of peptide crude (CEM). Collected peak and eluting conditions are
identified by arrows, details of gradient methods used in the chromatograms. B — Corresponding analytical
HPLC chromatogram of collected peak in three fractions: initial (magenta), central (blue) and final (black).
Absorbance signals monitored at 220 nm. C — Mass spectrum of collected peak obtained by ESI-LTQ MS.
Compound was identified based on: m/z [RDO1 +4H]** 947.8(calculated)/948.1(measured); [RDO1 +5H]>*
758.4/758.8, [RDO1 +6H]%* 632.2/632.6 and [RDO1 +7H]"* 542.0/542.5.

The presence of closely-eluting by-products difficulted the collection of this peak, requiring
again two rounds of HPLC purification (not shown) until purity of the central fraction was confirmed
by analytical HPLC and ESI-MS analysis (3789 Da). An additional synthesis using the same con-
ditions was done and the obtained crudes were similar, although in that case one round of purifi-

cation was enough to obtain pure peptide (not shown).
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3.3.2 Synthesis and purification of RDO1v2

In order to tackle eventual formation of aggregates during synthesis of RD0O1v2 that could
originate from the sequence changes made to the previous RDO1 version (M4T, K12V and R13T),
the Rink Amide MBHA LL resin with lower loading was initially used (Biotage). However, due to
high volume increase upon resin swelling this approach was not continued.!® Instead, the original
Rink Amide MBHA resin was used in a second attempt. To prevent decreased coupling efficien-
cies upon chain elongation, the long-peptide coupling methods were employed from the 15% to
the 31st cycles. This approach did not prove to be useful, since HPLC chromatograms of peptide
crude presented two major peaks, which eluted at ~28 and 29% solvent B, respectively (not
shown). ESI-MS analysis of the first peak purified revealed a 3998 Da compound, which was
assigned to the target sequence (3743 Da) with an additional Fmoc group (223 Da) and a K* ion
(39 Da).’® This was attributed to inefficient Fmoc cleavage during the final deprotection step.
Removal was therefore attempted posteriorly on the purified fractions by treatment with 5% TEA.
The resulting major peak eluted at ~33% solvent B, although the presence of closely eluting im-
purities required two additional rounds of HPLC purification, yielding a low amount of recovered
peptide.

In the following synthesis of RD0O1v2 (CEM) additional measures were adopted to obtain a
simpler peptide crude. Capping of truncated chains was done only at each 5 cycles (5" to 30t)
through acetylation. Rink Amide MBHA LL was selected since larger reaction vials were used.
Long-peptide coupling methods were used as before. As shown in Figure 3.4, the peptide crude
revealed a major peak mixed with closely-eluting small peaks at 29% solvent B, which again
prevented efficient separation even for optimized gradients.

A new synthesis was attempted where Fmoc deprotection in the last cycle was not done to
help identify the peptide (CEM). Capping of unreacted chain was increased from the 15% to the
30t cycle as initially made for RDO1. The resulting crude chromatograms presented a major peak
eluting at ~34% solvent B, which was assumed to be the target sequence containing the Fmoc
group given the increased hydrophobic character. A coarse purification of this peak was done,
followed by a 5% TEA treatment for Fmoc removal. The resulting peak eluted at 29% solvent B
and as shown in Figure 3.4, the corresponding analytical HPLC chromatogram of the central
fraction was pure, with target sequence confirmed by MALDI-TOF/TOF analysis (3745 Da). The
synthesis of RD01v2 proved to be more challenging than previous RDO1 and Sp1f2 peptides.
Peptide crudes presented a higher amount of closely-eluting impurities suggesting decreased

coupling efficiencies.

18 ESI-MS of major peak eluting at 29% solvent B was inconclusive due to low resolution.
19 ESI-MS of middle fraction from 28% solvent B, full mass (4006 calculated/3998 measured), series +3
(1335/1333) and +4 (1001/1000).
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Figure 3.4 — HPLC purification and MS identification of RD0O1v2 peptide obtained by SPPS.

A — Preparative HPLC chromatogram of peptide crude (CEM). Collected peak and eluting conditions are
identified by arrows, details of gradient methods used in top left of chromatograms. B — Preparative HPLC
chromatogram of peptide crude (CEM) with a Fmoc group attached at the N-terminal. C- Preparative HPLC
chromatogram of collected peak after TEA treatment for Fmoc group removal. D - Corresponding analytical
HPLC chromatogram of collected peak in three fractions, initial (red), central (cyan) and final (blue). Absorb-
ance signals monitored at 220 nm, details of gradient methods used in the chromatogram. E — Mass spec-
trum of central fraction obtained by MALDI-TOF/TOF MS. Compound was identified based on: m/z [RD01v2
+ H]* 3743.9 (calculated)/3745 (measured).

3.33 Synthesis and purification of HP35 and RD02

Production of HP35 through SPPS has been described in the literature using standard Fmoc-
based chemistry.[109] As in the case of Sp1f2, no difficult couplings over the entire sequence

were anticipated. The approach followed was therefore similar to RD0O1v2 synthesis, with long-
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peptide methods used from the 15t to the 35" cycles, and a Fmoc group bound to the N-terminal
to facilitate purification. No acetylation of unreacted chains was done. After synthesis (Biotage),
analytical HPLC chromatograms of peptide crude shown in Figure 3.5 revealed a major peak

eluting at ~55% solvent B, which was identified by MS as the peptide containing the Fmoc group.2°
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Figure 3.5 — HPLC purification and MS identification of HP35 peptide obtained by SPPS.
A — Preparative HPLC chromatogram of peptide crude with a Fmoc group attached at the N-terminal (Bio-
tage). Collected peak and eluting conditions are identified by arrows, details of gradient methods used in top
left of chromatograms. B — Corresponding analytical HPLC chromatogram of new eluting peak after TEA
treatment for Fmoc group removal. Absorbance signals monitored at 220 nm. C — Mass spectrum of col-
lected peak obtained by ESI-MS. Compound was identified based on: m/z [HP35 +3H]3* 1333.9 (calcu-
lated)/1333.7 (measured); [HP35 +4H]** 1000.7 /1000.5 and [HP35 +5H]>* 800.7/800.6.

20 ESI-MS results: [HP35-Fmoc +3H]3* 1407(calculated)/1407 (measured); [HP35-Fmoc +4H]**
1055/1056 and [HP35-Fmoc +5H]>* +5 844/845.
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Removal of the Fmoc group from the crude was done with 5% TEA treatment, after which a
new peak eluting at ~41% solvent B appeared. After collection of this peak, the analytical HPLC
chromatogram presented no detectable impurities and ESI-MS analysis confirmed the identity of
the peptide with no Fmoc group bound (3998 Da). The higher volume percentage at which HP35
elutes in comparison to Sp1f2 reflects the increased hydrophobic character of the former, which
can be attributed to the higher number of hydrophobic residues such as the four phenylalanine
residues present in its sequence.

Synthesis of RD02 (Biotage) was based on the methods used for HP35, except for the inclu-
sion of a Fmoc group at the N-terminal. Problematic sequence motifs were not considered, alt-
hough decreased yields were anticipated due of the relatively high number of sequence changes
made. As shown in Figure 3.6, preparative HPLC chromatograms revealed a major peak eluting
at ~35% solvent B, which was recovered in three fractions. Analytical HPLC chromatograms (not
shown) and ESI-MS analysis revealed the presence of three compounds: target sequence (3730
Da), a presumable peptide-ion adduct (3793 Da) and the target sequence with an additional Fmoc
group present (3900 Da). This was previously observed for RDO1v2, where the unexpected pres-
ence of the Fmoc was attributed to inefficient removal in the last coupling cycle. Therefore, the
sample was subjected to TEA treatment as described before. The final soluble fraction was con-
firmed by MALDI-TOF analysis to correspond to the target sequence (3731 Da). The lower solvent
B percentage at which RD02 eluted in comparison to HP35 reflects a decreased hydrophobic
character, which is attributed to the two F6H and F17A sequence changes made in order to ac-

commodate the designed AS.
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Figure 3.6 — HPLC purification and identification of designed RD02 peptide obtained by SPPS.
A — Preparative HPLC chromatogram of peptide crude (Biotage) with a Fmoc group attached at the N-
terminal. Collected peak and eluting conditions identified by arrows, details of gradient methods used in top
left of chromatograms. Absorbance signals monitored at 220 nm, details of gradient methods used in inset.
B — Mass spectrum of collected peak obtained by ESI-MS. Compound identified based on: m/z [RD0O2 +3H]3*
1244.8 (calculated)/1244.6 (measured) and [RD02 +4H]** 933.8/933.7. C - Mass spectrum of collected peak
obtained by MALDI-TOF after TEA treatment for Fmoc group removal. Compound identified based on: m/z
[RDO2 + HJ* 3732.2 (calculated)/3731.0 (measured).
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3.4 Conclusion

The synthesis and purification of RD peptides has been described in current chapter. Starting
from the target sequences obtained by computational design described in Chapter 2, RDO1,
RDO01v2 and RD02 were synthesized through Fmoc solid-phase methods along their respective
native peptides. Although all target sequences could be obtained and typically corresponded to
the major species observed in HPLC chromatograms, efficient collection of purified fractions was
difficulted due to the high number of closely-eluting reaction by-products. Attempts were made to
increase synthesis yields, either by extending reaction times for employed microwave-assisted
coupling/deprotection methods or prevention of by-product build up through acetylation of unre-
acted chains. While this proved to be useful in the case of RD01, for RD01v2 and RD02 additional
issues were encountered, namely incomplete Fmoc group removal in the last deprotection cycles.
Although additional rounds of purification were required to obtain the target Fmoc-free peptides,
their collection was facilitated since the Fmoc-bound form eluted away from the remaining impu-
rities. While the low synthesis yields obtained can be attributed to limitations of solid-phase meth-
ods to obtain long polypeptide chains, the influence of introduced sequence changes was con-
sidered. Native peptides Sp1f2 and HP35 were relatively more straightforward to obtain than their
corresponding designs, and in the case of RD0O1v2 introduction of residues with 3-sheet forming
propensity led to more challenging purification steps in comparison to RDO1. Alternative coupling
strategies were not pursued since reasonable amounts of purified peptide could be obtained. In
all cases the identity of peptides (with C-terminal amidation) was confirmed by mass spectrometry
analysis, and purified fractions were used for experimental characterization in the following chap-
ters 4 to 6.
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4. Physicochemical Characterization of De-

signed Metallopeptides

61



Physicochemical Characterization of Designed Metallopeptides

Oral presentation in conference
Carvalho HF, Branco RJF, Rogue ACA, Iranzo O, 13t European Biologic Inorganic Chemistry
Conference (2016 Budapest, Hungary).

62



Physicochemical Characterization of Designed Metallopeptides

4.1 Introduction

The Zn(ll) ion is the most common metal present in human metalloproteins, where it can be
found in two types of sites: structural and catalytic. Structural Zn(ll) sites are usually buried in the
protein matrix and coordinated by four protein ligands, with histidine and cysteine being the most
common coordinating residues. These are often high affinity sites and play an important role in
fold stabilization, such as in the representative example of the Spl1f2 ZF peptide introduced in
previous chapters. Catalytic Zn(ll) sites on the other hand are solvent-exposed and coordinated
by three protein ligands, typically histidine, aspartate and glutamate residues. The fourth coordi-
nating position is usually occupied by a labile water molecule, such as in representative case of
MPs analysed in Chapter 2. As mentioned in Chapter 1, second sphere residues contribute to
metal binding affinity by stabilization of first coordination sphere residues, and to catalytic activity
by activation of the Zn(Il) bound water molecule and positioning/binding of substrates.[139,140]

Metalloprotein design has been successful in generating scaffolds from a wide range of sizes
and topologies that effectively bind to target metals. The (His)s-Zn(ll) coordination motif found in
MPs from the MA(M) subclan and other native Zn(Il) metalloenzymes has been in particular the
focus of several designs efforts. These include small redesigned ZFs [105] and toxins [141], de-
signed coiled coils [142,143] and helix bundles [144,145], engineered iron-containing proteins
[146] and antibodies [147-149]. Zn(ll) affinities in these designs can span up to 4 orders of mag-
nitude in the micro- to nano-micromolar range and do not correlate necessarily with scaffold size,
putting into evidence the important role of fine-tuned second sphere contributions and surround-
ing chemical environment in metal binding. Recently, Rosetta has also been used to specifically
develop Zn(ll)-binding sites in native proteins with micromolar affinities.[85] Nonetheless, such
designs still fail to match the sub-nanomolar affinities found in native metalloenzymes such as
astacin or Carbonic Anhydrase Il, where protein-metal interactions have been optimized through-
out the course of evolution.[150,151]

The field of protein design has been paved with known difficulties regarding structural charac-
terization of designs, where elucidation of tertiary structure or metal site geometry is not usually
reported or even possible. [126,140] This prevents the precision of employed methods to be eval-
uated, which is critical when computational modelling of metal sites is part of the process. In other
cases, structural elucidation is possible but discrepancies are found between model and experi-
ments.[152] Even in successful Rosetta designs that employ unnatural amino acids for Zn(ll) co-
ordination with atomic-level accuracy against crystal structures, a monodentate ligand was found
to be in bidentate form and thus precluding access of a modelled water molecule to the metal
site.[153] It should be noted however, that flaws in rational design approaches can nonetheless
lead to unexpected functional gains. This is the case of a serendipitous discovery of a hydrolytic
Zn(I)-binding dimer whose designed fourth ligand did not bound to the metal ion, effectively turn-

ing a structural site into an active catalytic one.[154] These findings stress the notion that there
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are still considerable gaps in rational design methods employed in the development of artificial
metalloenzymes with higher accuracy.[85]

Since Zn(ll) is an integral part of the designed MA(M)as model, binding of the metal is a nec-
essary requirement for validation of the computational approach described in Chapter 2. There-
fore, the RD01, RD01v2 and RDO02 peptides were evaluated in terms of their affinity for Zn(Il) and
stability of the respective peptide-Zn(ll) complexes. Given that Zn(ll) is spectroscopically silent
(closed d° shell), the apparent affinity constants of the peptides has to be determined indirectly.
Co(ll) is acommon probe to study ZF metal binding propensities, given that is has almost isostruc-
tural coordination to Zn(ll) but presents visible absorption bands arising from d-d transitions sen-
sitive to coordination geometry and ligand type. However, it has a higher propensity to adopt
octahedral geometries, which could give rise to distinct coordination motifs in RD peptides where
the MA(M)as was modelled as a tetrahedral Zn(ll) centre.[155] Therefore, Zn(ll) affinities were
first determined indirectly by a competition assay using the colorimetric metal chelator zincon, Zi
(section 4.3.1).[156—-158] This approach has been used in the study of other designed protein-
Zn(Il) complexes with similar histidine-based coordination motifs.[143] As shown in Scheme 4.1,
Zi forms a complex with Zn(ll) in a 1:1 stoichiometry, with the formation of a distinct absorption

band at 620 nm which can be monitored through UV-Vis absorption spectroscopy.

HO3S. HO3S

24
NN OH +7Zn* N—N o
Q_.<\ D ©_<\ ...7"2::
—— EARN
N—~NH COH N—N" “o

3 H

Scheme 4.1 - Zi structures in free and 1:1 Zn(Il)-bound forms.

Next, folding of peptides upon Zn(ll) binding was monitored in section 4.3.2 through direct
measurement of backbone conformational changes by far-UV CD spectroscopy. This technique
has been commonly used to monitor metal-induced folding of ZF peptides as well as de novo
designed peptide systems.[159-162] Since the obtained affinity constants fall below the 108 M-!
range, direct titrations of the metal could be done without recurring to competitors, as it has been
made for other ZF design variants.[163-166] Upon folding, peptides containing a-helices exhibit
two characteristic minima at 208 and 222 nm due to T>1* and n> 1™ transitions of the backbone
amide bonds. [167,168] Conversely, thermal unfolding of peptide-Zn(Il) complexes can be moni-
tored through spectral changes at different temperatures, as shown in section 4.3.3.[169] In the
following sections, the metal binding propensities of the peptides was thus analysed and related

with the stability of the corresponding Zn(Il) complexes. The results obtained therein were crucial
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in setting up the proper assay conditions for the catalytic studies done in Chapter 5 and to identify

the structural design flaws done in Chapter 2.

4.2 Materials and Methods

Competition assays: Assays were done in 1 cm path-length quartz cells, V=900 pL in 10 mM
HEPES 50 mM NacCl, pH 7.5.21 UV-Vis spectroscopy spectra were obtained at 25 °C with tem-
perature controller in a Cary 100 Bio spectrophotometer (integration time 0.2 s, bandwidth 2 nm,
scan speed 300 nm/min), or at room temperature in a Cary 50 (integration time 0.1 s, bandwidth
1 nm, scan speed 600 nm/min) or Thermo Scientific Evolution 201 spectrophotometers(integra-
tion time 0.25 s, bandwidth 1 nm, scan speed 240 nm/min). Zincon (Zi) monosodium salt (2-
carboxy-2'-hydroxy-5'-sulfoformazylbenzene) was purchased from Fluka and 1 or 2 mM stock
solutions prepared by first dissolving the respective amount of solid (molecular weight 462.41
g/mol, 0.924 mg/mL for a 2 mM solution) in 5-10 yL NaOH 5M and then adding MilliQ H20 until
the total volume was reached.?? ZnClz 10.33 or 1.033 mM solutions were prepared from a 103.3
mM stock solution (determined by inductively coupled plasma MS). Peptide stock solutions were
prepared by dissolving lyophilized peptide directly in MilliQ H20 and their concentrations were
determined by readings at 280 nm in 6 M guanidium chloride, considering absorbance contribu-
tions of tryptophan (¢=5690 M-1.cm-, 1 for RDO1, RD01v2 and RD02) and tyrosine (¢=1280 M-
1.cm1, 1 for RDO1 and RD01v2) residues.[170,171] For Sp1f2, the concentration was determined
by the Eliman’s test (cysteine content determination).[172] For competition assays, peptide was
incubated with ZnClz in a 1:1 or 2:1 stoichiometry for 1 or 6h prior to titrations with Zi. In reverse
competition assays, 1:1 or 2:1 Zi-Zn(Il) complex was titrated with a stock solution of RDO1 or
RDO02. During control and competition titrations AVt < 3-5%, therefore no corrections to titrant
concentration were done. Readings were typically done 5 minutes after titrant addition in order to
allow for signal stabilization, except for assays were equilibration times were variable. Plotting
and fitting of the data to the models described in Annex 3 were done in QtiPlot. The employed
algorithm in fittings was the Scaled Levenberg-Marquardt with no weighting and a tolerance of
1x10 for 1000 iterations.

Zinc-dependent folding and thermal stability: Far-UV CD experiments or assays were done in
1 mm path-length cells, Vr= 300 pL in either 10 mM HEPES 50 mM NaCl, pH 7.5 or 10 mM TRIS
50 mM NaCl, pH 8.0. Solutions were purged with N2 prior to assays and spectra were baseline
corrected to subtract buffer contributions. Spectra were obtained in the “far-UV” region (203-280

nm) in a Jasco J-815 Circular Dichroism spectropolarimeter (Integration time 1 or 2 seg, band-

21 preliminary assays in 40 mM HEPES 50 mM NaCl, pH 7.5 were also made but results are not discussed.
22Ziis chemically unstable at acidic conditions [157]. Each Zi stock solution was not used for more than 3
days and stored at 4 °C to avoid degradation.
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width 1 or 2 nm, 8 accumulations, scan speed 100 nm/min, data interval 0.1 or 0.5 nm). Temper-
ature was monitored and kept constant by the use of an external controller (Jasco CDF-426S/15).
Peptide concentrations (Sp1f2, RD01, RD01v2, HP35 and RD02) were 25 uM in all assays. ZnClz
10.33 or 1.033 mM solutions were prepared from a 103.3 mM stock solution (determination by
ICP). During Zn(ll) titration, AV < 5%, therefore no corrections to total Zn(Il) concentration were
done. DiAla was purchased from POP-UP (Peptide Synthesis Facility at University of Porto, Por-
tugal) with a purity of 92% and used without further purification. DiAla 1 mM stock solutions were
prepared in D20, pH 7.5. TFE/H20 (50% v/v) peptide solutions were added by Hamilton gastight
syringe. For variable temperature assays, spectra were obtained after 5 min equilibration, from 5
to 95 °C, in intervals of 10 °C and 2°C/min ramp.2® A 1:2 peptide-Zn(ll) complex was used for
Sp1f2 assays and a 1:4 ratio for designed RD01, RD01v2 and RD02 to ensure most of the peptide
in solutions were bound to Zn(ll). Signal (Bobs) Was converted from ellipticity to mean residual

weight ([6]mrw) in units of deg.dmol.cm? by the equation 4.1:

[G]MRW = Tobs (4.1)

10lcm

where | is the path-length of cell, 10 is the conversion factor from mol to dmol, ¢ is the molar
concentration of peptide (mol/L) and m is the number of peptide bonds in case of Sp1f2, RD01
and RD0O1v2 (m= 30) and HP35 and RD02 (m= 34). The data points in the plot figures correspond
to average values from n replicate assays and error bars correspond to the Standard Error (S.E.)

o

calculated as S.E. = =, where g is the corresponding standard deviation. The quality of the fittings

was evaluated based on associated R2-value and x2-distribution with k degrees of freedom. For
the thermal unfolding model, fittings done with a fixed ACp=0 yielded lower associated errors.

4.3 Results and Discussion

43.1 Competition assays with Zn(ll) chelator

The affinity of RD peptides towards Zn(ll) was initially probed by competition assays with the
Zi chelator. Zn(Il) competes with protons for binding to cysteines and histidines, therefore the
affinity of peptides has a strong pH dependency. The pKa of free histidines in solution is around
6.5, therefore assay conditions were chosen to be made at higher pH values where deprotonated
forms are assumed to be the major species.[165] The apo form of the Zi ligand has three acidic
groups with pKj values of 4, 7.85 and 15. The binding model of Zi to Zn(ll) at pH 7.5 is given by
equation 4.2:

Zi+Zne ZiZn (4.2)

23 For Splf2 (iISm2) data were obtained from temperature ramp experiments with no equilibration times.
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From which the apparent Zn(ll) binding constant corresponds to K,z ¢,y = [[ZZ"]Z[’;].], The deri-
’ n L

vation of the model for the Kznziapp determination by UV-Vis spectroscopy titration is described in
Annex 3. The Zn(ll) binding affinity of Zi was determined at room temperature and at different Zi

concentrations ([Zi]r =10-40 uM). Results are shown in Figure 4.1 and Table 4.1.

0 2.0x10° 4.0x10° 6.0x10°° B.0x10°5 1.0x10°*
[Zn] (M)

Figure 4.1 - Zn(ll) binding affinity of Zi at pH 7.5 and at different concentrations.
Binding isotherms obtained in 10 mM HEPES 50 mM NacCl, pH 7.5 at room temperature by monitoring the
changes in absorbance at 620 nm upon additions of 0-100 uM ZnClz to 10-40 uM Zi concentrations (details
in legend). Data corresponds to single assays. Solid lines represent fitted model.
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Figure 4.2 — Zn(ll) binding affinity titrations of Zi (15 yM) at pH 7.5
A - UV-Vis spectra obtained upon additions of 0-87 yM ZnClz in 10 mM HEPES 50 mM NacCl at 25 °C, pH
7.5 with arrows showing decrease in absorbance at 464 nm corresponding to free Zi decrease (black) and
absorbance increase at 620 nm corresponding to Zi-Zn(ll) complex formation (red). B - Probability of binding
(p, formula given in main text) as a function of total Zi concentration and added Zn(ll). C — Corresponding
absorbance difference values at 620 nm upon 0-75 yM ZnCl. additions, solid line corresponds to fitted

model. Data corresponds to n=4 replicates.

Best fittings were obtained for [Zi]r < 40 uM where binding isotherms were less steep (higher
R2, lower x? (k) and smaller Kznzi,app associated error, < 33%). Moreover, the ratio [Zi]t/Kaznziapp<

100, for which reliable Kznziapp Values can be obtained, is found only for [Zi]r < 40 yM.[173] A [Zi]r
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of 15 uyM was chosen for the remaining assays, as a compromise between the lower amount of
Zi used, magnitude of observed signal changes and quality of derived parameters. The results of
triplicate assays at 25 °C are shown in Figure 4.2. Upon Zn(ll) additions, the spectra show the
decrease of the absorption band at 464 nm from the apo form with concomitant increase of the
band at 620 nm and a isosbestic point at c.a. 525 nm, indicating a 1:1 complex formation. For the
used [Zi]r the maximum probability of binding (p= [ZiZn(I))/[Zn(11)]) is 0.6, with most points being
collected within 0.2 < p < 0.8.[174,175] Fitting of the data yields a Kznziapp Of 2.7x10° M1 and a €
of 18460 M1.cm.24 These values are within the range reported in the literature under similar
experimental conditions, and the Kznziapp falls within 2 orders of magnitude the range of values
obtained for designed systems containing only histidines as coordinating residues (see be-
low).[143,158,176,177]

Table 4.1 — Determined Kznziapp, Kdznzi,app @nd € values for Zi-Zn(Il) complex in 10 mM
HEPES 50 mM NaCl, pH 7.5.

[ZI]T KZnZi,app (Ml) KdZnZi,app (M) & (M'l.cm'l) R? ()(z(k)) [Zi]T/KdZnZi,app Temp.
0.993
10 uM | 1.47+0.27x10° 6.80+1.05x10¢ 17500+860 1.47 Room T.
(1.91x10°%)
0.992
15 uM | 4.01+1.31x10° 2.49+0.61x10® 18000+887 6.02 Room T.
(7.01x10°%)
15 pM 0.999
2.70£0.12x10° 3.70+0.16x10° 18460+127 4.06 25°C
(n=3) (5.12 x10°6)
0.999
20 uM | 8.93+1.02x10° 1.12+0.14x10° 17600+168 17.86 Room T.
(9.17x10°6)
0.983
40 uM | 2.65+3.36x10° 0.38+0.04x10°¢ 18900+641 106.00 Room T.
(1.38x1079)

Note: In 40 mM HEPES 50 mM NaCl, pH 7.5, Kzizn,app = 3.22x10° M* (n=1)

With the knowledge of Kznziapp, it is possible to calculate the respective Zn(ll) binding constant
of a given peptide through a competition assay, where Zi is added to a peptide-Zn(ll) solution to
compete with the peptide for Zn(ll) binding. The equilibrium binding of Zn(Il) between peptide (P)

and Zi is given by equation 4.3:

ZnP + Zi & P + ZiZn (4.3)

Details of the derived competition model are given in Annex 3. Starting from a solution con-
taining peptide-Zn(ll) complex in a 2:1 stoichiometry to ensure most of Zn(ll) is bound to peptide,
all designed RD peptides were able to compete for Zn(ll) and data could be fitted to the binding
competition model, as seen in Figure 4.3-Figure 4.5 and Table 4.2. RD0O1 and RD01v2 assays

24 Fitting to individual assays yields similar values but with higher errors (not shown).
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present similar spectral features, but with an unexpected baseline increase upon Zi additions and
with an apparent shift of the Zi-Zn(ll) absorption band from 620 to c.a. 640 nm. These spectral

features were not observed in the Zi assays and RD02 assays.
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Figure 4.3 — Competition assay of Zi with 2:1 RD01-Zn(ll) (15 yM).
Left: UV-Vis spectra of Zi titrations, with arrow showing the increase in absorbance at 620 nm corresponding
to Zi-Zn(Il) complex formation upon 0-63 pM Zi additions in 10 mM HEPES 50 mM NaCl at 25 °C, pH 7.5.
Right: Corresponding absorbance difference values at 620 nm for each Zi addition, solid line corresponds
to fitted competition model. Data corresponds to n=2 replicates.
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Figure 4.4 - Competition assay of Zi with 2:1 RD01v2-Zn(ll) (15 pM).
Left: UV-Vis spectra of Zi titrations, with arrow showing the increase in absorbance at 620 nm, corresponding
to Zi-Zn(Il) complex formation upon 0-63 pM Zi additions in 10 mM HEPES 50 mM NaCl at 25 °C, pH 7.5.
Right: Corresponding absorbance difference values at 620 nm for each Zi addition, solid line corresponds
to fitted competition model. Data corresponds to n=2 replicates.
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Figure 4.5 - Competition assay of Zi with 2:1 RD02-Zn(ll) (15 pM).
Left: UV-Vis spectra of Zi titrations, with arrow showing the increase in absorbance at 620 nm, corresponding
to Zi-Zn(Il) complex formation upon 0-63 pM Zi additions in 10 mM HEPES 50 mM NaCl at 25 °C, pH 7.5.
Right: Corresponding absorbance difference values at 620 nm for each Zi addition, solid line corresponds
to fitted competition model. Data corresponds to n=2 replicates.

Table 4.2 - Determined Kznp.app @nd Kaznp app Values for RD peptides by UV-Vis spectroscopy
in 10 mM HEPES 50 mM NaCl at 25 °C, pH 7.5.

Scaffold Kznp,app (M) Kaznp,app (M) R? (x? (K))
RDO12 9.30+0.10x10* 10.8+0.1x106 1.000 (2.5x10)

RDO1v2 1.23+0.03x10° 8.1+0.2x10® 0.998 (1.3x10%®)
RDO02 2.51+0.11x10° 4.0+0.2x10°® 0.988 (5.3x10®)

a - In 40 mM HEPES 50 mM NacCl, pH 7.5, RDO1 Kznp,app = 4.31x10° M (n=1)

Overall, Kyznp,app Values fall in the micromolar range, with RDO1v2 presenting a slightly in-
creased affinity for Zn(ll) in comparison with RDO1. It was not possible to determine the respective
binding constant of the native peptide Sp1f2 under these conditions since its affinity for zinc is >
2 orders of magnitude higher than the one of Zi.[178] RDO02 presents a 2- to 3- fold higher affinity
towards Zn(ll) than RD01 and RDO1v2. In the case of RDO02, its native peptide HP35 does not
appear to bind to zinc, as shown in Figure 4.6. In this case, the observed signal changes are
within the error of those observed in the control titrations where Zi was added to a solution of
zn(ll).

Although the data could be fitted to the binding competition model in all the cases, the unex-
cepted spectral features observed for RD0O1 and RDO1v2 were further addressed with additional
assays focused on RD01, where changes were apparently more pronounced. The RDO1 peptide

is presumed to interact in some form with the Zi-Zn(Il) complex, since the shifted band at 620 nm
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can be attributed only to the latter. It was therefore addressed if formation of a transient species
could be the source of the observed spectral features by a competition assay where the system

was equilibrated for longer periods of time, as shown in Figure 4.7.
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Figure 4.6 — Reverse titration of 15 pM ZnClz with Zi.
Data from UV-Vis spectra of Zi-Zn(ll) complex monitored at 620 nm in 10 mM HEPES 50 mM NacCl at 25
°C, pH 7.5. Data corresponds to n=2 replicates. Comparison with single competition assays in the case of
15 pM Zn(ll), 30 yM HP35 and RDO2 upon 0-75 uM additions of Zi.
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Figure 4.7 - Competition assay of Zi with 1:1 RD01-Zn(ll) complex (15 yM) with extended
equilibration times.

Left: Variations in absorbance monitored at 465 and 620 nm in 10 mM HEPES 50 mM NacCl, pH 7.5 at room
temperature between 5 min after Zi additions and until signal stabilization, with time required in labels (*sig-
nal did not stabilized over indicated time). Right: corresponding absorbance values at 620 nm for 5 min
(black circles) or after signal stabilization (red squares) measurements. Solid lines correspond to the fit
competition models for 5 min (Kznpapp 1.34+0.14x10° M1, R? 0.98, x? (k) 4.8x10®) and after signal stabiliza-
tion (Kznp,app 7.06+1.28x10° M1, R2 0.89, x? (k) 1.5x10%). Data corresponds to single assays.
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By increasing the amount of added Zi, the time needed for signal stabilization increases until
a Zi:Zn(ll) ratio of 1 is reached. A full evaluation at higher ratios was not possible due to the long-
time needed to complete the assay. Except for the initial point, variations in signal at 620 nm and
465 nm are negative. Considering that a negative signal variation at 620 nm corresponds to Zi-
Zn(ll) dissociation, the corresponding value at 465 nm should increase, reflecting higher amount
of apo Zi. Since this inverse relation was not observed, it suggests that either the surrounding
chemical environment of apo Zi is changed or the ligand does not become free in solution. More-
over, the data could not be properly fitted to the binding competition model when using AAszo
values after equilibration time, suggesting that the proposed competition model does not apply
under these conditions.?>

Sénéque et al. reported that for zinc fingers, equilibration times are dependent on peptide
sequence.[178] In the case of the consensus zinc finger CP1(CCHH), the equilibration time was
around one day and this was mainly attributed to the presence of coordinating histidine residues,
since for CP1(CCCC) variants it was in the order of minutes. In the case of a variant with less
well-defined hydrophobic core (CP1-A8(CCHH)), exchange rates decreased from approximately
one hour to milliseconds. Their approach involved a qualitative assessment of zinc exchange
kinetics between CP1(CCHH) and EDTA. In an analogous approach to the one reported by
Sénéque et al., a set of reverse competition titrations were made where RD0O1 was added to a
solution of Zi-Zn(1l) complex, with results shown in Figure 4.8. As the peptide is added, the amount
of Zi-Zn(ll) complex should decrease due to displacement of Zn(ll), thus leading to a decrease of
the 620 nm band and a concomitant increase of the 465 nm band corresponding to apo Zi. If the
measured system is in chemical equilibrium, the data can be fitted to the competition model, thus
yielding similar Kznp app in both directions. However, a decrease of both bands is observed when
RDO1 was added to 2:1 Zi-Zn(ll) complex. Fitting of the data to the competition model was not
possible, with an apparent incomplete dissociation of Zi-Zn(Il) occurring at higher concentrations
of added RDOL1.

In order to check if the excess of Zi used precluded displacement of Zn(ll) by RDO1, one
equivalent of RDO1 was added directly to 1:1 Zi-Zn(ll) complex and the system was allowed to
equilibrate for an extended period of time. The kinetics of Zi-Zn(ll) decrease could be approxi-
mated to an exponential decay with an exchange rate r of 125 minutes (112 = 83 minutes).2¢
Moreover, the previously observed baseline increase only occurred for spectra taken during equi-
libration. While the results indicate that RDO1 can effectively compete with Zi for Zn(ll) binding,
the kinetics of this process appears to be slow.

25 Batch titrations with respective equilibration times should have been performed instead.
26 Data could be fitted to linear decay when the point at 540 minutes was not considered (R? 0.89).
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Figure 4.8 — Reverse competition assays of RDO1.

A - UV-Vis spectra of 2:1 Zi-Zn(ll) complex (red) and upon 0-45 yM additions of RDO1 (15 uM, black) at
room temperature, with arrow showing decrease in absorbance at 620 nm in 10 mM HEPES 50 mM NaCl,
pH 7.5. B - Corresponding absorbance values at 620 nm, solid line correspond to fitted competition model
(Kznp.app 5.31+0.91x10% M1, R? 0.74, 2 (k) 5.7x104). C - UV-Vis spectra of 1:1 Zi-Zn(Il) complex (red) and
upon addition of 15 uM RDO01 (black). Arrow and grey spectra show decrease in absorbance upon equilibra-
tion time. D - Absorbance decrease at 620 nm along equilibration time, solid line corresponds to fitted expo-
nential decay (r 125+3 min R? 0.99, x? (k) 2.57x10®). Data corresponds to single assays.

In order to test if the long equilibration times were due to slow binding of Zn(ll) to RD01, an
additional assay was made were Zn(ll) was added to a mixture of apo Zi and RDO1 in equimolar
proportions. The results shown in Figure 4.9 indicate that there may be some type of interaction
between Zi and the apo peptide, given the = 15% intensity decrease in the band at 465 nm and
an apparent isosbestic point at 560 nm when RD0O1 was added.?” After Zn(ll) addition there was
the appearance of the band at 620 nm but with = 35% lower intensity as when 1:1 Zi-Zn(Il) com-

plex is pre-formed, suggesting that not all Zn(ll) binds to Zi.

27 Dilution effects were considered and corresponding signal variations do not account for the observed
amplitudes.
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Figure 4.9 - Zn(ll) binding to RDO1 and Zi.

Left: Initial spectra of 15 yM apo Zi (green), upon addition of 15 uM apo RDO1 (blue) and after addition
of 15 uM ZnClz (black) in 10 mM HEPES 50 mM NacCl, pH 7.5. at room temperature. Arrow and grey spectra
show decrease in absorbance at 620 nm over time. Right: corresponding absorbance values at 620 nm
(black circles). Solid black line corresponds to fitted linear decay (AAs2o 0.01 AU.s2, R? 0.97, x? (k) 1.45x10°
%), data in red squares and solid red line taken from Figure 4.8 and used here for comparison. Data corre-
sponds to single assays.

Afterwards, both apo Zi and Zi-Zn(ll) signals followed a linear decrease throughout the rec-
orded 180 minutes, reaching slightly lower intensities (= 15%) than those obtained in the reverse
competition assay after equilibration time. This suggests that the Zi-Zn(Il) complex then interacts
with RDO1 without Zi being released.

Altogether, the results suggest that intermolecular exchange of Zn(ll) does not occur, as in the
proposed binding competition model, but instead an intramolecular mechanism involving the for-
mation of a transient ternary complex of RD01-Zn(l1)-Zi may be occurring.[179] Whether the for-
mation of the such ternary complex can be related with incomplete formation of RD0O1-Zn(Il) com-
plex was addressed by extending the incubation time from 1 to 6 hours in a forward competition

assay, with results shown in Figure 4.10.
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Figure 4.10 — Effect of extended RD01-Zn(ll) incubation times.

Left: data from UV-Vis spectra of Zi-Zn(ll) complex formation upon additions 0-45 uyM Zi to 15 uyM 2:1
RDO01-Zn(Il), monitored at 620 nm in 10 mM HEPES 50 mM NacCl, pH 7.5 at room temperature. Right:
corresponding data monitored at 465 nm. Prior to assays, RD01-Zn(ll) were mixed and incubated for either
1h (black circles) or 6h (red squares). Data corresponds to n=2 replicate assays.

With extended incubation times there was less tendency for Zi-Zn(ll) complex formation as Zi
was added, suggesting a tighter RD01-Zn(ll) binding. However, there was also less apo Zi, which
points to higher tendency for ternary complex formation with increased incubation time. Since Zi
states are the only observables in these assays, it is not possible to clarify if the observed slow
kinetics are due to the formation of the RDO1-Zn(ll)-Zi complex.

A reverse competition assay was also made for RD02, as shown in Figure 4.11. Upon peptide
additions, there was a decrease in Zi-Zn(ll) concomitant with an increase in apo Zi and an isos-
bestic point at c.a. 510 nm. Although the corresponding data could not be fitted to the competition
model, the spectral changes clearly contrast with those found for RDO1, which points to a distinct
mechanism of zinc exchange in the case of RD02. A more detailed and quantitative evaluation of
the underlying Zn(ll) exchange mechanisms would require stopped-flow techniques involving
large quantities of peptide and therefore it was not addressed.[180] The kinetics of peptide-Zn(ll)
complex formation were further addressed in the following section by directly monitoring their

formation without the need of a Zn(ll) competitor.
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Figure 4.11 - Reverse competition assays of RD02 with 15 yM Zi-Zn(lI).
Left: UV-Vis spectra of 1:1 Zi-Zn(ll) complex (red) and upon 0-45 uyM additions of RD02 (15 pM, black) in 10
mM HEPES 50 mM NacCl, pH 7.5 at room temperature, with arrow showing decrease in absorbance at 620
nm and absorbance increase at 465 nm. Right: Corresponding absorbance values at 620 nm, solid line
correspond to fitted competition model (Kznp,app 1.61£0.29x10° M1, R? 0.31, x? (k) 9.7x10*). Data corre-
sponds to single assay.

4.3.2 Zinc-dependent folding

In the previous section, binding of RD peptides to Zn(Il) was monitored indirectly through com-
petition assays with Zi. The obtained binding constants are similar between peptides and con-
sistent with a single metal ion binding to three histidines. Nonetheless, the Kzp app Values deter-
mined in competition assays may not be reliable since for the case of RDO1 (and presumably for
RDO01v2), there may be contributions from ternary complex formation between peptide, Zn(lIl) and
the competitor Zi. To avoid this and gain further insight into the Zn(ll) binding affinity of these
designed peptides, a different approach was taken. Because the apo forms of the RD peptides
are expected to be unfolded and to adopt a fold similar to the respective native peptides upon
Zn(ll) addition, the use of far-UV CD spectroscopy was considered. This spectroscopic technique
can be used to directly monitor if the designed peptides fold upon Zn(ll) binding by tracking

changes in the content of secondary structure features, according to equation 4.4:

P (unfolded) + Zn & ZnP (folded) (4.4)

[ZnP]
[Plizn]’

Using this equation, an apparent Zn(ll) binding constant can be derived, K ;,,p 4,,, =

derivation of the model for the direct Kznp,app determination is given in Annex 3. The results of the
Zn(ll) titrations done for all the studied peptides are shown in Figure 4.12—-4.16 and summarized

in Table 4.3.
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Figure 4.12 — Zinc-dependent folding of RDO1.
Left: Far-UV CD spectra of the 25 yM RDO01 titration with 0-200 yM ZnClz in 10 mM HEPES 50 mM NacCl at
25 °C, pH 7.5. Black line corresponds to apo form and red line to RDO1-Zn(ll) complex. Arrow show increase
in negative peak at 222 nm upon Zn(ll) additions. Right: Corresponding fraction of folding upon addition of
Zn(Il). Solid line corresponds to fitted binding model. Data corresponds to average of two or three replicates
(n=2 or n=3).
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Figure 4.13 - Zinc-dependent folding of RDO1v2.
Left: Far-UV CD spectra of the 25 yM RD01v2 titration with 0-200 yM ZnClz2in 10 mM HEPES 50 mM NacCl
at 25 °C, pH 7.5. Black line corresponds to apo form and red line to holo form. Arrow shows the increase in
negative ellipticity at 222 nm upon Zn(ll) additions. Right: Corresponding fraction of folding upon addition of
Zn(l1). Solid line corresponds to fitted binding model. Data corresponds to average of two or three replicate
assays (n=2 or n=3).
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Both RDO1 and RD01v2 peptides in the apo form presented spectral signatures characteristic
of random coil conformation, with a large negative ellipticity band at 204 nm, particularly in the
case of RDO1. The less negative ellipticity observed for RDO1v2 at this wavelength could point to
a more pre-organized scaffold. Upon addition of Zn(ll) there was an increase of negative ellipticity
at 222 nm, together with a decrease of the 204 nm band and a isodichroic point at c.a. 206 nm
pointing to the formation of a 1:1 peptide-Zn(ll) complex.2® At the end-point of the titration the
spectra were similar to the ones obtained under similar conditions for Sp1f2 variants containing
only three or four histidines as coordinating residues, thus indicating the folding of RDO1 and
RDO1v2 upon complexation with Zn(ll) with Kznpapp values of 1.05x10° Mt and 2.39x10% M,
respectively.[89,181] The Zn(ll)-induced folding of native Sp1f2 was also addressed and com-
pared directly with RDO1 and RDO1v2 at pH 8.0 (Figure 4.14).2°30 |n the apo form Splf2 also
adopts a random coil conformation. In the holo form, Sp1f2 showed a large decrease in ellipticity
at 206 nm compared to both RD0O1 and RDO1v2, but the latter two presented higher negative
ellipticities at 208 and 222 nm, suggesting increased helical content. Increased helical content
has also been observed for other Sp1f2 variants lacking one coordinating cysteine residue, pre-
sumably resulting from increased conformational degrees of freedom of the backbone which al-

lows for extension of the a-helix.[137]

S
£
T
£
<
o —Spii2
T — Spif2-zn(ll)
5 ~RDO1
= —RDO1-Zn(Il)
E_»Io_ f‘,-}‘ RDO1v2
,’:/ RDO1v2-Zn(ll)
—12¥

220 240 260 280

Wavelength (nm)

Figure 4.14 — Comparison of CD spectra between native Sp1f2, RD01 and RD01v2.
Far-UV CD spectra of 25 yM peptide in apo (dashed lines) and holo forms (solid lines) in 10 mM TRIS 50
mM NaCl at 25 °C, pH 8.0. Additions of ZnCl2 were 37.5 uyM for Sp1f2 (black), 100 uM for RDO1 (red) and
RDO1v2 (green). Spectra of Sp1f2 correspond to average of two assays and were corrected to the average
value in 250-280 nm region due to baseline increase upon Zn(ll) addition. Spectra of RD0O1 and RD0O1v2
correspond to two replicates (n=2).

28 RDO1v2 presented also a more negative ellipticity at 210-216 nm in comparison to RD01, which may
suggest an increased B-sheet content.

2% Spectra were taken at a higher pH 8 in order to ensure similar protonation states of the Zn(Il)-coordi-
nating residues, since Sp1f2 contains cysteine residues which tend to have higher pKa values in zinc fin-
gers.[178].

30 Spectra for Sp1f2 were taken in iSm2 while for RDO1 and RDO1v2 taken at ITQB. Influence of using
different CD spectrophotometers is small.
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Regarding RD02, the apo form of the peptide also adopted a random coil conformation, with
a large negative band at 204 nm (Figure 4.15). However, upon additions of Zn(ll) this band de-
creased, together with an increase in negative ellipticity at 222nm and a isodichroic point at c.a.
210 nm. These spectral changes indicate the formation of a 1:1 peptide-Zn(ll) complex with a
Kznp,app Of 2.54x10° M-, similar to the values obtained for RDO1 and RDO1v2. The spectra after
Zn(ll) additions pointed to a folded a-helical structure, given the two negative bands at 222 and
208 nm with a [0]222/[0]20s Of 0.91.
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Figure 4.15 - Zinc-dependent folding of RD02.
Left: Far-UV CD spectra of 25 yM RDO02 titration with 0-150 uM ZnClz in 10 mM HEPES 50 mM NaCl at 25
°C, pH 7.5. Black line corresponds to apo form and red line to holo form. Arrow show increase in negative
peak at 222 nm upon Zn(ll) additions. Right: Corresponding fraction of folding upon addition of Zn(ll). Solid
line corresponds to fitted binding model. Data corresponds to average of two replicate assays (n=2).

The comparison with the native HP35 is shown in Figure 4.16. Under the experimental condi-
tions used, the HP35 spectra corresponds to the folded state, again with the ratio between band
intensities at 222 nm and 208 nm of 0.91.[117] Upon additions of Zn(ll) there was only a small
general decrease in ellipticity with no observed isodichroic point. This points to a non-specific
interaction between HP35 and Zn(ll) given that in the competition assays with Zi there was no
clear evidence of peptide-Zn(ll) complex formation. The holo form of RD02 presents similar spec-
tral features as HP35, although with less intense band intensities which may point to deviations
from the designed fold. Nonetheless, it is shown that RD02 has a Zn(ll)-induced folding in contrast

to HP35 where folding is driven by hydrophobic collapse.
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Figure 4.16 - Comparison of CD spectra between native HP35 and RD02.

Left: Far-UV CD spectra of 25 yM HP35 in apo (black line) and upon addition of 150 uM ZnCl: (red line) in
10 mM HEPES 50 mM NacCl at 25 °C, pH 7.5. Data corresponds to two replicate assays (n=2). Right: Cor-
responding spectra of apo (dashed lines) and holo forms (solid lines) of HP35 (red) and RD02 (black). Spec-

tra of RDO2 taken from Figure 4.15 and used here for comparison.

The Kznp,app Values obtained by CD spectroscopy are in agreement with the ones obtained
previously in competition assays. In the case of RD01, the binding constant is slightly higher while
for RDO2 the two values are in good agreement and within the associated error. Only for RD01v2
the obtained binding constant increases to approximately double the value determined by com-

petition assay (this will be further addressed in Chapter 6).

Table 4.3 - Determined Kznpapp Values for RD peptides by far-UV CD spectroscopy.
Summary of results of zinc-dependent folding assays in 10 mM HEPES 50 mM NaCl, pH 7.5 at 25 °C. Data

from competition assays (Table 4.2) included for comparison.
Kznp,app (M) by competition assays

Scaffold Kznp.app (ML) RZ (x2 (k)
RDO1 1.05:0.12x10° 0.984 (1.9x10%) 9.30£0.10x10*
RDO1v2 2.390.31x10° 0.988 (1.3x10%%) 1.23+0.03x10°
RDO2 2.54+0.20x10° 0.996 (5.4x10%) 2.51+0.11x10°

All designed peptides show binding constants in the 105 M range, which is close to other
designed metallopeptides with a (His)s-Zn(ll) coordination motif, as shown in Figure 4.17.[182]
While for RDO02 this represents a large increase in the affinity of the scaffold for Zn(lIl) in compar-
ison with HP35, for RD01 and RD01v2 the binding constants are more than 4 orders of magnitude
lower than for other zinc finger peptides, including Sp1f2 (in the 1082-1047 M- range at pH
7.0).[178] This is due to the differences in Zn(ll) coordination motifs, since native zinc fingers

usually contain structural sites with one or more cysteines as coordinating residues, which tend
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to form more strong interactions with the metal ion. Only systems with more complex fold topolo-
gies have zZn(ll) binding constants generally higher for histidine sites, which may reflect the im-
portance of secondary-sphere interactions in stabilizing the metal centre or scaffold stability (no
correlation between system size and Kzn was found). Indeed, given that RD peptides have re-
duced size and relatively simple topology (three secondary structure elements disposed majorly
along a two-dimensional plane axis), there are less chances for establishing second sphere in-
teractions at the solvent-exposed AS. Interestingly, the Zn(ll) binding affinities are in the same
order of magnitude reported values for ZE2, a TIM barrel fold extensively designed to accommo-
date the (His)s-Zn(ll) coordination motif using Rosetta, although optimization of second sphere

interactions was attempted.[85]
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Figure 4.17 — Zn(ll) affinity of native and designed (His)z-Zn(ll) proteins at pH 7.5*.
RDO01, RDO1v2 coloured in red, RDO2 coloured in blue. Native Carbonic anhydrase 1l in dashed [150]. Se-
quence size in labels. 4-4-20 (antibody [147]); [Z-3aH (coiled coil [142]); [Hg(I)](TRILOHL23C)s,
[Hg)INI(TRIL9CL19H)s, [Hg(IN](TRIL9CL23H)s, (TRIL2WL23H)s, coiled coil [143]); Conotoxin (toxin [141]);
BBAL (ZF [105]); 43C9 (antibody [148]); ZE2 (TIM barrel [85]); Minibody (antibody [149]); a3DH3 (helix-

bundle [144]); RBP (iron protein [146]), a4 (helix bundle [145]). *Except: 4-4-20, pH 6.0; 1Z-3aH, pH 7.0;
Conotoxin, pH 6.5; ZE2, pH 7.0.

In the case of RDO1 and RDO2 the Kznpapp Values obtained by direct Zn(ll) titrations or by
competition with Zi are within the associated error for each method, while for RD01v2 there was
a significant increase to approximately double the value obtained previously. This increase in
affinity obtained by far-UV CD spectroscopy for RD01v2 may reflect the influence of the presumed

ternary complex formation in the determination of binding constants by competition assays. For
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RDO01v2, an additional Zn(ll) titration followed by NMR spectroscopy was also done (Chapter 6)

and the obtained Kznp app fell between the two values obtained in current chapter.

4.3.3 Stability of peptide-Zn(ll) complexes

The thermodynamic stability of the designed peptide-Zn(Il) complexes was evaluated by ther-
mal unfolding assays, where the two-state model between folded and unfolded conformations

described in equation 4.4 was considered:

ZnP (folded) < ZnP (unfolded) (4.4)

[ZnP (folded)]

TznP Cunfolded)] varying as a function of system tem-

with the respective constant of folding K =

perature. The derivation of the model to obtain the constant of folding (K), the related temperature
of melting (Tm), and the free energy (AG) and enthalpy of folding (AHtm) is given in Annex 3. The
results obtained for the native and the designed peptides are shown in Figure 4.18-Figure 4.22

and the derived thermodynamic parameters summarized in Table 4.4.
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Figure 4.18 — Thermal unfolding of native Sp1f2.
Far-UV CD spectra of 25 yM Sp1f2 in apo form in 10 mM TRIS 50 mM NacCl, pH 8.0 at 25 °C (dashed blue
line) and in holo form upon addition of 50 yM ZnClz in 10 mM HEPES 50 mM NaCl, pH 8.0 at 25 °C (298K,
solid black line) and 95 °C (368K, solid green line).

Initial assays with Sp1f2 at pH 8.0 indicated no unfolding of the peptide-Zn(ll) complex upon
temperature increase, with almost no signal changes occurring at 222 nm and only with a small
decrease of the band at 208 nm (Figure 4.18). Indeed, the spectra of the holo form at both 25 °C
(298K) and 95 °C (368K) is distinct from the one obtained for the apo form at 25 °C (unfolded
peptide). Since Splf2 was only characterized at pH 8.0, the remaining assays for RD0O1 and

RDO0O1v2 were also made under these conditions.
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Figure 4.19 - Thermal unfolding of RDO1.
Left: Far-UV CD spectra of 25 yM RDO1 in apo form at 25 °C (dashed blue line), in holo form upon addition
of 100 uM ZnClz in 10 mM TRIS 50 mM NacCl, pH 8.0 at 25 °C (298K, solid black line), 95 °C (368K, solid
green line), and after refolding at 25 °C (298K refolding, solid red line). Right: Corresponding [6]222 values
as a function of temperature (in Kelvin), solid lines correspond to the fit to the two-state transition models,
without (black) and with linear corrections for the pre- or post-transition phase (red). Data corresponds to

two replicates (n=2).
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Figure 4.20 - Thermal unfolding of RDO1v2.
Left: Far-UV CD spectra of 25 yM RD0O1v2 in apo form at 25 °C (dashed blue line), in holo form upon addition
of 100 yM ZnClz in 10 mM TRIS 50 mM NacCl, pH 8.0 at 25 °C (298K, solid black line), 95 °C (368K, solid
green line), and after refolding at 25 °C (298K refolding, solid red line). Right: Corresponding [6]222 values
as a function of temperature (in Kelvin), solid lines correspond to the fit to the two-state transition models
without (black) and with linear corrections for the pre- or post-transition phase (red). Data corresponds to

two replicates (n=2).
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In the case of RDO1 (Figure 4.19) and RDO1v2 (Figure 4.20), there were clear spectral
changes occurring as a function of temperature indicating unfolding of the peptides. At the end-
point temperature of 95 °C (368K) the two peptides presented similar spectra, although in both
cases the holo form did not resemble the spectra of the apo form. Both RD01 and RD01v2 showed
reversible folding, i.e. identical spectra at 25 °C before and after temperature being varied up to
95 °C. Although RDO1 appears to present a less well defined unfolding curve than RD01v2, the
two-state model described above could describe well the experimental data of both peptides. The
obtained thermodynamic parameters indicate that RDO1 is less thermodynamically stable than
RDO1v2, since the former has lower Tm, although both present similar AHm. Indeed, the corre-
sponding AG of folding of RDO1 is almost half the one obtained for RDO1v2, suggesting a signif-
icant increase in stability between the first and second design rounds. Nonetheless, given that
under the same experimental conditions Sp1f2 did not show unfolding, the stability of the two

designed peptides is considerably lower than for the native sequence.
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Figure 4.21 - Thermal unfolding of native HP35.
Left: Far-UV CD spectra of 25 yM HP35 in 10 mM HEPES 50 mM NacCl, pH 7.5 at 25 °C (298K, black line),
75 °C (348K, green line), and after refolding at 25 °C (298K refolding, red line). Right: Corresponding [0]222
values as a function of temperature (in Kelvin), solid lines correspond to the fit to the two-state transition
models without (black) and with linear corrections for the pre- or post-transition phase (red). Data corre-
sponds to two replicates (n=2).

In contrast to Splf2, the native peptide HP35 shows unfolding with increased temperature
(Figure 4.21). There are clear differences in the spectra taken at 25 and 75 °C, and the unfolding
is reversible. The data could be fitted to the simple two-state model. The corresponding thermo-
dynamic parameters are lower than those reported in the literature. [117] This may be due to the
differences in the experimental conditions used. Most studies were done at lower pH values

where villin tends to be more stable, while here for comparison purposes a pH of 7.5 was used.
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RDO02 also shows unfolding at this pH as a function of temperature (Figure 4.22). The spectra of
the holo RDO2 form at 25 and 75 °C are similar to those obtained for HP35 and distinct from the
one obtained in the apo RD02 form at 25 °C. Data from RD02 could also be fitted to the two-state
model, with the derived Tm being higher than the one obtained for HP35 but with similar AHTm.
The resulting AG of folding for HP35 is within associated error to the one obtained for RD02,
although the folding mechanism is distinct between peptides (hydrophobic collapse vs metal in-
duced).

There is a correspondence between the derived thermodynamic parameters and the affinity
for Zn(ll) of the designed peptides: RDO1 has lower Kznp,app and Tm values than RD0O1v2 and
RDO02. The difference between RDO1v2 and RDO2 resides in the AHTm value, which is higher in
the case of RDO1v2. This points to a relation between the propensity of the peptides to bind to
Zn(ll) and adopt a folded conformation and the stability of the resulting Zn(Il) complexes. How-
ever, it has been recently argued that the cost of folding in ZFs is low compared with the free
energy associated with Zn(Il) binding.[183] Indeed, the holo peptides at 95 °C show distinct spec-
tral features from the apo forms at 25 °C, suggesting that once bound, the metal ion is not re-
leased upon fold denaturation. A more careful investigation of the thermodynamic properties of
RD-Zn(ll) complexes would be required to shed light on these issues.[165,184]
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Figure 4.22 - Thermal unfolding of RD02.
Left: Far-UV CD spectra of 25 uM RDO2 in apo form at 25 °C (dashed grey line), in holo form upon addition
of 100 yM ZnClz in 10 mM HEPES 50 mM NaCl, pH 7.5 at 25 °C (298K, solid black line), 95 °C (368K, solid
grey line), and after refolding at 25 °C (298K refolding, solid red line). Right: Corresponding [6]222 values as
a function of temperature (in Kelvin), solid lines correspond to the fit to the two-state transition models without
(black) and with linear corrections for the pre- or post-transition phase (red). Data corresponds to two repli-
cates (n=2).
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Table 4.4 - Enthalpies (AHtm), free energies (AG) of folding and temperature of melting (Tm)
determined by far-UV CD variable temperature assays.

Scaffold Tm (°C) AHtm (kcal/mol) AG at 25 °C (kcal/mol)
Sp1f2ab - - -
RDO012 37.6+1.3 -13.5+0.7 -0.54+0.03
RDO01v22 46.912.4 -13.3¥1.3 -0.90+0.10
HP35¢ 41.5£1.7 -15.6+1.6 -0.81+0.08
RDO02¢ 49.6+4.5 -10.8+1.4 -0.82+0.10

a-10 mM TRIS 50 mM NaCl, pH 8.0.
b — no unfolding at 222 nm observed.
¢ - 10 mM HEPES 50 mM NaCl, pH 7.5.

The effect of longer equilibration times on peptide-Zn(ll) complex formation was also ad-
dressed by tracking conformational changes over time, as shown in Figure 4.23. No significant
spectral changes were observed after 1 hour of the addition of one equivalent of Zn(ll) for none
of the peptides, suggesting that the peptide-Zn(ll) complexes are readily formed upon mixing.
This further suggests that in the case of RD01, the long equilibration times observed in the com-
petition assays with Zi were not related with slow kinetics of formation of the peptide-Zn(ll) com-
plex but rather with presumable slow exchange phenomena between the peptide and ternary
species.
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Figure 4.23 — Effect of extended equilibration time in the peptide-Zn(ll) complex formation.
Far-UV CD spectra of 25 yM RDO01 (left), RD0O1v2 (centre) and RDO02 (right) obtained upon addition of 25
UM of ZnCl: (black) and after 1h of incubation (red) in 10 mM HEPES 50 mM NacCl, pH 7.5. Spectra corre-
spond to single assays.

Peptide-Zn(ll) complex stability was also addressed in the presence of organic solvents,

namely acetonitrile and 2,2,2-triflouroethanol (TFE). Acetonitrile was used as a co-solvent for
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some substrates in catalytic assays, and therefore its effect on the folding of the peptide-zZn(ll)
complexes was analysed. As shown in Figure 4.24, there were no significant changes in the pep-
tide-Zn(ll) complex conformation after addition of 5% acetonitrile (amount used in the catalytic
studies reported in Chapter 5) with the exception of a small decrease in the 204 nm band for
RDO01.3!
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Figure 4.24 — Effect of Acetonitrile in peptide-Zn(ll) complex stability.
Far-UV CD spectra of 25 yM 1:8 RD01-Zn(ll) (left), 1:8 RD01v2-Zn(ll) (centre) and 1:6 RD02-Zn(ll) (right)
obtained before (black) and after (red) addition of 5% (v/v) acetonitrile in 10 mM HEPES 50 mM NacCl at 25
°C, pH 7.5. Spectra correspond to single assays.

TFE is known to be an inducer of secondary structure features in peptides.[185,186] Indeed,
as shown in Figure 4.25, upon addition of TFE clear spectral changes were observed for all de-
signed peptides. Both RD01 and RD0O1v2 presented increased negative peaks, with lower ampli-
tude of change in the case of the later. RD02 presented the highest amplitude of ellipticity change
of the peptide-Zn(ll) complexes, particularly at 222 nm where it approximated an isotherm around
42% TFE. Moreover, with increased volume percentage of TFE the [6]222/[0]208 ratio changed
slightly for RD02, while this was not observed in the case of native HP35, suggesting some de-
gree of structural re-organization in the former.

The results suggest that the presence of TFE leads to more structured peptide-Zn(ll) com-
plexes, particularly in the case of RD01 and RD02 where the effect is more noticeable. This points
to low structural stability of these designs, in line with the small free-energies of folding found
previously. As for native HP35, the results indicate again that the peptide has a less stable fold
under these conditions. Indeed, tertiary structure elucidation of this peptide in the literature was

only possible at a pH values lower than 7.5

31 Data for HP35 was also obtained but not shown. No significant differences were detected.
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Figure 4.25 - Effect of TFE in peptide secondary structure.
Far-UV CD spectra of 25 yM of 1:4 RD01-Zn(ll) (top left), 1:4 RDO1v2-Zn(ll) (top right), 1:4 RD02-Zn(ll)
(bottom left) and HP35 (bottom right) in 10 mM HEPES 50 mM NaCl at 25 °C, pH 7.5. Spectra were obtained
before (black) and under the presence of 39.7% TFE for RD01-Zn(Il), RDO1v2-Zn(ll) and 42.2% TFE for
RDO2-Zn(Il), HP35 (red). Inset plots represent the [B]222 values vs. percentage of TFE (grey lines), except
for HP35 where da single addition of TFE was made. Data correspond to single assays.

The RD peptides were designed in Chapter 2 under the presence of the model substrate diAla
and specific sequence changes were made to accommodate it at the AS. Given the reduced size
of the scaffolds, interactions with the substrate could play a significant role in scaffold integrity.
This is because in the absence of diAla, the introduced residues could adopt unfavourable inter-
actions with other residues that would render the designs unstable.3? CD spectroscopy was there-
fore used to probe if interactions between the peptides and the model substrate diAla could lead
to significant secondary structure changes, as observed previously for TFE assays. The results
shown in Figure 4.26 indicate that up to a 1:4 excess of substrate there was no consistent con-

formational changes for none of the designed peptides. Due to limited substrate solubility in water,

32 As described in Chapter 2, evaluation of designs under the absence of diAla was not considered since
the Zn(ll) metal ion was treated as part of the substrate.
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higher substrate to peptide-Zn(ll) ratios could not be tested. Nonetheless, considering that in
these assays the peptide-Zn(ll) concentration was 25 uM and a total diAla substrate concentration
of 100 uM was used, interactions with sub-milimolar constants leading to fold changes appear to
be absent.
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Figure 4.26 — Interaction of diAla with the peptide-Zn(ll) complexes.
Far-UV CD spectra of 25 pM of 1:4 RD01-Zn(ll) (left), 1:4 RD0O1v2-Zn(ll) (centre), 1:4 RD02-Zn(ll) (right)
before (black) and after the addition of 0-100 uM diAla (red) in 10 mM HEPES 50 mM NaCl at 25 °C, pH
7.5. Data correspond to single assays.

4.4 Conclusion

In the current chapter, the characterization of the physicochemical and structural properties of
the RD peptides were described. After synthesis and purification in Chapter 3, the designed pep-
tides were shown to bind to Zn(Il) with micromolar affinities through competition assays with the
chelator Zincon monitored by UV-Vis spectroscopy. The Zn(ll) exchange process between pep-
tide and chelator was shown to be distinct for RDO1 and RDO02, pointing to the formation of tran-
sient ternary species in case of the former. Backbone conformational changes induced under the
presence of Zn(ll) were observed by far-UV CD spectroscopy for all RD peptides and were con-
sistent with micromolar Zn(ll) affinities determined in the competition assays. The Zn(ll)-induced
folding and binding constants obtained point to coordination of the metal ion by the three histidine
residues, in agreement with the designed active site in Chapter 2. Although within a narrow range,
RDO1 presented lower Zn(ll) affinity values than RD01v2 and RDO2. Similar observations were
found in terms of thermal stability of the respective Zn(ll) complexes. The iterative approach of
design and experiment resulted in improvements of scaffold physicochemical properties. The re-

sults regarding Zn(ll) binding properties were used to properly set the experimental conditions
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used in catalytic assays described in Chapter 5, where both apo and holo forms of RD peptides
were characterized separately. RD-Zn(Il) complexes adopted secondary structure features simi-
lar to their native counterparts, despite some relevant differences. RD0O1 and RD01v2 presented
increased helical content in relation to Sp1f2 Bpa fold. On the other hand, RD02 presented de-
creased helical content in comparison to HP35 all-a fold. Since drift from native-like fold topolo-
gies was accompanied by marginal thermal stability of all RD-Zn(Il) complexes, a more detailed
structural analysis was issued in Chapter 6.

The results obtained in this chapter indicate that successful implementation of computational
design is dependent on the properties of input scaffolds. While a significant destabilization of a
zinc-finger fold occurred in the case of RD0O1 and RDO1v2, the method was robust enough to
allow the redefinition of the villin headpiece folding mechanism in RD02. Interestingly, the rede-
sign of a structural Zn(ll) site (Sp1f2) and the design of a catalytic Zn(ll) site (HP35) converged
to similar physicochemical properties of the corresponding RD peptides, pointing to similar con-
tributions of the designed residues in observed scaffold features. Indeed, similar Zn(ll) binding
affinities were also reported for native protein scaffolds where a (His)s-Zn(ll) coordination motif
was extensively designed using Rosetta, suggesting that improvements of peptide-metal interac-

tions through additional rounds of computational design are unlikely.
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5. Hydrolytic Activity of Designed Metallo-
peptides
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5.1Introduction

The experimental validation of protein designs requires to test if the target function is empiri-
cally reproduced. RD peptides were designed in Chapter 2 to act as proteases towards the model
diAla peptide (Scheme 5.1), where the designed AS would be able to effectively activate bulk
water molecules to perform nucleophilic attack on the N-C peptide bond upon substrate binding.
The RD peptides were expected to present hydrolase activity towards substrates amenable for
bond cleavage, since strict substrate specificity was not expected in such small and flexible scaf-
folds. Although high substrate specificity has been a typical feature attributed to the remarkable
catalytic efficiency of native enzymes, in recent years a more comprehensive view on enzyme
function has been gained through an increased focus on their ability to catalyse other non-native
reactions.[187] This so called enzymatic promiscuity is proposed to play an important adaptive
role throughout protein evolution and is commonly explored in protein design projects.[188-190]
At the molecular level it has been linked to protein dynamics, since the high conformational space
of polypeptide chains allows to accommodate different substrate molecules at the AS via induced-
fit or conformational selection mechanisms (Annex 1 and references therein). In the particular
case of metalloenzymes, enzymatic promiscuity may also originate from the incorporation of non-

native metal ions with different chemistries.[191]
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Scheme 5.1 — Substrates tested for esterase, amidase and peptidase activity.

As it has been described in previous Chapter 4, the RD-Zn(Il) complexes present a folded

structure in solution that resembles that of their native counterparts, which nonetheless appear to
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be highly flexible given their marginal thermal stability. This indirectly points to a depart of the
structures from the backbone and side chain conformations modelled in Chapter 2. Such confor-
mational flexibility may lead to catalytic activity towards different substrates, but on the other hand
it can be unproductive if it leads to distorted AS geometries that render the RD-Zn(Il) complexes
inefficient or even inactive catalysts. Structural organization of ASs is not a pre-requisite for func-
tion, as it has been increasingly acknowledged in the study of intrinsically disordered proteins and
catalytic activity of molten globules.[192] Nonetheless, in the case of RD designs, large deviations
from the modelled Zn(Il)-Glucat interactions (which are based on MP conserved structural fea-
tures) may not be tolerated for efficient activation of bulk water molecules. The general hydrolytic
activity of RD-Zn(ll) complexes was therefore tested towards different substrates (Scheme 5.1).

In Section 5.3.1 the esterase activity of RD peptides and native HP35 scaffold was screened
and characterized towards the chromogenic substrate 4-nitrophenyl acetate (4-nPA, Scheme
5.1). This is a general esterase substrate that has been used as a “benchmark” for designed
hydrolases, with most active catalysts being able to hydrolyse this activated substrate several
orders of magnitude above the uncatalyzed reaction.[12] This includes redesigned native scaf-
folds, such as thioredoxin (PDZ2) with Orbit software [18] and the small protein calmodulin (Al-
leyCatE2) with molecular docking and the Rosetta software.[193] More complex design ap-
proaches have also been shown to present esterase activity, such as the de novo designed a-
helical heptads (CC-hept) using Rosetta [194] or de novo designed peptide with ZF fold (BBA-
B3) using an adaptation of the Cyana software.[195] Supramolecular fibrils (IHIHIQI) using short
peptides designed with Rosetta software were also shown to have high esterase activities.[196]
The development of artificial hydrolases is not restricted to computational methods, such as the
case of designed small helical dimers (KO-42 and MID1) [154,197], coiled-coils (TRILOCL23H)
[198] or assemblies of helical tetramers (A19“AB3 and 6HB).[199,200] Smaller designs such ZF
(CP-1) scaffolds [90] and the small peptide model of native MPs (MMMA) have also been reported
to present hydrolytic activity.[201] Nonetheless, the catalytic efficiencies of artificial hydrolases
fail to match those found for native ones by one or more orders of magnitude, thus putting into
evidence the current limitations of employed design approaches.

After characterization of the esterase activity of RD peptides, the more relevant amidase and
protease activities were screened in section 5.3.2. Amidase activity was probed using single
amino acids bound to the chromogenic p-nitroanilide group by an amide bond (X-pNA, Scheme
5.1), similar to true peptidic bonds found in polypeptide chains. Finally, peptidase activity was
tested towards fluorogenic peptide substrates and the target model substrate diAla. As it will be
discussed below, the RD peptides failed to present amidase and peptidase activity under the
tested assay conditions. This is to be compared with the few reports on the development of arti-
ficial proteases. One serine-carboxyl protease has been computationally redesign to hydrolyse
immunogenic a-gliadin oligopeptides using Rosetta.[202] Apart from this, the large majority of

reported artificial metalloproteases has been based on small organometallic complexes which
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usually cleave peptide bonds through alternative catalytic mechanisms, such as oxidation, for-
mation of reaction intermediates dependent on residue side chain functionality and employment
of other metal ions.[35,203—-205] A direct comparison with these systems was not approached,
since the main focus was to evaluate the computational approach employed in Chapter 2 in light
of other enzyme design efforts. Nonetheless, these small organometallic complexes provide im-
portant clues on the chemical requirements for efficient peptide bond hydrolysis.[44,206]

The results obtained in this chapter were used to guide the computational redesign approach
employed in Chapter 2. Following characterization of RDO1 hydrolytic activities and optimization
of experimental conditions, the RD01v2 and RD02 peptides were designed with the expectation
of developing improved catalytic efficiencies. Comparison of the results obtained in the following
sections with computational scores obtained in Chapter 2 did not allow to draw conclusions on
the observed hydrolytic activities, which triggered a more detailed structural analysis of the RD-

Zn(Il) complexes in Chapter 6.

5.2 Materials and Methods

UV-Vis spectroscopy assays were done with either 40 mM HEPES, 50 mM NaCl at pH 7.5 or
40 mM CHES, 50 mM NacCl at pH 9.0 in quartz cuvettes (Vr= 900 pL, path-length I= 1 cm) or in
96-well plates, (V1 =300 uL, | ~ 0.7 cm). Zn(ll) additions were done from 1.033 or 10.33 mM ZnCl2
stock solutions (prepared as previously described in Chapter 4). After substrate additions, up to
5% AVt was achieved and therefore, no corrections of reagent concentrations were considered.
Absorbance values were recorded at 25 °C in a Cary 100 Bio spectrophotometer with a Peltier
temperature controller (integration time 0.2 s or 0.5 s, bandwidth 2 nm, scan speed 300 nm/min),
or in 96-well plates at room temperature in a Tecan Infinite F200 microplate reader (also used for
fluorescence assays).

4-Nitrophenyl acetate: 4-nPA was purchased from Sigma-Aldrich and prepared by diluting the
solid (MW 181.15 g/mol, 18.2 mg/mL) in ACN up to 100 mM concentration (HPLC gradient grade),
stored at 4 °C and used up to 2 days.3® In assays done in the presence of peptide as catalyst
(apo) the concentration varied between 2.5 and 15 pM. In assays done in the presence of peptide-
Zn(Il) complex as catalyst (holo), ZnClz concentrations varied between 2.5 and 60 yM and peptide
concentrations between 2.5 yM and 15 pM. For holo assays, the peptide was first added and
equilibrated in buffer solution prior to addition of Zn(ll). Afterwards, at least 1h of incubation was
allowed before the beginning of assays to ensure that the peptide-Zn(Il) complex formation
reached equilibrium. Control assays of the uncatalyzed reaction in buffer were done with the ad-
dition of only 4-nPA (background) or with substrate and 10 uM ZnClz (Zn(ll)). In preliminary as-

says at 2.5 and 5 yM peptide concentrations, the final volume percentage of ACN varied with

33For assays where initial 4-nPA concentration was 6 mM, a 200 mM 4-nPA in ACN stock solution was
used instead (36.2mg/mL)

95



Hydrolytic Activity of Designed Metallopeptides

corresponding amounts of 100 mM 4-nPA added (0.25-6% V7). In apo, holo and control assays
at 15 pM peptide, the final volume percentage of ACN was kept constant (5% V1) by adding
variable amounts of 100 mM 4-nPA and ACN according to initial assay conditions, with additions
up to 45 pL (5% V) corresponding to 5 mM 4-nPA. Formation of the product 4-nitrophenol or
phenolate (4-nP) was followed by single-wavelength readings of absorbance at 400 nm (Aaoo)
every 2 seconds (RD02) or 30 seconds (RD01 and RD0O1v2) in cuvette assays at pH 7.5 (integra-
tion 0.5 seconds) and every 0.2 seconds at pH 9.0 (integration 0.2 seconds). In plate-well assays,
readings were made at 405 nm in variable 1-10 min intervals. Initial rates recorded until c.a. 2-
3% total 4-nP formation, 1-2h at pH 7.5 and approximately 10 min at pH 9.0. After addition of 4-
nPA and equilibration (1 min in cuvettes, up to 5 min in plate-wells), the A0 was used as A4o0(0).

Rates of product formation keps calculated by equation 5.1:

-1y _ A0 1 [4-nP]
kobs(M'S )__ls X;——S

(5.2)

where the Beer-Lambert law was used to convert Asoo to [4-nP] using €400= 12754+201 M-1cm-
Lat pH 7.5 and €400= 182571216 M-cm- at pH 9.0. Linearity considered when R? > 0.99 over
recorded time. The €400 Values were determined under the same experimental conditions (includ-
ing 5% ACN) by measuring A4oo values from 0-71.8 yM dilutions of 8.15 mM (pH 7.5) and 12.46
mM (pH 9.0) 4-nitrophenol stock solutions. These values were used as an approximation for plate-
well assays, €495 = €400 X 0.71, where [=1 cm in cuvettes and the 0.7 the correction factor for path-
length (approximate sample height). Rates of product formation obtained for control assays were
subtracted in the corresponding catalyst assays (apo and holo). The first order rate constant Vcat

was calculated according to equation 5.2:

-1\ (kobs,catalyst_kobs,background)
Vcat(s ) - [Catalyst] (5'2)

for assays with different concentrations of catalyst. Second-order rate constant k (or turnover

number) calculated by equation 5.3:

ky (M~ts1) = [V—t (5.3)

4—nPA]

All cuvette assays were performed at least twice (n= 2) using 4-nPA stock solutions prepared
independently. Data plots correspond to average values and error bars to the S.E. calculated as
determined in previous chapter. Data were fitted to linear model in Origin Pro 2016 with Leven-
berg-Marquardt algorithm using instrumental weighting (more weight for data points with lower
S.E.).
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p-Nitroanilide derivatives: Single amino acid p-nitroanilides (X-pNA) were purchased from
Sigma-Aldrich and their solubility up to 100 mM concentration was first tested with different sol-

vents, as summarized in Table 5.1.

Table 5.1 — X-pNA substrate solubility tests for 100 mM stock solutions.

Molecular
X-pNA Description ) Solvent
Weight (g/mol)
Gly? Glycine p-nitroanilide 195.18 (CHs)2CO
AlaP L-alanine p-nitroanilide hydrochloride 245.66 H20
Leu® L-leucine p-nitroanilide 251.28 ACN
Met® L-methionine p-nitroanilide 269.32 ACN
Gluc L-glutamic acid 1-(4-nitroanilide) 267.24 H20 + NaOH (2 yL 5 M)
Arg L-arginine p-nitroanilide dihydrochloride 367.20 H20

a- Not soluble in H20, ACN, 50:50 H20/(CHs)2CO.
b- Solubility in H20 not tested.
c- Not soluble in H20, ACN.

The stability of the respective X-pNA substrates was tested up to a final concentration of 5
mM in assay buffer at pH 7.5, with no precipitate formation or colour development observed over-
night at room temperature. Assays were done with 15 uM peptide and 60 uM ZnCl: (holo), with 1
h incubation period prior to the addition of X-pNA substrate. Control assays were done with the
addition of only X-pNA (background), X-pNA and 60 uM ZnClz (Zn(ll)), or X-pNA and 1.5 yM
peptide (apo). The later corresponds to the amount of free peptide estimated to be present in holo
assays. X-pNA substrates were added up to 15 yL in microplate or 45 pL in cuvette format (5%
AVr). The formation of the product p-nitroaniline (pNA) was monitored by following Asos increase
at variable time intervals [15 min-12 h], with total recorded time of 3 days. The Asos values after 1
min of X-pNA substrate addition were used as A4os(0). The product extinction coefficient £40s=5329
M-1cm- was determined under the assay conditions by measuring Asos values of 0-100 uM dilu-
tions from a 3.26 mM pNA stock solution.

Matrix Metalloprotease (MMP) activity assay: the ab112146 MMP Activity Assay Kit (fluoro-
metric — green) was purchased from Abcam and assays were performed according to the pro-
vided protocol. Samples were 15 uM peptide (apo), 15 uM peptide and 60 uM ZnCl: (holo) and
60 uM ZnClz only (Zn(ll)) dissolved in the provided buffer (pH 7.5). Fluorescence signal was mon-
itored in microplate format at room temperature (Vt= 100 pL) with an EX/Em = 490/525 nm for
variable time intervals up to a total duration of 2 days.

Model diAla: the diAla peptide (Acetyl-Ala-Ala-NH2) was purchased from POP-UP (Peptide
Synthesis Facility at University of Porto, Portugal) with 92% purity. A 1 mM stock solution was
prepared in D20 50mM NaCl (molecular weight 201.11 g/mol, 0.2 mg/mL) and its pH adjusted to
7.47 with additions of concentrated NaOH and HCI solutions. Assays were done by direct addition
of both 25 yM peptide and 75 uM ZnClz2 to diAla 1 mM solutions (Vr= 600 uL). *H NMR assays
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were performed in a Bruker Avance I+ 800 MHz at 25°C under the supervision of Dr. Manolis
Matzapetakis (Biomolecular NMR Lab, ITQB/NOVA). The spectra were recorded immediately af-
ter the addition of peptide and metal to 1 mM diAla solution and followed at variable time intervals

up to a total duration of at least 2 days.

5.3 Results and Discussion

5.3.1 Ester hydrolysis

The general esterase activity of the RD peptides was tested by their ability to catalyse the

hydrolysis of the 4-nPA substrate, according to equation 5.4:

4-nitrophenyl acetate + H,0 — 4-nitrophenolate + acetic acid (5.4)

The formation of the product 4-nP can be monitored spectrophotometrically at 400 nm. The
corresponding extinction coefficient (e400) is strongly dependent on the protonation state of the
molecule due to the equilibrium 4-nitrophenol < 4-nitrophenolate, therefore this value was deter-
mined for each pH value tested.

Control assays of uncatalyzed 4-nPA hydrolysis in buffer at pH 7.5 were performed and results
are shown in Figure 5.1. UV-Vis spectra of 4-nP formation were recorded over time after addition
of 100 uM 4-nPA, showing a linear increase of the band at 400 nm concomitant with a decrease

of the band at 260 nm and an isosbestic point at c.a. 308 nm.
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Figure 5.1 — Control assays of uncatalyzed 4-nPA hydrolysis in buffer at pH 7.5.
A — UV-Vis spectra obtained over time showing the product 4-nP formation at 400 nm. Red line corresponds
to final point of the reaction. Inset graph: corresponding percentage of product formation calculated using
the initial concentration of 0.1 mM 4-nPA and using an €400 of 127544201 M-cm™ (details in methods sec-
tion). B — Absorbance increase at 400 nm (Aao0) followed over time for different initial concentrations of
added 4-nPA (from 0.25 to 6 mM). Spectra were obtained in 40 mM HEPES 50 mM NaCl at pH 7.5, 25 °C.
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The linear increase was observed until at least 8% product conversion over more than 3 hours,
with an approximate formation rate of 2%/h. Linearity of 4-nP formation over time was also ob-
served for assays with higher initial 4-nPA concentrations up to 6 mM (Figure 5.1.B), although
rates tended to be lower than 2%/h for higher concentrations of 4-nPA indicating product precip-
itation. No changes in pH due to acetic acid formation occurred for 1 mM 4-nPA assays over
20h.34

Following the characterization of kinetics of the uncatalyzed reaction, the RD peptides and
native HP35 were screened in microplate assays for their ability to catalyse the hydrolysis of 4-
nPA. Native Sp1f2 was not tested since it has been reported no hydrolytic activity towards 4-nPA
under similar experimental conditions.[89] The initial rates of product formation were recorded for
the 0.1-6 mM 4-nPA concentration range and results are shown in Figure 5.2. A linear increase
of first order rate constant Vcat as a function of substrate concentration was obtained for all three
RD peptides up to 2 mM.
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Figure 5.2 — Microplate screening assays of 4-nPA hydrolysis by RD peptides and native
HP35 at pH 7.5.
A — First-order rate constant Vca: values obtained for the 0.25 to 2 mM 4-nPA concentration range tested
using 5 uM peptide (apo, open symbols) and 5 uM peptide, 10 uM ZnCl2 (1:2 holo, closed symbols). Data
obtained in 40 mM HEPES 50 mM NacCl, pH 7.5 at room temperature and fitted to linear model for apo
(dashed lines) and holo forms (solid lines). B — Corresponding second-order rate constants k2, with apo
forms in line filled bars and holo in filled bars. Standard error of fitted linear models shown in solid black
lines.

34 Assuming a linear increase throughout the 20h, this corresponds to 0.4 mM 4-nP. This value is above
the range of 4-nP concentration build up occurring for e.g. 5 mM 4-nPA assays (5 mM x 3% = 0.15 mM 4-
nP) and therefore no pH values changes were expected to occur in those assays.
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This trend was not kept for higher concentrations, which is attributed to measurement errors
due to low solubility of 4-nPA under these conditions (although no precipitate formation was ob-
served by eye). For this reason, all further assays were considered only up to 2 mM initial 4-nPA
concentration and second order rate constants k2 determined only for this range. For HP35 and
control Zn(ll) assays, Vcat values did not followed a linear increase as function of substrate con-
centration, which indicates no catalytic activity towards the target reaction.

Both apo and holo forms present similar activity in case of RD0O1, with k2 values (or turnover
number) inferior to 1 s'*. This prompted the design of RD01v2 and RD02 as described in Chapter
2. However, the RD01v2 peptide presented k2 values lower than those obtained for both apo and
holo forms of RDO1. The RD02 peptide presented similar k2 values to RD0O1v2 and HP35 did not
present values above those of the uncatalyzed reaction, indicating that RD02 catalytic activity
was due to the designed sequence changes. Control assays of Zn(ll) did not present activity
above background levels.

The microplate screening assays were made in the presence of 5 uM peptide concentration,
and in the case of holo assays a 1:2 peptide-Zn(ll) ratio was used. Considering that the Zn(ll)
binding constants obtained for the RD peptides in Chapter 4 are in the 10> M range, in these
holo assays the peptide-Zn(ll) complex was not fully formed (the effect of using 10 mM vs. 40 mM
HEPES buffer does not lead to significant changes in the binding constants of RD01). The un-
bound histidine residues of the free peptide are responsible for the k2 values obtained in apo
assays given the Lewis acid character of the imidazole ring and precedent results.[89] Therefore,
the effect of using different concentrations and peptide-metal ratios in the determination of k
values was addressed in more detail for the RD0O1 peptide in the cuvette format and the results
are shown in Figure 5.3.3°

For both 5 yM and 15 uM RDO1 assays the obtained Vca values were similar for the range of
tested 4-nPA concentrations.3® In the case of 5 yM assays using either a 1:1 or 1:2 peptide-Zn(ll)
ratio (< 50% complex formation) the amount of free peptide in solution is significant and therefore,
the determined k2 values contain contributions from both active species (free Zn(Il) was not con-
sidered as a catalytic species). In the 15 yM holo assays with 1:4 peptide-Zn(ll) ratio the complex
is the major species in solution and the contributions from the free peptide are minimized.3” Under
these conditions the k2 values decreased significantly between apo and holo forms, from 0.27 s

1t0 0.19 s, respectively.

35 Only cuvette assays were made from this point on since a tighter control of experimental conditions
could be achieved, such as higher sample homogeneity, more data point collection, and 4-nP €400 deter-
mined under this format.

36 Assays with 2.5 uM RDO1 were also performed but data was not considered due inconsistency of results
and high k2 associated errors.

37 Higher peptide concentrations and peptide-Zn(ll) ratios were not considered due to a compromise be-
tween the lowest amount of used peptide per assay and minimizing the possibility of unspecific interactions
with free Zn(ll).
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Figure 5.3 — 4-nPA hydrolysis by RDO1 peptide determined at different peptide-Zn(ll) ratios
and concentrations at pH 7.5.
A — First-order rate constant Vcat values obtained for the 0.25 to 2 mM 4-nPA concentration range tested
using 5 (green) and 15 pM (black) RDO1 (apo) and 5 to 60 uM ZnCl2 (1:1, 1:2 and 1:4 holo). Data obtained
in 40 mM HEPES 50 mM NacCl, pH 7.5 at 25 °C and fitted to linear model for apo (dashed lines) and holo
forms (solid lines). Values correspond to the average of at least two independent assays and error bars to
the corresponding S.E.. B — Corresponding second-order rate constants k2 (left axis), with apo forms in
dashed bars and holo in filled bars. Standard error of fitted linear models shown in solid black lines. Ratio of
formed peptide-Zn(Il) complex vs. total peptide added for each assay in right axis.
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Figure 5.4 - 4-nPA hydrolysis by RD01v2 peptide at pH 7.5.

A — First-order rate constant Vcar values obtained for the 0.25 to 2 mM 4-nPA concentration range using 15
UM RDO1v2 (apo, open symbols) and 15 uyM, 60 uM ZnCl2 (1:4 holo, closed symbols). Data obtained in 40
mM HEPES 50 mM NacCl, pH 7.5 at 25 °C and fitted to linear model for apo (dashed lines) and holo forms
(solid lines). Values correspond to the average of at least two independent assays and error bars to the
corresponding S.E.. B — Corresponding second-order rate constants kz (left axis), with apo forms in dashed
bars and holo in filled bars. Standard error of fitted linear models shown in solid black lines. Ratio of formed
peptide-Zn(Il) complex vs. total peptide added for each assay in right axis.

Assays at 15 yM RD0O1v2 and 1:4 peptide-Zn(ll) ratio were also carried out to re-evaluate the

k2 values obtained in the microplate format (Figure 5.4). The apo form presents kz values similar
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to those of RDO1, while for the holo form a lower value is obtained. In the latter case, this may be
due to less contributions from the free peptide in solution, since RD0O1v2 has higher binding affinity
for Zn(ll) than RDO1.
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Figure 5.5 - 4-nPA hydrolysis by RD02 peptide at pH 7.5.

A — First-order rate constant Vcat values obtained for the 0.25 to 2 mM 4-nPA concentration range using 15
UM RDO2 (apo, open symbols) and 15 yM, 60 uM ZnClz (1:4 holo, closed symbols). Data obtained in 40 mM
HEPES 50 mM NaCl, pH 7.5 at 25 °C and fitted to linear model for apo (dashed lines) and holo forms (solid
lines). Values correspond to the average of at least two independent assays and error bars to the corre-
sponding S.E.. B — Corresponding second-order rate constants k2 (left axis), with apo forms in dashed bars
and holo in filled bars. Standard error of fitted linear models shown in solid black lines. Ratio of formed
peptide-Zn(Il)complex vs. total peptide added for each assay in right axis.

The assays with RD02 were also performed at 15 yM peptide and 1:4 peptide-Zn(ll) ratio and
results are shown in Figure 5.5. The apo form presented k2 values slightly lower than those ob-
tained for RDO1 and RDO1v2, and this activity is again attributed to the Lewis acid character of
the three designed histidine residues. However, the holo form presented the lowest k2 with a value
of 0.12 s, pointing to distinct scaffold contributions in the catalytic activities of the peptide-Zn(ll)
complexes.

A summary of catalytic activities towards 4-nPA hydrolysis of the designed peptides is made
in Table 5.2. Interestingly, for all RD peptides the apo version was always the better catalyst. As
it will be described below, although 4-nPA hydrolysis was not the target modelled reaction, it is
the most informative in establishing computational-experimental correlations. Indeed, the hydro-
Iytic activities are in clear opposition to the complexity of designs considered in Chapter 2: while
RDO1 was the most minimalistic design and RD02 the most complex (with supposedly more fa-
vourable score features), RD01-Zn(ll) complex is the best catalyst, followed by RD0O1v2-Zn(ll)
(with supposedly unfavourable features) and finally by RD02-Zn(ll). The influence of having used
two distinct AS models in the case of RD0O1 (4AlGas:diAlamin) and RD01v2/RD02 (MA(M)as:diAla)

is ruled out given the similarity of their hydrolytic activities.
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Table 5.2 — Summary of kz values for RD peptides obtained in 40 mM HEPES 50 mM Nacl,
pH 7.5 at 25 °C.

k2 (s1)
Scaffold
apo holo
RDO1 0.2740.01 0.1940.00
RDO1v2 0.29+0.01 0.15+0.00
RDO02 0.23+0.00 0.12+0.01
HP352 0.02+0.02 0.01+0.02

a — Values obtained in microplate assay, 5 uM peptide and 1:2 peptide-Zn(ll) ratio.

The reasons for why the computational approach employed in Chapter 2 did not success in
designing peptide-Zn(ll) complexes with high catalytic activities will be addressed in further detalil
in the following chapter. Nonetheless, comparison with other natural and designed systems is

shown in Figure 5.6.
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Figure 5.6 — Comparison of catalytic efficiency towards the 4-nPA ester between RD peptides
and other designs.
Values in log scale correspond to kz or kea/Km Obtained at pH 7.5. Designs not dependent on Zn(ll) in dashed
bars (Zn(ll)-free) and in solid bars for Zn(ll)-dependent systems (Zn(ll)). Native Sp1f2 [89] and HP35 in-
cluded for comparison. In case of Sp1(HHH), error bars correspond to range of values obtained for different
(His)s Sp1f2 variants. keat/Km Of native enzymes carbonic anhydrase [207] and a-chymotrypsin [208] also
included for comparison. pH dependence of background reaction is shown by the k2 values of the hydroxide
ion (OH").[209] References of designs given in main text.

Values of kz (or kcat/Km) are comparable with other redesigned zinc fingers, including Sp1f2

variants with three histidine residues (apo) and the CP1 consensus peptide (holo) not specifically
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designed towards 4-nPA hydrolysis.[90] Nonetheless, these values are one order of magnitude
lower than those of the BBA-B3 zinc finger (holo) designed specifically towards the hydrolysis of
4-nPA.

Peptide-substrate interactions and right positioning of the catalytic residues during the reac-
tion appear to play a key role in catalytic efficiency of designed systems, since the simple inclusion
of catalytic residues does not lead necessarily to better catalysts. In the case of RDO1 and
RDO01v2 peptides, inclusion of the Glucat residue did not lead to improvements when compared to
other Sp1f2 variants, where only first sphere Zn(ll) ligands were considered.[89] Another example
is the mini matrix metalloprotease mMMA with less than 20 residues and a flexible fold, where
the monoprotonated holo form has comparable k2 values as RD0O1 and RD0O1v2. Indeed, these
designed systems present similar values as the organic complex cyclen-Zn(ll), suggesting only
modest contributions of the introduced catalytic residues to the obtained k2 values. However, for
designed protein-Zn(ll) complexes with higher structural complexity such as the coiled coil
TRIL9CL23H, AlleyCatE2, A1%4AB3 tetramer assembly and MID1 dimer, there is one to two orders
of magnitude increase in catalytic efficiency with display of Michaelis-Menten kinetics. This is also
the case of the heptapeptide IHIHIQI, which exhibits hydrolytic activity only upon Zn(ll)-mediated
supramolecular assembly into fibrils. For metal-free esterases, both redesigned thioredoxin
PDZz2, six-helical bundle 6HB and de novo designed heptad CC-hept show similar catalytic effi-
ciencies, and the KO-42 dimer being the exception with lower values comparable to those of RD
designs.

Despite several design approaches and different types of scaffolds used, the catalytic effi-
ciency of constructs is still below those found native enzymes, even for promiscuous activities
such as the case of 4-nPA hydrolysis. This is the case of native metalloenzyme Carbonic Anhy-
drase Il and the serine protease a-chymotrypsin, which present kca/Ku values four orders of mag-
nitude higher when compared to RD peptides.[207,208] These, together with the exceptions of
MID1 and IHIHIQI, show catalytic rate enhancements higher than the hydroxide ion, which points
to specific protein-substrate interactions involved in the catalytic mechanism. With more complex
structures the network of interacting residues increases, leading to the possibility of establishing
favourable protein-substrate interactions or proper activation of the catalytic species. One ex-
treme case is the 43C9 engineered catalytic antibody, with keat/Km value over 105> M-1s1 although
presenting strong product inhibition. Resurrected enzymes have also been shown to hydrolyse
4-nPA with kea/Km value of 11.7 M-1s1, and it has been argued that the conformational flexibility
of these constructs allows to sample more productive substrate and transition-state interac-
tions.[210]

While in metal-free esterases the catalytic activity is usually attributed to cysteine and histidine
residues, in zinc enzymes the active species is an activated water molecule bound to the metal
ion. First sphere Zn(ll)-OH: interactions and hydrogen bonds with the catalytic glutamate lead to
charge stabilization of the oxygen atom containing free electron pairs, thus decreasing the pKa

of the bound water. Second-sphere interactions also play a role in substrate activation and proper
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metal-site geometry.[143] In order to probe the activation of water molecules in RDO1 and
RDO1v2 designs, the effect of pH on k2 values was addressed in preliminary assays at pH 9.0,
with results shown in Figure 5.7.

For both apo and holo forms there is an increase in k2 values going from pH 7.5 to pH 9.0. In
the case of holo forms the increase is more pronounced, inverting the trend observed at pH 7.5
for higher k2 values of apo forms. In the particular case of RDO1v2 holo, the values are higher
than those obtain for RDO1

RDO1

RDO1-Zn(ll) 1:4 n
RDO1v2

RDO1v2-Zn(ll) 1:4

mOomO

0.0 T T T T
7.5 8.0 8.5 9.0
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Figure 5.7 — Effect of pH on 4-nPA hydrolytic activity of RD01 and RD01v2 peptides.
Second-order rate constants k2 values obtained for the 1 to 2 mM 4-nPA concentration range using 15 yM
peptide (apo, open symbols) or 15 uM peptide, 60 uM ZnCl2 (holo, closed symbols) in 40 mM HEPES 50
mM NaCl, pH 7.5 or 40 mM CHES 50 mM NacCl, pH 9.0 at 25 °C. Values correspond to the average of at
least two independent assays and error bars to the corresponding S.E.

Although the Zn(Il)-complexes have not been structurally characterized at pH 9.0, these re-
sults suggest that in RDO1 holo assays the free (unstructured) peptide is the major species in
solution, while for RDO1v2 holo the Zn(Il)-complex remains formed. A more detailed study on the
effects of pH in catalytic activity would be required to draw conclusions on whether or not the RD

peptides are able to properly modulate the pKa of the Zn(ll)-bound water molecule.

5.3.2 Amide and peptide bond hydrolysis

Given that both esterase and amidase activities can occur by hydrolysis of activated water
molecules, the catalytic activity of RD peptides towards amide bonds in pNA-amino acid deriva-

tives was tested by considering the equation 5.5:
X-p-nitroanilide + H,0 — X + p-nitroaniline (5.5)

where X= Ala, Gly, Glu, Arg, Met, Leu. The formation of the product pNA was monitored spec-

trophotometrically at 405 nm. At pH 7.5 the uncatalyzed reaction is negligible and was considered
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as a control assay. No clear activity above control levels was detected for holo assays at 0.5 and
5 mM X-pNA for RD01, RD01v2, RD02 and HP35 in microplate format (not shown). This was also
the case for control Zn(ll) and apo assays, with no significant A4os changes observed over 2 days.
Additional tests in cuvette format were made for Met-, Ala-, Glu- and Arg-pNA derivatives in the
0.167-15 mM range, with no detectable product formation.38

The RD peptides present no amidase activity over the tested conditions irrespective of the
coupled amino acid residue. 3 This is in contrast with native MPs, which show a remarkable range
of catalytic activities towards unnatural pNA derivatives. The MA(M) endopeptidase astacin pre-
sents very low activity towards single amino acid Ala-pNA (kcat/Km 0.01 M-1s1), much lower than
for longer substrates such as Suc-(Ala)s-pNA (> 22 M-1s1).[211] Meprin A, another MAM(M) en-
dopeptidase presents even higher catalytic efficiency towards alanine tripeptides (231 M-s-
1).[212] On the other hand, the leukotriene-A4 hydrolase, an MA(E) arginine aminopeptidase,
shows high catalytic activity towards single amino acid derivatives, specially towards Arg-pNA
with kcat/Km Of 3.7x10% M-1s1.[213] Indeed, this MP shows high stereospecificity towards D-amino
acids and enhanced activity towards various unnatural amino acids, such as the O-benzyl ester
of aspartic acid with a kca/Km of 1.75x10° M-1s2,

Given the low catalytic activity of RD peptides observed towards 4-nPA, it is reasonable to
assume that there is no activation of water molecules at pH 7.5 to perform the nucleophilic attack
on the amide bond. Whether this was also the case for substrates containing true peptide bonds
was addressed by testing the peptidase activity of RD designs towards peptidic substrates. First,
the commercial kit (MMP activity assay) of an oligopeptide-fluorogenic probe conjugate was em-
ployed to probe low levels of activity but no detectable fluorescence changes were observed
above control levels over 2 days (not shown). With this approach, presumable limitations in the
detection levels of peptidase activity could be more safely ruled out. Secondly, the model diAla
substrate used in Chapter 2 was employed. NMR samples of 1mM substrate incubated at pH 7.5
with either RD01v2 or RDO2 peptide-Zn(ll) complexes showed no spectral changes over at least
2 days, pointing to the lack of Ala-Ala bond cleavage (not shown). Considering the CD far-UvV
assays of RD peptide-Zn(ll) complexes in the presence of diAla (Chapter 4), this lack of peptidase
activity is not attributed to major structural changes caused by some type of catalyst-substrate
interactions. As discussed in Chapter 2, the control design of astacin using the diAla substrate
model showed favourable Rosetta scores which could indicate potential activity towards this sub-
strate. Nonetheless, favourable scores were also obtained for RD02, which did not present any
clear distinction from RD0O1v2 in terms of diAla hydrolysis, the later showing overall unfavourable

design features.

38 Preliminary assays in CHES buffer pH 8.6 and CAPS buffer pH 10.0 were also performed and no activity
was detected.

3% Preliminary assays with Suc-(Ala)s-pNA as substrate were done but no detectable product formation
was found.
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5.4 Conclusion

The catalytic proficiency of the designed RD peptides in Chapter 2 has been addressed in the
present chapter. Following the synthesis and characterization carried out in previous Chapter 3
and 4, respectively, the experimental conditions were set to characterize separately both apo and
holo forms of the RD peptides. Target peptidase activity was not detected for any of the RD pep-
tides, including for the modelled diAla substrate. This was also the case for amidase activity to-
wards pNA amino acid derivatives. Only low esterase activity towards 4-nPA was identified for all
RD peptides, with RD01-Zn(Il) complex presenting the highest hydrolytic activity among the pep-
tide-Zn(ll) complexes. In the case of RD02, successful introduction of a catalytic metal site was
confirmed given the lack of esterase activity observed for native HP35. The esterase activities of
peptide-Zn(Il) complexes are within the same range of the corresponding metal-free peptides due
to the contribution of unbound histidine residues and within range with other peptide/small-protein
designs containing metal-sites. However, the obtained values are still 2 orders of magnitude lower
than more complex designs and up around 4 orders of magnitude below the native enzymes.
Given the flexible structural features and marginal stability of the peptide-Zn(ll) complexes, it is
unclear whether the designs failed to maintain the scaffold integrity or the proper active site pre-
organization in order to effectively activate bulk water molecules. Although preservation of struc-
ture may not be a requisite for efficient catalysts, the propensity of RD-Zn(ll) complexes to main-
tain proper active site organization will be addressed from the structural point of view in Chapter
6.
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6. Structural Features of Designed Metallo-

peptides
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6.1 Introduction

In enzyme design projects, the catalytic efficiency of initial candidates are usually rather mod-
est, along with a plethora of produced inactive designs that are usually discarded without further
consideration. Experimental solutions to this problem often lie in directed evolution techniques,
from which new sequence changes are introduced on active designs and selected based on in-
creased target function and/or stability.[24,214,215] Rationalization on the molecular basis for
such low catalytic efficiencies often falls to a secondary role, thus limiting our current understand-
ing of protein chemistry. In this regard, computational methods offer the opportunity to bridge the
gap between theory and experimental findings.

Despite their potential in the development of new catalysts, CED tools have nonetheless some
inherent limitations. For example, candidate designs are often ranked based on ad hoc ap-
proaches such as the one described in Chapter 2 for selection of the RD02 scaffold. Moreover,
design flaws may be inaccessible by MM-based methods such as the one employed in Rosetta,
where static representations of the systems in implicit solvent medium are done, often based on
a single crystallographic structure.*? This is because designs often differ significantly from their
native counterparts in terms of their primary sequence and this can affect considerably their po-

tential energy landscape, as represented in Scheme 6.1.

Native Active Inactive

Design

Design

Potential Energy

MD

Conformational Space Conformational Space Conformational Space

Scheme 6.1 — Representation of the potential energy landscape in the conformational space
of backbone and side chains for native and enzyme designs.
Native enzymes have potential energy landscapes (black line) with well-defined global minima where active
conformation is located (open circle). Sampled subspace during MD simulations may be limited to neigh-
bouring regions (dashed regions). Designs present different potential energy landscapes due to introduced
sequence changes (blue lines). Sampled subspace during MD simulations may be close to target active
conformation (blue circle) in active designs (dashed green) but might drift considerably towards non-active
conformations that correspond to new global minima (dashed red).

Indeed, as described in Chapter 2, new sequence variants are obtained by iterative repacking

and energy minimization of native structure upon introduction of the AS of interest. During this

40 Dynamics of the scaffold were nonetheless approached to some extent by using as input NMR-derived
structures.
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stage, backbone and AS side chain constrains are typically imposed and as a result the new
sequence variant may correspond to shallow, local energy minima in the potential energy land-
scape.*! Alternative backbone and side chain conformations corresponding to neighbour energy
minima may become more stable and thus being preferentially adopted. This may impact greatly
the solvent accessibility of AS residues and substrate binding-interaction energies. Moreover,
interactions with solvent molecules may also dictate to a major extent the adoption of alternative
conformations, and this is particularly relevant for RD peptides where a water molecule is ex-
pected to act as the fourth ligand in the substrate-free forms.

Calculation of energy profiles along the reaction coordinate would require the employment of
DFT methods, but these are computationally very demanding and therefore limited to sampling
of short time-scales (ps-ns). As a result, a relatively static treatment of protein-substrate interac-
tions needs to be imposed.[216,217] The compromise between a realistic treatment of chemical
reactions in fast time-scales and proper sampling of protein conformational space in longer ones
has been commonly opted in favour of the latter in comprehensive enzyme design projects, where
structural integrity and unfavourable catalytic interactions can be probed in advance by taking into
consideration the intrinsic dynamical properties of designs and their evolved variants.[218] These
can be addressed either experimentally by nuclear magnetic resonance (NMR) spectroscopy or
computationally by the employment of atomistic MM simulation methods, such as Molecular Dy-
namics (MD). [219] In MD simulations both the biomolecule and solvent are explicitly described
by force fields where particle interactions are described by simplified energy potentials. These
can be integrated in time according to Newton’s second law of motion to obtain forces acting on
particles and calculate the resulting accelerations, which are then used to calculate new velocities
and positions at each time step. The result is a simulation trajectory of the entire atomic system,
which yields the conformational space available for the biomolecule to be explored under the
employed simulating conditions of pressure, temperature and solvent composition.

MD simulations in the ns time-scale have been employed to guide several enzyme design
projects. For example, MD-derived geometric descriptors have been employed in the study of
Kemp eliminases and used to discriminate between active and inactive designs.[216,220] The
conformational space explored in such cases is nonetheless restricted to sampled time-scales
and may fail to capture major conformational changes occurring in slower regimes (us-ms).[221]
Regarding RD peptides, their inherent structural flexibility characterized in Chapter 4 begs the
question whether the designs failed to maintain scaffold integrity or accurate AS pre-organization.
Given their reduced size, MD methods are suitable to probe whether major conformational rear-
rangements occur in us time-scales. While not a high-throughput method, recent hardware and

software development have made investigations of protein dynamics in slow regimes increasingly

41 This was the case in Chapter 2, where AS geometries were constrained during the design stage to
avoid disruption of the metal site. Repacking and energy minimization without constraints led Zn(ll) binding
residues to depart from the orientations imposed by the pseudo-covalent bonds with the metal ion in a tet-
rahedral-like fashion, since the later was treated as part of the diAlamin) substrate model.
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accessible by simulation.[222,223] This allows to bridge the gap between simulation and experi-
ments when addressing the structural features of protein scaffolds in solution. The current chapter
explores this link by employing pys-long MD simulations of RD peptides in explicit solvent and
compare the results with experimental findings obtained in previous chapters, together with addi-
tional insights obtained by NMR spectroscopy.

Simulation of metal-containing systems such as native MPs and RD designs faces issues
regarding the realistic treatment of protein-metal interactions. This is because metal ion chemistry
is not adequately captured by all-atom force fields, where charge-transfer and ligand-field stabili-
zation effects often play a crucial role in dictating coordination geometries and binding affinities.
Again, QM-based treatment of metal systems would be preferred but the small time-scales sam-
pled preclude major scaffold reorganizations to be probed. Along with QM-based corrections of
metal first- and second-coordination sphere interactions, “bonded” models are usually employed
where the metal-protein bond is treated as a pseudo-covalent one. [224] This greatly limits sam-
pling of ligand-exchange phenomena and usually non-bonded models are adopted instead. How-
ever, such models also present challenges since the metal ion is treated as a charged sphere,
therefore not taking into account the spatial orientation of electron orbitals involved in ligand co-
ordination.*2 In the case of RD peptides, unsuitability of these approaches is aggravated since
folding is mediated by the Zn(ll) binding. Ligand exchange phenomena and significant drift from
defined TS coordination geometries is therefore expected in such cases. Attempts to overcome
these limitations have been developed recently, such as the employment of polarizable force
fields that mimic some of the charge-transfer and ligand stabilization effects associated with metal
coordination by biomolecules. An example of this is the Drude oscillator model by introducing an
auxiliary charged particle attached to each polarizable atom through a harmonic poten-
tial.[225,226] This method has been successfully employed in protein folding simulations, but its
currently limited to treatment of monovalent charged species and shorter simulation trajectories.

A robust method for simulation of metal-containing system is the Cationic Dummy Atom
(CabDa) approach, where a non-bonded description of e.g. Zn(ll) is made by the inclusion of
charged virtual particles that mimic the orientations of unoccupied 4s4p® orbitals of the closed
3d10system.[227,228] This approach has been adopted in several simulations of metalloproteins,
including native Zn(Il) metalloenzymes, and shown to reasonably capture the structural and elec-
trostatic effects involved in metal-protein interactions, including ligand-exchange events.[229—
231] Therefore, in the current chapter the suitability of employing the tetrahedral Zn(ll) CaDa
variant was addressed for the MD simulation studies of native astacin, Sp1f2 peptide and RD

designs.

42 A non-bonded model was used in Chapter 2 for the study of thermolysin. Discussion of method limita-
tions are addressed in annex 1 therein.
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6.2 Materials and Methods

Molecular dynamics simulations: peptides and astacin were simulated in explicit solvent under
periodic boundary conditions following the methods described elsewhere and adapted accord-
ingly.[232] The GROMACS 5.1.2 simulation package with GPU acceleration was used.[222,223]
The employed force field was AMBER99SB*-ILDN [233-235] modified to include the CaDa ap-
proach [228],*3 where the Zn(ll) ion is modelled with four dummy atoms (ZND) in a tetrahedron-
shaped geometry and coordinating histidines are modelled in double-deprotonated state (HIZ,
charge -1). Input structure files corresponded to native Sp1f2 (PDB ID: 1VA2, NMR state 27),
HP35 (PDB ID: 1UNC, NMR state 6) and Astacin (PDB ID: 1AST) or the outputted DEs with best
Scorewtal for RD peptides (details in Chapter 2). Residue protonation state was attributed accord-
ing to the respective pKa values; Lys and Arg residues were modelled in protonated state, aspar-
tate and glutamate residues in deprotonated state, Zn(ll)-coordinating cysteines in deprotonated
state (CYM) and non-coordinating histidines in monoprotonated state at the Ne2 atom. Molecules
were placed in a cubic box with edges at least 12 A from the solute and solvated with the explicit
TIP3P water model [236] (~15900 molecules for astacin, ~5500 for Sp1f2, RD0O1 and RD01v2,
~4900 for HP35 and RD02).44 Chloride or sodium counter-ions were added first to neutralize the
total charge of the system and then added in equal proportion to achieve a 50 mM NaCl concen-
tration (as used in Chapter 4 and 5). Energy minimization was done in two steps to remove even-
tual atom clashes in crystallographic, NMR or Rosetta outputted files: steepest descent minimi-
zation algorithm (max 2000 steps) followed by a conjugated gradient algorithm (max 1000 steps).
Short equilibration in a NPT ensemble was done next (Nosé-Hoover thermostat at 300 K with
time-constant of 1.6 ps [237,238]; isotropic Parrinello-Rahman barostat at 1 bar with time-con-
stant 5 ps [239,240]) with positional restrains for all hydrogen bonds for 3 steps of 100 ps each
with the LINCS algorithm (order parameter 8, iteration level 2), with a force constant of 1000, 100
and 10 kJ/mol in each consecutive step, respectively.*® Integration step was 2 fs and coordinates
were saved each 25 ps, with long-range electrostatics being treated with the Particle-Mesh Ewald
algorithm [241]. Production runs were done 1 us for peptides and 365 ns for astacin in a NPT
ensemble. All steps (solvation, energy minimization, equilibration and production) were made
twice (sim1 and sim2), with a total simulated time 2 ys for each peptide and 730 ns for astacin.

Trajectory analysis and clustering: Trajectory RMSD and Radius of Gyration plots analysed at

each 25 ps frames for sim1 and sim2 independently. Cluster analysis of the total trajectories was

43 AMBER parameters available in http://www.mayo.edu/research/labs/computer-aided-molecular-de-
sign/projects/zinc-protein-simulations-using-cationic-dummy-atom-cada-approach were converted for us-
age in GROMACS by unit conversion.

44 TIP3P allows for faster calculations than the more complex TIP4P and TIP5P water molecules often
employed.

45 Constraints to all heavy-atom bonds was not made since Zn(ll)-dummy atom distances are smaller than
other covalent bonds and this causes software errors. Attempts to overcome this were not approached since
the long time-scales employed were expected to allow for proper system equilibration.
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done from the RMSD matrix of 20007x20007 (1 us) or 7389x7389 (365 ns) elements, correspond-
ing to equally spaced 50 ps frames from only one replicate. The “gromos” clustering method de-
scribed by Piana et al. was employed, with a minimum of 10 structures per cluster and a cut-off
of 3 A between backbone atoms. [242] Each cluster was represented by the centroid structure,
i.e. the one with smallest average distance to the remaining neighbours. Analysis of designed AS
(dag, 68) done at each 250 ps frames from the aggregate of sim1 and sim2 trajectories. Structure
representations and DSSP timeline analysis done as described before with VMD 1.9.2.

IH nuclear magnetic resonance spectroscopy: Assays were made in DO 50mM NacCl at pH
~7.5, adjusted by additions of concentrated NaOH and HCI solutions in a Bruker Avance II+ 800
MHz or Bruker Avance I+ 500 MHz under supervision of Dr. Manolis Matzapetakis (Biomolecular
NMR Lab, ITQB/NOVA). Peptide stock solutions were added up to 150 yM (RD01v2) or 1 mM
(RDO02), followed by stepwise additions of 10.33 mM ZnClz (V1= 550 pL). Spectra recorded in the
10 to 60 °C temperature range (5 °C intervals) using TSP 48 uM added to the solution as refer-
ence (0 ppm).

6.3 Results and Discussion

6.3.1 Molecular dynamics simulations

Microsecond-long MD simulations revealed important dynamical features of designed RD pep-
tides and their native counterparts. As shown in Figure 6.1, all peptides and native astacin depart
from the initial conformation as expected, a result of the higher conformational space explored
during MD trajectories in comparison with NMR and X-ray structures.

In the case of RD peptides, the displacement implies a divergence from the best candidate
structure outputted by Rosetta, with higher RMSD values observed for both backbone and side
chain atoms in comparison to native peptides. No significant differences were identified in terms
of structure length (as given by the related radius of gyration), indicating that no major unfolding
events occurred throughout the two replicate trajectories.*® Structural sites and astacin AS pre-
sented less mobility than the designed AS, with clear disruption events apparent in at least one
of the RD01 and RD0O1v?2 trajectories.

46 Global motions of the astacin fold were not anticipated in 1 s trajectories since these typically occur in
longer time-scales. Trajectories were therefore trimmed at 365 ns to properly sample AS side chain recon-
figurations in the substrate-free, “open” conformation. Even for short trajectories (20 ns) the sampled con-
formational space diverges from the crystallographic structure. Further aspects of MP internal dynamics are
described in section 2.3.1 and Annex 1 therein.

115



Structural Features of Designed Metallopeptides

14 - 14 -
—— RDO1
—— RDO1v2
124 ——RDo02 ‘
Sp1f2
—— HP35

—— Astacin

Backbone RMSD (A)
Side chain RMSD (A)

s T T T T 1 T T T T ¥ 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (ns) Time (ns)

18 14
——— (His), Zn(ll}+Glu_,
W 1 (His),-Zn(I)+Glu_,,
——— (His),Zn(I)+Glu_, l

-
(o)
1
-
N
1

(His),(Cys),-Zn(ll)
(Phe),
— (His),-Zn(I)+Glu_,

=y
o
1 "

-
H
1

(o]

| L

-
N
1

l

Radius Gyration (A)

1 ‘\ 1 | (LA
UL K '
‘.‘.‘I‘ wﬂn‘:).h “l,’*'l‘m" ‘

Active/Structural site RMSD (A)

.]" il ﬂ'" .w‘ K'WM m

o 200 400 600 800 1000 0 200 400 600 800 1000
Time (ns) Time (ns)
Figure 6.1 — General features of MD simulations.
A — RMSD of backbone atoms from each 25 ps trajectory frame in relation to the starting NMR state (SP1f2
and HP35), X-ray crystal structure (astacin) or DE with best Scorewta (RD01, RD0O1v2 and RD02). For each
system, data from the two replicate trajectories are shown with the same colour coding (details in inset
legend). B — Corresponding RMSD of side chain atoms. C- Corresponding radius of gyration. D — RMSD of

designed AS residues (RD01, RD01v2, RD02) or native structural (Sp1f2 and HP35) and active (astacin)
sites, details in inset legend.

One replicate simulation per peptide scaffold was chosen to probe further details on stability
and dynamics, with results of DSSP and cluster analysis shown below and summarized in Table
6.1. DSSP plots allow to track interconversion between secondary structure elements in a given
scaffold, which is useful to evaluate qualitatively the local effects of designed sequence changes.
[243,244] Clustering based on structural similarity between trajectory frames provides a descrip-
tion of the sampled conformational space, with analysis focused on the set of clusters that popu-

lated > 80% of total simulated time.
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Table 6.1 — Cluster analysis of MD simulations

Scaffold RMSD matrix Number clusters # top clusters
[min, max] (cut-off 3 &) (> 80% pop. Time)

Spilf2 [0.3,7.3] 5 1

RDO1 [0.3,11.9] 69 8
RDO1v2 [0.2, 12.7] 73 8

HP35 [0.2,7.9] 14 1

RDO2 [0.2, 11.6] 49 5
Astacin [0.2, 3.3] 1 1

No major changes in the BBa fold of Sp1f2 occurred throughout the trajectory as shown in
Figure 6.2, with only one majorly populated cluster corresponding to minor rearrangements at the
C-terminal and B-turn (consistent with flexible regions of the NMR structure shown in section
2.3.5, Figure 2.6). With the designed sequence changes made in RDO1 these two regions be-
came unstable, which led to partial disruption of the al and loss of B1 and 2 secondary structure
elements. A higher dispersion of frame pairwise RMSD values and higher number of top popu-
lated clusters was obtained, reflecting the increased flexibility of the design.

In RDO1v2 similar dynamical features were observed, although with less a-helix disruption
towards the C-terminal. However, the introduced M4T and R13T sequence changes led to unex-
pected reconfiguration of the 2 into mixed turn/helical configurations. This is in sharp contrast
with the design objective of increasing p-sheet forming propensity. While this has been success-
fully achieved in native ZF scaffolds (as discussed in previous chapters), the combination with
already destabilizing sequence changes made in RDO1 could have led to new interaction net-
works that favoured helical conformations instead. As a result, the top populated clusters show
highly disordered conformations of the original B-sheet in Sp1f2. As discussed in section 4.3.2,
both RD01 and RD01v2 peptides present increased helical content in the holo form. Indeed, a-
helix extension has also been postulated to occur in other Sp1f2 variants lacking one Zn(ll)-coor-
dinating residue,[137] which in the case of RDO1v2 could have been accentuated due to the in-

troduced threonine residues and the K12V sequence change.
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Figure 6.2 — Dynamics of Sp1f2, RD01, RD01v2 designs in 1 ps-long MD simulations.

A - Timeline analysis of native Sp1f2 secondary structure changes throughout total simulated time. DSSP
plots with secondary structure elements identified in bold and backbone conformations in coloured repre-
sentation (left, legend in inset). Residues of interest labelled by colour-coding (legend in inset). Cluster anal-
ysis of simulations (right). Original NMR state (solid) and top populated cluster (transparent) in cartoon rep-
resentation color-coded by residue index from the N- (red) to the C terminal (blue) and structural site in CPK
representation. B and C — corresponding representations for RDO1 and RD01v2, respectively. Outputted DE
with best Scoretwtal (solid) and top populated clusters (transparent). Details of designed AS with Zn(ll) coor-
dinating histidines coloured by residue index and catalytic glutamate in green.

For HP35 there were only small changes in the native all-a fold as shown in Figure 6.3, with
readjustments occurring mostly at al in the top populated cluster (in agreement with the NMR
states shown in section 2.3.7, Figure 2.11). On the other hand, RD02 presented major disruptions

of al, helical reconfigurations in a2 and partial disruption of a3 towards the C-terminal, presenting
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higher dispersion of pairwise RMSD values and higher number of clusters than the native HP35
structure. The effect of removing the highly conserved phenylalanine residues was clear: the F6H
replacement led to disruption of al although F10 was kept, F17A led to reconfiguration of a2.47
In contrast, the L1G and F35S sequence changes located at the N and C termini did not produce
obvious fold disruptions or stabilization. The region close to the K24M and N27A sequence
changes remained relatively stable throughout the trajectory. The MD simulation results are in
correspondence with those reported in section 4.3.2, where RD02 presented slightly less a-helix
content than HP35 in folded forms. Also, they are in agreement with findings reported for the
HP24stab structure, which lacked al but still formed supersecondary structures resembling the
native HP35 (chicken) topology.[245] It is therefore acknowledged the small contribution al to
native fold stability, which in current case of RD02 could not be stabilized although F6H was
coordinated to Zn(ll).

The MD simulations results can also be compared with the thermal stability of scaffolds de-
scribed in section 4.3.3: Sp1f2 showed no fold disruption while both RD01 and RD01v2 did. How-
ever, HP35 presented more stable features than RD02 although these two peptides had nearly
identical thermal stabilities. RD0O1v2 presented a significant increase in stability compared with
RDO01, although the peptides behaved similarly in MD simulations. These discrepancies between
simulation and experiments may be attributed to the unsuitability of the employed simulation con-
ditions to recapitulate the thermodynamic properties of the modelled systems. More realistic con-
ditions have been successfully employed in the study of HP35 (chicken), with longer simulated
times at higher temperatures where fold/unfold conformations are sampled or with replica-ex-
change MD simulations. [114,115] Nonetheless, decreased thermal stability can be correlated
with higher scaffold flexibility, supporting the notion that multiple local minima of the potential
energy landscape (corresponding to distinct conformation clusters) are accessible by more flexi-
ble scaffolds (RD01, RD01v2, RD02 and HP35) in contrast to the more well-defined global mini-
mum sampled by stable ones (Astacin and Sp1f2).[216] The increased folded content of HP35,
RDO01, RD01v2 and RDO2 under the presence of TFE is also in agreement with their marginal
stability associated with flexibility of secondary structure elements. Simulations in mixed wa-
ter:TFE media would be required for confirmation of this hypothesis.

47 As referred in section 2.3.7 the F17A sequence change was decided based on preliminary MD simula-
tions. However, these were short, 20 ns trajectories where the Zn(ll) ion was treated with the standard non-
bonded model (also employed in section 2.3.1 for thermolysin). At these conditions, there is incomplete
sampling of the conformational space explored in 1 ys trajectories and therefore the results were not con-
clusive. Despite this, it was observed that the F17 and F17L sequence variant led to ejection of the metal
ion from the (His)s-Zn(Il) coordination site during the initial ns of simulation, in contrast to results obtained
for the F17A variant (not shown). This was attributed to steric clashing between the phenylalanine and leu-
cine residues and the Q25H sequence change (His1) that led to disruption of AS geometry, which was not
apparent in the less bulky F17A variant.
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Figure 6.3 — Dynamics of HP35 and RD02 designs in 1 ys-long MD simulations.

A - Timeline analysis of native HP35 secondary structure changes throughout total simulated time. DSSP
plots with secondary structure elements identified in bold and backbone conformations in coloured repre-
sentation (left, legend in inset). Residues of interest labelled by colour-coding (legend in inset). Cluster anal-
ysis of simulations (right). Original NMR state (solid) and top populated cluster (transparent) in cartoon rep-
resentation color-coded by residue index from the N- (red) to the C terminal (blue) and structural site in CPK
representation. B — corresponding representations for RD02. Outputted DE with best Scoretota (solid) and
top populated clusters (transparent). Details of designed AS with Zn(ll) coordinating histidines coloured by
residue index and catalytic glutamate in green.

A description of the essential dynamics of the systems by EDA was not approached given the
high dimensional subspace of backbone and side chain dihedral angles explored by the top pop-
ulated clusters.*® Although a useful method in guiding protein design efforts, essential dynamics
is usually performed on native or evolved protein systems where a native-like potential energy
surface is typically explored.[232] These are well defined energy minima, where global, large
scale motions of protein domains are typically involved in the microsecond to second regime.

Despite EDA on shorter trajectories of proteins provide a representative description of global MP

48 Description of EDA is made in section 2.3.1, Annex 1 therein.
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motions, as discussed in Chapter 2, the potential energy landscape topology is expected to be
distinct from the ones sampled in the microsecond regime by RD peptides. In respect to this, the
higher number of structural clusters found for designs in relation to native folds indicates that the
sampled conformational subspace of the former has indeed higher dimensionality than the later.
This points to a potential energy surface with multiple local minima in comparison with a more
well-defined surface minimum for native scaffolds, which is reflected in major backbone and side
chain re-organizations as shown in previous figures. EDA is usually performed on MD simulations
assuming non-linear effects (a limitation of PCA-derived methods) and a relatively reduced con-
formational subspace, therefore being limited to capture secondary structure rearrangements
clearly identified by cluster analysis.

Analysis of RD peptides was made taking into consideration that scaffold integrity, although a
common feature of active systems, may not be required given increasing examples of highly dy-
namic or even disordered ones.[192,210] Therefore, a low dimensional description of the catalyt-
ically-relevant subspace of AS interactions was issued in light of the findings obtained in previous
chapters. The high number of AS side chain conformations observed for all RD peptide clusters
prompted a quantitative analysis of geometrical features. The results are shown in Figure 6.4.

Given the absence of diAla in current MD simulations (substrate-free form), a reduced set of
geometrical features was selected from the MA(M)as model developed in section 2.3.3, hamely
one distance (dag) and one angle (6s) between residues and the Zn(ll) ion.#° Inclusion of data
derived from analysis of AS from experimental MP-TSA structures proved to be useful in under-
standing the flexible features of AS residues for both RD peptides and astacin. Catalytic interac-
tions between the Glucat and Zn(ll) were lost for all RD peptides, since the residue moved away
from the MA(M)as defined distances in contrast to astacin, where it kept slightly shorter distances.
Side chain fluctuations on the other hand where quite disperse for all systems including astacin,
suggesting that AS configurations are only geometrically conserved under the presence of TSA
molecules. In astacin the Glucat is constrained by nearby secondary structure elements which
prevents adoption of other side chain conformations, while in RD peptides this residue is solvent-
exposed and therefore can freely explore a higher number of conformers even if major backbone

rearrangements do not occur in this region.

4% Dihedral xg values were not included to keep the analysed set to a minimum without losing information
on side-chain fluctuations.
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Figure 6.4 — Conservation of AS geometrical features of designs by MD simulations.

A — Three-dimensional representations of the MA(M)as model, with Zn(Il) coordinating histidines (Hisi-Hiss),
catalytic glutamate (Glucar) and Zn(ll) ion (left). Geometrical parameters defined for catalytic interactions
(top) and Zn(ll) coordination (bottom), corresponding to one distance (das) and one angle (Bs) between
residues and the metal ion (right). B — Scatter plot of parameter value distributions for RD peptides and
astacin Glucat interactions (legend in inset). Values correspond to medians and error bars to standard devi-
ations for a total of 2 us (RD peptides) or 730 ns (astacin) from two replicate simulations. Data from MA(M)as
model included for comparison (details in section 2.3.3). Active site representations for one replicate per
scaffold except astacin shown in previous Figure 6.2 and 6.3. C — corresponding scatter plots for Zn(ll)-Hisi-
3 coordination interactions.

Simulations under the presence of diAla would be required to probe if induce-fit interactions
at the AS occur when the substrate is bound. [224,246] Nonetheless, this provides a rationale for
the low hydrolytic activity observed for RD peptides in Chapter 5 given that these fail to maintain
pre-organization of the AS. Substrate-induced scaffold re-organization is not expected, given the
apparent lack of RD fold changes when diAla was added to the peptide-Zn(ll) complexes in sec-
tion 4.3.3.

The Hisi-s-Zn(Il) coordinating interactions were more conserved than the catalytic one. In asta-
cin distances kept very close to those of the MA(M)as for all three histidines, although side chain
fluctuations gave rise to a higher dispersion of angles. The geometrical features of His1 were also
kept for all RD peptides. However, this was not the case for His2 and Hiss residues. In RDO1 a
drift of the residue to longer distances was observed in contrast to the remaining peptides and
astacin. His1 and His: are located in portions of a a-helices that tend to be preserved for all sys-
tems, resulting in less deviations from the MA(M)as geometry (except for RDO1). Conservation of

Hisz positioning was more critical, given that this residue is located in 2 of RDO1 and RD01v2
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and in al of RD02, regions where major backbone rearrangements occurred. In RDO2 the geo-
metrical interactions were nonetheless close to the ones obtained for astacin, while in RD01 and
RDO1v2 there was a complete drift of the residue away from the metal centre. This again points
to the destabilizing interactions promoted by the introduced sequence changes in RDO1 and
RDO1v2 B-sheets, whose backbone rearrangements led to transient breaking of the Hiss-Zn(ll)
bond.

These findings relate to some degree with important aspects found during the design stage.
In section 2.3.5 and 2.3.7, proper AS geometry was reproduced in only 1/31 NMR states for RD0O1
and RDO1v2, while in RDO2 it was in 4/25. Upon dynamical treatment of the systems under MD
simulation conditions, AS geometry was lost to a higher degree for RD0O1 and RDO1v2 than for
RDO02, supporting the argument that the latter was a less restrained designed than the former
two. This can also be correlated with ranking of designs in Rosetta, where RD02 presented the
most favourable scaffold scores. There is also a correspondence between the dynamical proper-
ties of the systems and the experimental Kznp app Values obtained in section 4.3.1 and 4.3.2. RDO1
is the design with lowest affinity for Zn(ll), followed by RD01v2 and RD02. The latter retains more
native-like interactions with Zn(ll) and was correspondingly the design with slightly higher affinity
for Zn(Il).

In cases where His-Zn(Il) were kept, the distances were lower than those of the MA(M)as. This
may reflect accommodations of the first-coordination sphere to the presence of TSA molecules
or some computational bias introduced by the employed CaDa model. Employment of this model
proved to be quite adequate since it could reproduce realistic aspects of first-sphere interactions.
For instance, internal rotations of the ZND molecule occurred, where the dummy atom-residue
pairs switched throughout the trajectory replicates. In the case of astacin, the Hisz switched from
coordination through the Ne2 to the Nd! by rotation of the imidazole ring in one of the replicates.
The free coordinating position was occupied by bulk water molecules and exchange phenomena
were observed in the ns time-scale. Moreover, for systems with sub-micromolar Zn(ll) affinities
(Sp1f2 and astacin) the 1st-coordination sphere was kept stable. Second-sphere interactions ap-
peared to have also contributed for the close Gluca-Zn(ll) distances observed in astacin. The
validation of the employed CaDa approach for the study of microsecond-long peptide systems
would require further investigation and therefore the interpretations made in this section should
be made with caution, despite being coherent with most of the experimental findings. Since Zn(ll)
is closed-shell (d1° series), different coordination geometries are degenerate and therefore can
interchange considerably when simulating microsecond time-scales. It is therefore not guaran-
teed that the tetrahedral coordination scheme employed would hold for all conformational states
explored by the peptides. Simulations with octahedral CaDa variants would be required to probe
such aspects.

Although MD simulations and Rosetta modelling are in considerable agreement with general

scaffold features, MA(M)as geometry conservation or favourable catalytic scores do not correlate
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with activity towards amino acid-pNA substrates, as discussed for astacin in Chapter 5. A dynam-
ical treatment of substrate-free designs may not necessarily capture the complexity of peptide-
substrate interactions seen in chapter 2, and explorations of the potential energy surface of sim-
ulated systems under the presence of substrate molecules could be helpful in establishing addi-
tional computational-experimental correlates of catalytic activity. This approach has been consid-
ered but was not pursued for the moment. Instead, an attempt to further validate the observation
made here was attempted by experimental characterization of peptide structures in the following

section.

6.3.2 'H nuclear magnetic resonance

The dynamics of RD01v2 and RDO02 peptides was addressed experimentally in the current
section by H-NMR spectroscopy. This aimed at validation of the findings obtained by MD simu-
lations and also on the rationalization of results discussed in previous chapters. However, struc-
tural elucidation of the peptide-Zn(ll) complexes of RD0O1v2 and RD02 was not possible due to
unanticipated problems related with signal duplication and broadening. This was attributed to both
nuclear relaxation phenomena and the Zn(ll) binding/release processes occurring in the millisec-
ond regime, leading to overlap of signals originating from the two apo and holo states (or addi-
tional intermediate/transient states).3° General features of the systems were therefore considered
only, with focus on specific probes of complex formation under conditions similar to those char-
acterized in Chapter 4.

In the case of RD01v2, as shown in Figure 6.5 upon Zn(ll) addition there was the appearance
of a new peak in the aliphatic region at 1.05 ppm, which corresponds to methyl side chain groups
of L20 residue. The data could be fitted to a monomer model used in Chapter 4. The Kzn,app Of
1.41x 10° M obtained is in range of values obtained therein, indicating folding of the peptide and
formation of a1. Signal broadening was quite evident in the NH region, suggesting major back-
bone readjustments upon metal binding. The W7 signal at 10.0 ppm presents broadening and
splitting upon complex formation, suggesting that the 1/B-turn interface where the residue is
located exists in multiple states, consistent with the flexibility of this region found in previous sec-
tion. Temperature effects were monitored for this signal and show the transition from a single
state only at low temperatures where scaffold flexibility is restrained. New signals associated with
residues in B-sheet conformation are observed for higher temperatures in the Ha region concom-
itant with new signals in the aliphatic region, pointing to major fold readjustments close to the

determined Tm values in section 4.3.3.

50 Considering Kznp values of 105 M and an upper limit Kon=10° s for zinc binding (diffusion limited), the
Korr process of zinc release are estimated to occur in the Kzn=Kon/Korr <> Korr=10%/10°=10* s time-scale.
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Figure 6.5 — *H-NMR of 150 yM RDO01v2-Zn(Il) complex in 50 mM NacCl, pH 7.5.
A — overlap of spectra obtained in the before (apo) and after (holo) addition of 0-534 uM of ZnCl2 at 25 °C.
B — Details of aliphatic region signal changes upon metal additions (top). Data from signal at 1.05 ppm
(bottom) used for fitting to the 1:1 complex formation model (solid line, details of model derivation in Chapter
4). C —temperature effects in 10 to 60 °C range for W7 (left), Ha region (centre) and aliphatic region (right).

For RD02, W23 signal changes were monitored upon Zn(ll) addition and results shown in
Figure 6.6. A characteristic sharp signal at 10.25 ppm was observed corresponding to the apo
form of the peptide in solution (denoted A). At sub-equimolar Zn(ll) additions this signal is shifted
and broadened, corresponding to either a transient species or a dimer (denoted B). Dimer for-
mation was not considered in previous chapters since the data obtained for micromolar peptide
and Zn(ll) concentrations could be well fitted to a monomer model.5* However, at mM concentra-

tions at which the NMR titration were made its formation could not be ruled out. Concomitant with

51 Data from Zi competition assays from Chapter 4 was fitted to a dimer model (R? 0.97) but quality was
lower than the one obtained for the monomer model (R? 0.99).
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the increase of the signal B was the appearance of a new broad signal (denoted C) which did not
reach full intensity up to 1.75 Zn(Il) molar excess. This signal C should correspond to W23 in the
holo form of the peptide, which despite being relatively constrained upon a3 formation, it can

sample multiple side chain conformations in MD simulation trajectories.
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Figure 6.6 —*H-NMR of 1 mM RDO02-Zn(ll) complex in 50 mM NacCl at 25 °C, pH 7.5.
Overlap of W23 signals obtained after 0-1.75 mM additions of ZnClz. (A) corresponds to the apo form of the
peptide, (B) to a transient species at sub-equimolar Zn(ll) concentrations, (C) to the metal-complex form and
(D) to a small impurity or negligible apo state.

Further peak assignment would be useful to probe the His-Zn(ll) interactions and relative mo-
bility of the Glucat residue. However, this would require extensive analysis of the data and combi-
nation with other homonuclear and/or heteronuclear techniques for their identification. Structural
elucidation of inactive designs has been a common issue in enzyme design projects, which limits
the understanding on the molecular basis for catalytic proficiency. In most cases the designs do
not fold properly and exhibit either misconfigurations of designed sequence changes or enhanced

fold flexibility and/or reduced thermodynamic stability. In the case of Sp1f2, structural elucidation
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was achieved since tight binding of the metal ion reduces interference from exchange phenomena
and the peptide assumes a well-defined fold topology amenable for signal assignment by hetero-
nuclear *H/**N-NMR methods. In the case of HP35, the peptide assumes also a well-defined fold

and its structural elucidation was possible through bi-dimensional *H-NMR methods.

6.4 Conclusion

Structural characterization of RD-Zn(ll) complexes was approached in the current chapter.
Following secondary-structure characterization of the complexes in Chapter 4, attempts to eluci-
date their tertiary structures was approached by molecular dynamics simulations and nuclear
magnetic resonance spectroscopy. Structural features of substrate-free peptides in the microsec-
ond time scales probed by simulation were in reasonable agreement with experimental findings,
pointing to the presence of mobile secondary structure elements in all RD peptides. This was
attributed to the introduced sequence changes which led to reconfiguration of residue interaction
networks and consequent drift from native fold topologies. Conservation of active site geometrical
features designed in Chapter 2 was also addressed, with RD0O1 and RD01v2 presenting consid-
erable disruption of Zn(ll) coordination interactions and RD02 presenting more native-like fea-
tures, similar to those found in simulations of astacin. Disruption of catalytic interactions was also
observed, thus providing a rational for the low hydrolytic activities of peptides described in Chap-
ter 5. Attempts to elucidate experimentally the tertiary structure by nuclear magnetic resonance
spectroscopy of the designs failed due to incompatibility of physicochemical/dynamical properties
and probed nuclear relaxation phenomena.

While RDO1 and RDO1v2 represent cases of considerable native scaffold destabilization,
RDO2 retained more native-like features in line with scaffold rankings at the computational design
stage. Molecular dynamics simulations in longer time-scales under explicit solvent conditions thus
proved to be a useful tool to further explore the flexible nature of peptide designs, which are not
accessible by static treatments employed in the Rosetta. The application of the cationic dummy
atom approach for Zn(ll) treatment was instrumental to probe conservation of active site geomet-
rical features. The integration of long simulations trajectories in the design process stems as an
ideal bridge between modelling and experiments particularly suited to address stability and opti-

mization of tested RD designs and eventually in evaluation of new RD candidates.
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Final Conclusions

The development of metalloprotease activity in alternative scaffolds suitable for bioengineer-
ing applications is an interesting and promising area in biotechnology, and it has been the main
subject of this thesis. The analysis of sequence-structure-dynamics relationships between metal-
loproteases identified conserved first and second coordination sphere interactions with the metal
ion at the active sites. These observations were used to screen with the Rosetta enzyme design
software a set of 43 peptides and small protein scaffolds (20-64 residues) for accommodation of
a general active site model derived from the MA(M) subclan of metalloproteases. The use of NMR
structures allowed the inherent flexibility of small scaffolds to be also accounted for. One of such
scaffolds, the zinc finger 2 of human Sp1l transcription factor — Sp1f2 was computationally rede-
signed in two rounds, RD0O1 and RD01v2 scaffolds, the latter being guided by experimental results
in order to include sequence modifications for increased scaffold stability. The multivariate anal-
ysis of Rosetta scoring parameters identified the best candidate with native-like features from the
remaining 42 scaffolds, corresponding to the human villin headpiece C-terminal subdomain,
HP35. Its sequence was extensively redesigned into the RD02 scaffold to develop affinity for
binding the metal ion, to accommodate the metalloprotease active site model and to increase
scaffold stability (Chapter 2).

After production of the RD peptides through chemical synthesis (Chapter 3), the physicochem-
ical properties of the corresponding peptide-Zn(ll) complexes were addressed (Chapter 4). The
RDO1 design presented a fold similar to the native metallopeptide when coordinated to Zn(ll)
through the three histidine residues of the active site model, although with reduced thermal sta-
bility. Sequence modifications introduced in the second round of design resulted in stabilization
of the corresponding RD0O1v2-Zn(Il) complex despite deviations from native fold topology and
stability remained unchanged. The RD02 design adopted a fold similar to the native scaffold upon
coordination to the Zn(ll) metal through the introduced histidine residues. Zn(ll) binding affinities
and thermal stability of the RD02-Zn(ll) complex were similar to previous designs (affinity con-
stants in the 10° M1 range, melting temperatures between 37-50 °C), despite the sequence mod-
ifications made specifically to address these issues. Folding was dependent on metal coordina-
tion in all RD designs. The computational approach thus proved to be successful in the redesign
of structural metal sites or in the de novo design of Zn(ll) binding sites in small scaffolds.

The designed metallopeptides acted as modest catalysts of ester hydrolysis but failed to pre-
sent target metalloprotease activity towards the modelled diAla peptide substrate (Chapter 5).
RDO01 and RD01v2 designs presented hydrolytic activities in range with other designs of the native
scaffold where only fist coordination sphere modifications were done. Therefore, the second co-

ordination sphere interactions included in the active site model did not result in increased catalytic
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proficiency of the designed scaffolds. On the other hand, the hydrolytic activity of RD02 is the
result of successful design of a catalytic metal site into the HP35 scaffold, although within the
range of RDO1 and RDO1v2 designs. The catalytic rate enhancements of ester hydrolysis ob-
tained for RD metallopeptides (k; values in the order of 101 M-1s1) are within range of other small
metal-dependent designs, although being 2 to 4 orders of magnitude below those of other designs
with more complex folds and native metalloenzymes, respectively. This points to possible limita-
tions in developing efficient biocatalysts based on scaffolds with reduced size and minimal fold
topology.

Structural characterization of the RD metallopeptides was attempted to establish correlations
between structural features of the desighs and the observed stability and catalytic activities
(Chapter 6). The dynamics of scaffolds in solution were probed by simulation, revealing high
backbone flexibility and partial disruption/mobility of secondary structure elements. As a result,
the active site residue positions drifted away from the idealized geometries of the corresponding
model developed in Chapter 2. The disruption of the Zn(ll) first coordination sphere was more
pronounced in RDO1 and RD01v2 designs than in the RD02 design, which could be correlated
with the metal-induced folding and lower thermal stabilities of the RD01 scaffolds (Chapter 4),
and also to the design features described in Chapter 2. Second coordination sphere interactions
were also disrupted to a similar extent in all the RD metallopeptides, which provided a rational for
the low catalytic activities described in Chapter 5. The catalytic glutamate residue is not pre-
organized for transition-state stabilization in any of the RD peptides given its high solvent-expo-
sure and the lack of stabilizing interactions. This contrasts with the tight structural conservation
found in native metalloproteases in both the substrate bound/unbound forms. Nuclear magnetic
resonance spectroscopy results further revealed the dynamical features of the scaffolds.

Given that target functionality could not be achieved, immobilization of the RD peptides on
solid support was not approached. Nonetheless, the insights obtained from both simulation and
experiments provide valuable clues to improve further designs. A dynamical and explicit treatment
of the peptide, metal and solvent interactions in microsecond time-scales proved to be useful in
the identification of structural design flaws and native scaffold limitations. Its implementation in
the final stages of the computational design can therefore be of great help to filter out candidates
with unstable scaffolds or mechanistically-irrelevant active site geometries.

As an outlook, additional analysis of the RD metallopeptides developed in this work can also
be envisioned to address the chemical and structural determinants of the low catalytic activities
observed. The role played by the Zn(Il) metal ion and designed glutamate residue can be probed
with additional catalytic studies (e.g. at variable pH values) and compared with more detailed
structural characterizations. The relatively high number of sequence modifications introduced in
the 31 to 35 residue-long RD scaffolds rendered metallopeptides too flexible and unstable to hold

the active site preorganization and attain target functionality. Additional sequence modifications
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could be explored for increasing activity/stability, or alternatively the set of selected pep-
tides/small-proteins could be re-screened to find candidates with suitable catalytic and dynamic
properties to act as biocatalysts.

Finally, the work pipeline developed in this thesis could be readily adapted for other enzyme
design projects where large sets of protein structures need to be screened and a description of
the target catalytic mechanism is available. Overall, this project contributed to further improve
computational and experimental approaches for screening the potential of alternative scaffolds

as enzymes for bioengineering applications.
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Abstract

Metalloproteases have evolved in a vast number of biological systems, being one of the most
diverse types of proteases and presenting a wide range of folds and catalytic metal ions. Given
the increasing understanding of protein internal dynamics and its role in enzyme function, we are
interested in assessing how the structural heterogeneity of metalloproteases translates into their
dynamics. Therefore, the dynamical profile of the clan MA type protein thermolysin, derived from
an Elastic Network Model of protein structure, was evaluated against those obtained from a set
of experimental structures and molecular dynamics simulation trajectories. A close correspond-
ence was obtained between modes derived from the coarse-grained model and the subspace of
functionally-relevant motions observed experimentally, the later being shown to be encoded in
the internal dynamics of the protein. This prompted the use of dynamics-based comparison meth-
ods that employ such coarse-grained models in a representative set of clan members, allowing
for its quantitative description in terms of structural and dynamical variability. Although members
show structural similarity, they nonetheless present distinct dynamical profiles, with no apparent
correlation between structural and dynamical relatedness. However, previously unnoticed dynam-
ical similarity was found between the relevant members Carboxypeptidase Pfu, Leishmanolysin,
and Botulinum Neurotoxin Type A, despite sharing no structural similarity. Inspection of the re-
spective alignments shows that dynamical similarity has a functional basis, namely the need for
maintaining proper intermolecular interactions with the respective substrates. These results sug-
gest that distinct selective pressure mechanisms act on metalloproteases at structural and dy-
namical levels through the course of their evolution. This work shows how new insights on met-
alloprotease function and evolution can be assessed with comparison schemes that incorporate
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information on protein dynamics. The integration of these newly developed tools, if applied to
other protein families, can lead to more accurate and descriptive protein classification systems.

Introduction

Proteases are a vast class of enzymes found in all kingdoms of life that participate in a wide
range of biological processes [1]. They present different catalytic chemistries, structures, speci-
ficities, oligomeric states, and are grouped into distinct families and clans according to different
classification schemes. Examples are the MEROPS [2], SCOP [3], and CATH databases [4],
which use a combination of sequence- and structure-based methods for grouping distinct pro-
teins. The need for a better understanding of their function has also led to the search of other
common features shared between a wide range of known class members [5,6]; perhaps the most
pervasive similarity was identified by Tyndall et al., where it was observed an almost universal
binding of the Aspartic, Serine, Cysteine, and Metallo- proteases to the extended B-strand con-
formations of substrates, products, and inhibitors of peptidic and non-peptidic origin [5]. Nonethe-
less, there is still the need for a better characterization of the multiple factors governing protease
function and evolution. We therefore tested if the employment of novel protein comparison tools
can, when combined with conventional comparison methods, help in the search of additional fea-
tures shared between distinct protease members.

Protein internal dynamics plays an important role on enzyme function, since it encompasses
the space of catalytically-relevant structural changes occurring in a given fold during the reaction
path [7—-13]. These structural changes span a broad range of time-scales and magnitudes; from
harmonic vibrations of bonds and angles occurring at the femtosecond time-scale, to global con-
formational fluctuations of large domains at the microsecond time-scale, some of them associated
with substrate binding and product release [14-18]. Therefore, understanding the relation be-
tween protein internal dynamics and its structural and functional features is a challenging task,
since it depends not only on the analysis of protein dynamics at different time scales, but also on
their functionally-relevant molecular states (e.g. bound vs unbound state).

There is an ongoing debate on how protein internal dynamics is subject to evolutionary selec-
tion due to its functional significance and how it is related to sequence and structure evolution
[19,20]. It has been shown that internal dynamics and backbone flexibility are conserved in ho-
mologous proteins [6,21-27]. Specifically, it has been observed that: i) low-frequency, large-am-
plitude normal modes tend to be evolutionarily conserved [24,28] and; ii) there is a significant
correspondence between low-energy modes determined for superfamily structural cores and the
modes of structural variance observed within protein superfamilies [29,30]. These findings sup-
port the notion that conservation of protein dynamics is subject to evolutionary selection and were
based on the observation that ligand binding can be described in many cases by few low-energy
normal modes [31,32]. However, similarities of low-energy modes observed between non-homol-
ogous proteins with the same architecture and even between unrelated proteins [26,33], together
with the observation that low-energy modes are more robust to random mutations suggests that
protein dynamics may not always be subject to evolutionary selection [34—-36].

Additional insights have been provided by phylogenetic studies addressing the evolution of
normal modes. It was shown that changes in protein dynamics are associated with functional
divergence in enzymatic families and that non-homologous enzymes that perform similar func-
tions also share similar motions related to catalysis [37,38]. Protein dynamics has also been found
to diverge between structurally related proteins at functionally important sites [39,40], and this
divergence has been argued to be dependent on other functional requirements, such as intracel-
lular localization [41]. Finally, protein dynamics has also been associated with the evolution of
new enzymatic functions and on the promiscuity of enzymes [42—45]. These findings suggest that
protein dynamics plays an important role in the function and evolution of enzymes, although the
extent to which evolution has selected for this particular trait still remains unclear.

The development of dynamics-based comparison methods has been crucial to the above men-
tioned studies and has provided insights that may not be detectable from sequence or structure
comparison methods alone [27,40,46-52]. These methods rely on Essential Dynamics Analysis
(EDA), to retrieve the collective motions of protein structures, which are typically obtained from
Molecular Dynamics (MD) simulations or alternatively by simplified, coarse-grained representa-
tions of protein structure, such as Elastic Network Models (ENM). The similarity between modes
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of two distinct structures can be compared based on different quantitative schemes and therefore
new relations between proteins can be sought based on their dynamical properties [50].

In the search for common features shared between different types of proteases, Carnevale et
al. carried out pairwise structure- and dynamics-based alignment of 17 representative protease
structures with minimal mutual sequence identity and distinct folds [6]. In most cases the division
into distinct folds was consistent with the division in clans of the MEROPS classification scheme,
indicating that structures with different evolutionary origins adopt distinct folds. Nonetheless, sig-
nificant structural similarities among proteases of different clans were identified, thus suggesting
a convergent evolutionary process. Indeed, in pairs of structures showing higher structural simi-
larity, the aligned segments in both structures consisted on regions close to the active-site, even
for pairs from distinct clans (i.e. different catalytic chemistries). The authors proposed that a cri-
terion for catalytic activity not dependent on chemical determinants could be at play, hamely the
dependence on specific and concerted protein motions related to function. A close correspond-
ence of the internal dynamics between some pairs was identified, which consisted in rearrange-
ments of active-site surroundings that lead to distortions of the substrate-accommodating pock-
ets. Therefore, it was suggested that a “dynamical selection” process, operated by the necessity
to interact with substrates in well-defined geometrical arrangements, may lead to convergence or
conservation of the internal dynamics in proteases. Indeed, recent work reported by Micheletti
further identified significant dynamical similarities between proteases from different clans with no
detectable structural similarity [50]. It was therefore suggested that dynamics-based comparison
methods could be useful in detecting functionally-related features shared by proteases that oth-
erwise would remain elusive using only sequence- and structure-based methods.

Metalloproteases (MPs) are one of the most diverse types of proteases, presenting a wide
range of folds and catalytic metal ions. They are divided in more than 40 families identified among
all kingdoms of life. In the case of the MEROPS MA clan, where most of the known MPs are
grouped by common ancestry, its members are characterized by a single catalytic zinc ion, a
consensus HEXXH sequence motif and a common fold architecture. However, this structural con-
servation is not observed at the domain level since members from different families have distinct
domain composition and topology. MPs are therefore attractive candidates to study the relation-
ship between structure and dynamics within a protein clan. In this work, the suitability of employ-
ing coarse-grained methods to the study of MP internal dynamics was first made by comparison
of ENM-derived internal dynamics profile of thermolysin to those obtained by Principal Compo-
nent Analysis (PCA) of crystal structures and EDA of MD simulation trajectories. Subsequently,
an analysis of pairwise structural- and dynamics-based alignments of a representative set of MPs
from 13 families of the MA clan was performed. It was found for members of this clan that dynam-
ical similarity does not appear to correlate with structural similarity. Interestingly, pairs having high
dynamical similarity despite having no structural similarity were identified. Inspection of the pro-
duced alignments indicates that in these cases conservation of internal dynamics has a functional
basis, namely to dictate proper interactions with the substrate. Our data show the suitability of
using simple comparison schemes that incorporate information on dynamics to provide new in-
sights on MPs function and evolution, unveiling their potential as tools to study the role of internal
dynamics in protein evolution.

Methods

Internal Dynamics of Thermolysin

PCA of the structural set was made to obtain the respective Principal Components (PC), using
the ProDy software [53,54]. The 3N x 3N covariance matrix was calculated over n, where N=316
is the number of residues in thermolysin (represented by the respective C® atom coordinates),
and n=112 is the number of thermolysin crystal structures (Uniprot ID: PO0800) retrieved from the
PDB [55], with corresponding IDs (Table A in S1 File). Structures were initially superposed to the
unbound crystal structure (PDB ID: 1L3F) to obtain mean coordinates, then iteratively superposed
until convergence to eliminate rigid-body translational and rotational differences.

MD simulation of thermolysin in the unbound form (PDB ID: 1L3F) was performed using
GROMACS 4.6.1 simulation package with GPU acceleration [56-58], with the AMBER99SB-
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ILDN force field [59] (Sim1). The system was solvated with explicit Simple Point Charge (Ex-
tended) water model (SPC/E, [60]) and placed in a dodecahedral box, each edge at least 12 A
from the protein surface. The system was charge-neutralized by addition of two sodium counter-
ions and minimized in two steps to remove atom clashes and bond contacts: first by a steepest
descent minimization algorithm (2000 steps), followed by a conjugated gradient algorithm (1000
steps). The energy-minimized model was coupled to the V-rescale thermostat (300 K, coupling
time constant 0.1 ps [61]) and Berendsen barostat (1 bar, coupling time-constant 0.6 ps [62]) and
then equilibrated, where the force-constant of positional restraints for heavy-atoms was de-
creased from 1000 kJ/mol, 100 kJ/mol to 10 kJ/mol in three consecutive steps (100 ps). A pro-
duction phase was finally run for 20 ns, with an integration step of 2 fs. Long-range electrostatics
were treated with the Particle-Mesh Ewald algorithm and distance constraints between all H-
bonds was enforced by the LINCS algorithm [63]. Although the employed force field does not
appropriately represent the interactions between the catalytic zinc metal ion and the coordinated
residues [64], this metal ion is not considered to have a structural role [65]. An additional non-
biologically relevant zinc ion found at the active site of the crystallographic structure was removed.
The protonation states of active site residues from the conserved HEXXH sequence motif were
manually attributed, with H142 and H146 monoprotonated at the N3 position and E143 and E146
not protonated, taking into account its specific pKa. A replicate of the MD simulation was carried
out (Sim2), where all abovementioned simulation set-up parameters were kept unchanged. After
removal of the global rotation and translation of the protein, simulation trajectories show a RMSD
convergence after 1 ns of the production phase (Figure A in S2 File). Therefore, only the 1-20 ns
interval of full trajectories were used for EDA with the ProDy software, with the 1 ns frame being
used as the reference structure. EDA is based on PCA, with the difference that the respective
PCs (termed here as ED modes) are calculated based on n=9500 trajectory frames taken at
intervals of 2 ps, considering only the N=316 C® atom coordinates.

The Anisotropic Network Model (ANM, [66—68]) of thermolysin in the unbound form (PDB ID:
1L3F) was calculated using the ProDy software. The C® atom coordinates were used as node
representations of each residue of the protein (N=316) to build the respective 3Nx3N Hessian
matrix. Variations of the model included additional nodes, matching the coordinates of the cata-
Iytic zinc ion alone (N=317) or the catalytic zinc ion and the four calcium ions (N=321). The uniform
force constant y=1 was used to calculate the overall potential of the system and the interaction
cutoff distance rc=15 A was used to generate the respective Kirchhoff matrix of inter-residue con-
tacts.

The collectivity degree, kK, was used as a measure of the number of atoms significantly affected
by a given PC, ED or NM mode [69]. This value varies from k=1 for modes describing global
translations of the protein to k= N1 if only one atom is affected (N=316). The overlap, or correlation
cosine, between two modes is given by the dot product of the respective eigenvectors after nor-
malization, being equal to one if two modes are identical. The subspace overlap between two
sets of modes is given by corresponding Root Mean Square Inner Product (RMSIP) value [70].
The respective overlap between the covariance matrices was also calculated, with a value of 1 if
the two matrices are identical and of 0 when the respective subspaces are orthogonal [71].

Selection of representative structures

A representative set of MP structures from distinct families belonging to the MA clan of the
peptidase database MEROPS (release 9.9) was selected [2]. In MEROPS, members are grouped
in families based on their sequence similarity. Families are further grouped in clans when there
is detectable structural homology, implying common ancestry. For each of the 23 (out of 42) fam-
ilies that contain members with resolved structures in the PDB, a representative structure was
selected based on the following criteria: i) unbound structure containing no inhibitor molecule,
substrate or substrate analog molecule and; ii) the structure with highest resolution or with no
mutations. Only unbound crystal structures were selected since they are assumed to represent
the native conformation of the corresponding protein. Also, the degree and mode of conforma-
tional change upon substrate or inhibitor binding is not well characterized for most clan members
as it is for thermolysin, and the effects associated with ligand heterogeneity can be ruled out. The
resulting set is comprised of 13 structures belonging to distinct families. For each structure, the
respective information from the SCOP and CATH databases was retrieved [3,4]. In MEROPS,
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MA clan members are grouped into the MA(E) and MA(M) subclans, commonly termed as gluz-
incins and metzincins, respectively. These two subclans are divided based on the nature of the
third zinc ligand: in MA(E) a glutamate, 18-72 residues apart from the conserved HEXXH motif
towards the C-terminal; in MA(M) an histidine or aspartate in the extended HEXXHXXGXXH/D
motif [1]. All structures correspond to the monomeric form of the proteins and the majority is
characterized by a two-domain peptidase unit, with a conserved N-terminal domain and a more
variable C-terminal domain. The active site is generally located between these two domains. De-
spite these general features, the set is structurally heterogeneous, with proteins containing do-
mains that differ at the class, architecture and topology level of CATH classification criteria. In
most cases, MEROPS classification is coincident with SCOP classification at the family level,
except for the SCOP family 55505 “Neurolysin-like” that combines MEROPS families M2, M3 and
M32; and also family 55487 “Zinc Protease” that combines M7 and M35 families. In the case of
families M10 and M12, which are divided into subfamilies due to deep sequence divergence be-
tween their members, a representative was selected for each subfamily. Representatives of the
MA(E) subclan families M3, M4 and M27 are endopeptidases and M1, M2 and M32 are exopep-
tidases, while in the MA(M) subclan all representatives are endopeptidases.

Structure-based alignments

Pairwise structural alignment of structures was performed with the DaliLite web-server for all
78 distinct pairs [72]. The embedded DALI algorithm identifies blocks of residues between two
distinct structures that have similar inter-residue distances. Matching regions are evaluated based
on a knowledge-based score and the produced alignment is the one maximizing this value for a
variable number of distinct blocks. The statistical significance of the alignment is quantified in
terms of a Z-Score that compares the obtained score with the one expected for a pair of structur-
ally unrelated structures of the same size. A Z-Score greater than 2.0 is considered significant
and was used as threshold value for a pair of structures to be considered as structurally similar
[72]. In the MEROPS, a structure is grouped in a predefined clan if a Z-Score greater than 6.0 is
obtained between the structure and at least one member of that clan. Therefore, not all pairs of
representatives are expected to be structurally similar.

Dynamics-based alignments

Dynamics-based alignment of all pairs used for structural alignments were performed using
the ALADYN web server [51]. First, the implemented algorithm calculates the low-energy modes
for each structure and then it detects regions of both proteins with similar dynamic profiles. Cal-
culation of modes is based on the coarse-grained B-Gaussian ENM, where amino acids are rep-
resented by a two-centroid representation: C® atom for the main chain and; CP for the orientation
of the side chains (except for Gly residues) [73,74]. This ENM has been shown to describe protein
motions similarly to the employed ANM [75]. The dynamics-based alignment is made by reward-
ing superpositions of proteins regions that exhibit high overlap between the 10 first modes for
each amino acid pair within the cutoff distance of 7 A. This allows for the alignment of proteins
with different sequences and size. Following the optimization of scoring function, the statistical
significance of the resulting alignment is evaluated against a reference probability distribution of
scores obtained from alignments of unrelated protein pairs, being expressed in terms of a P-
value. Dynamics-based alignments of two structures with P-value smaller than 0.02 are consid-
ered statistically significant and was used as the cut-off value to consider two structures as dy-
namically similar [51].

Results and Discussion

Internal Dynamics of Thermolysin

Thermolysin, the MA clan type peptidase, is a 316 residue-long thermostable neutral MP from
Bacillus thermoproteolyticus [1]. It presents endopeptidase activity towards peptide substrates,
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cleaving peptidic bonds preferentially close to aromatic residues. The active site contains a cata-
Iytic zinc ion bound to two histidines (H142 and H146) and one glutamate (E166) residue, and an
additional catalytic glutamate (E143) residue [76,77]. Itis located at the bottom of a pocket formed
by the two protein domains: the N-terminal domain composed mostly of B-sheets containing the
conserved HEXXH sequence motif with the corresponding H142, E143 and H146; the C-terminal
domain composed mostly of a-helices, where E166 is located. Given our interest in analyzing and
comparing the dynamical properties of MPs, we first characterized the dynamical features of ther-
molysin, particularly those that are functionally relevant. In order to do this, we used the ProDy
software, and the type of results produced can be found in Fig. 1 and Fig. 2.

Several studies of thermolysin have been made in the last decades, with multiple crystal struc-
tures obtained in different conditions available in the PDB. These structures provide snapshots of
the motions undergone by the protein upon interaction with different molecules, including sub-
strate-analogs and inhibitors, thus giving the opportunity to describe the conformational subspace
related with its function [78-80]. For this purpose, we applied PCA to a set of 112 thermolysin
crystal structures in order to characterize the collective modes of atomic displacements (see
Methods section for details on PCA calculations) [78,81]. As shown in Table 1, a small set of PCs
describes the majority of atomic positional variations occurring in the structural set, with the first
six PCs (PC1-PC6) describing 80% of the total variance. PC1 alone accounts for 35% of the
variance, with a cumulative displacement of < 5 A. The respective structural variation for each
residue along PC1 is shown in Fig. 1A and 1B. Although these structural differences are small
(0.60+0.08 A), they are nonetheless highly collective, affecting approximately half of the atoms in
the protein (0.43 < k < 0.69). Higher fluctuations are seen for the N-terminal region (including the
surface residues 42-62). Regions 105-117 and 210-230, which form the top of the active site
pocket and contain residues involved in substrate binding [82], also exhibit high, anti-correlated
variations (Fig 1A inset). Conversely, the pocket bottom region where the zinc binding residues
are located shows relatively lower variation, with the exception of the catalytic residue E143. The
structural fluctuations seen for this catalytic residue towards the pocket bottom reflects local ac-
commodations of the structure to the presence of different ligand molecules in the active site [65,
83]. Projection of each structure onto the subspace spanned by PC1-PC2 is shown in Fig. 1C.
Two distinct clusters corresponding to the subsets of bound and unbound forms are obtained, as
seen by the distribution of structures along the PC1 axis (P-value in Table 1). This indicates that
the presence of molecules in the active site is associated with conformational changes in the
protein that are effectively described by PC1.The variations described by PC1 point to an open-
ing-closure movement of the active site pocket, i.e. an hinge-bending motion of N- and C-terminal
domains with the vertex at the pocket bottom. Large scale, hinge-bending displacements were
initially described for thermolysin and related neutral proteases [84]. The correspondence with
hinge-bending motions was made by analysis of short MD trajectories and later confirmed by the
reported unbound crystallographic structure of thermolysin [83,85]. Therein, the detected hinge-
bending motions were related to transitions between “open” and “closed” conformations of the
unbound and bound forms of the protein, respectively, indicating their functional role. Therefore,
the current results show that PC1 alone can describe to a reasonable extent the functionally-
relevant conformational changes of thermolysin, with motions in the positive direction along the
PC1 axis describing an “opening” of the active site pocket and in the negative direction to its
“closure”.
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Table 1: Fraction of variance and collectivity of the first 6 PC, ED and NM modes
obtained for thermolysin. The collectivity degree is expressed as k and reflects the portion of atoms
in the structure affected by a given mode.

*Anderson-Darling normality test for the projection of structures along PC modes.
‘ PC modes ‘ ED modes Sim1/Sim2 NM modes
Fraction of Variance (P- Fraction of K Fraction of K
value)* ‘ ‘ Variance Variance
| PCl 0.35 (2.2x107'%) | 069 | EDI 0.23 /0.18 0.46/0.52 NMI 0.18 0.64
\ PC2 0.23 (5.9x101) \ 0.55 \ ED2 0.1/0.08 0.62/0.33 NM2 0.14 0.63
| PC3 0.13 (1.8x10%) | 061 | ED3 0.07/0.04 0.65/0.61 NM3 0.09 0.64
| PC4 0.04 (8.0x107?) | 043 | ED4 0.05/0.04 0.63/0.26 NM4 0.06 0.13
\ PC5 0.03 (1.0x10%) \ 0.54 \ ED5 0.04/0.03 0.35/0.61 NM5 0.05 0.09
\ PC6 0.02 (4.1x107%) \ 0.56 \ ED6 0.03/0.03 0.71/0.4 NM6 0.05 0.38
e
| C
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Fig. 1 - Thermolysin PC, ED and NM modes. (A) Vlsual representatlon of residue-level PC1
mode vectors (black, scale 2.05), NM1 mode vectors (green, scale 1.47) and ED3 mode vectors
from Sim1 (red, scale 3.17). Inset: Details of active site region. Colored ribbons corresponding to
the top of the active site pocket (residues 105-177 in blue and 210-230 in green). Active site
residues H142, H146 and E166 in green and catalytic E143 in cyan sticks representation. (B)
Square fluctuations as a function of residue index (1.316) obtained for PC1. Top bars correspond
to residue coloring as presented in (A), with catalytic E143 represented as cyan circle. (C) Pro-
jection of thermolysin crystal structures along PC1 and PC2. Structures were grouped into bound
(red) and unbound (black) groups; unbound reference structure (PDB ID: 1L3F) used in PCA,
EDA and NM calculations (green). (D) Square fluctuations as a function of residue index obtained
for ED3 from Sim1 and ED1 from Sim2. (E) Cross-projection of crystal structures along PC1 and
ED3 from Sim1 (r=0.94). (F) Square fluctuations as a function of residue index obtained for NM1
from calculated thermolysin ANM and respective variants. (G) Cross-projection of crystal struc-
tures along PC1 and NM1 (r=0.95).

In order to test if the conformational changes described by the PCA are intrinsic, i.e. if they
are encoded in the internal dynamics of thermolysin, we performed EDA on snapshot confor-
mations from two replicates (Sim1 and Sim2) of a 20 ns MD simulation trajectory of the protein in
its unbound state (see Methods section for details) [86,87]. A similar analysis has been previously
reported for other proteases of different clans (with distinct catalytic chemistry) [79,88]. EDA is
focused on the subspace of PCs, typically the top-ranking modes, that describe the majority of
collective atomic motions along a simulation trajectory, and which are typically related to protein
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function. As indicated in Table 1, the first six EDA-derived PCs (ED1-ED6) have lower variance
values than the corresponding structurally-derived PCs (PC1-PC6), with ED1-ED6 of Sim1 ac-
counting for only 52% of the total variance (40% for Sim2). However, in terms of collectivity de-
grees, EDs and PCs are similar (0.35 <k <0.71 for Sim1 and 0.33 <k < 0.61 for Sim2), reflecting
the collective nature of motions described by ED1-ED6 modes. Although conformational changes
related to ligand-binding typically occur at longer time-scales, EDA of MD simulations of a few ns
generally provides a reasonable description of the full conformational space explored by the pro-
tein [70, 71]. During the total simulation time analyzed (19 ns after RMSD convergence), the
sampled subspaces are convergent for each simulation. This is shown by comparing the covari-
ance of residue fluctuations between two time intervals, the interval of the initial 11.4 ns and the
full time interval. The overlap of covariance matrices obtained is 0.63 for Sim1 and 0.65 for Sim2.
Moreover, the overlap between subspaces explored during the two time intervals yields a RMSIP
of 0.93 for both Sim1 and Sim2. When comparing Sim1 against Sim2, the sampled conformational
subspaces defined by the respective ED1-ED6 modes are similar, with a RMSIP of 0.79. How-
ever, the overlap between the respective covariance matrices is relatively low (0.38). These re-
sults indicate that the two simulations exhibit similar dynamical behavior during the analyzed time
window, although the sampled conformational space explored are distinct, as it has been reported
for other proteins [89,90].

While it remains uncertain if the protein explores a distinct conformational space on longer
time scales, which would require simulation times from ys to ms or other methods more suitable
to characterize the protein potential energy surface, the remaining analysis is focused on the
correspondence between the results obtained from the current EDA with the experimentally-de-
rived PCA of thermolysin. Therefore, in order to compare the obtained EDs with structurally-de-
rived PCs, the overlap between each of the respective first six modes was calculated. As shown
is Fig. 2A, the highest value was obtained between modes ED3 and PC1 from Sim1, with an
overlap of 0.72 (for Sim2 an overlap of 0.71 was obtained between ED1 and PC1). The large
overlap between ED3 and PC1 from Sim1 translates in similar directions of residue fluctuations
shown in Fig. 1A and 1D, particularly in the region comprising the active site pocket. Further
confirmation of the high similarity between these modes is obtained in Fig. 1E, where cross-pro-
jection of crystal structures along PC1 and ED3 from Sim1 yields a distribution along the diagonal
with a clear separation between bound and unbound subsets. Indeed, the large cumulative over-
lap of 0.85 between ED1-ED3 from Sim1 and PC1 (0.80 for ED1-ED3 and PC1 of Sim2) show
that functionally-relevant conformational changes are effectively captured by the first three ED
modes and therefore can be said to be encoded in the internal dynamics of the protein. However,
there is low correspondence between subspaces defined by the respective modes, as given by
the low RMSIP value of 0.49 for Sim1 and 0.46 for Sim2 between ED1-ED3 and PC1 (for ED1-
ED10 and PC1-PC10 the RMSIP is 0.56 for Sim1 and 0.53 for Sim2) [70,91].The obtained results
show that a high conformational space is sampled during MD simulations, which includes a func-
tionally-relevant subspace (particularly the ones described by ED3 from Sim1 or ED1 from Sim2)
that is only explored upon interaction with the ligand (as described by PC1). This is in line with
conformational selection models of protein function described elsewhere [80,92].
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Fig. 2 — Comparison of the first six PC, ED and NM modes. (A) Overlap between PC and
ED modes from Sim1; (B) Overlap between PC and NM modes and; (C) Overlap between NM
and ED modes from Sim1.
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ENMs have been extensively evaluated against experimental and computational benchmarks
[73,93-101]. They have also been used previously to describe functional aspects of MP internal
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dynamics, although the relation between collective motions of MPs and their function was only
indirectly established [50]. Specifically, it was shown that Atrolysin E and other non-metallo pro-
teases have similar dynamical profiles in the respective active site regions. However, regions
close to metal-centers and active sites tend to exhibit similar and relatively restrained, dynamical
profiles [102,103]. Since MPs contain a metal-center in their active site, the functional relevance
of the respective ENM-predicted dynamical profiles should be more thoroughly addressed. For
this purpose, we first tested the suitability of using coarse-grained ENMs in reproducing the inter-
nal dynamics of thermolysin. The ANM implemented in the ProDy software was employed to the
unbound structure of thermolysin and the space of collective motions was characterized by Nor-
mal Mode Analysis (NMA) [54,93,104-106].

The ANM employs a C%based node representation of protein structure. Given the presence
of metal ions in clan MA members, the addition of node representations for metal ions was also
evaluated for thermolysin, using a similar approach to the one made for another ENM [103]. Var-
iations of thermolysin ANM were generated to represent the zinc ion found at the active site and
also four additional calcium ions found at the N-terminal domain. While the later are crucial for
the thermostability of the protein, the zinc ion is not considered to play a crucial structural role,
since its metal-substituted forms present very similar tertiary structures [65]. Fig. 1F shows that
the respective residue square fluctuations profiles of the model variants produced are almost
identical to the C%only ANM (r > 0.995 for both variants), with only slight variations on fluctuation
amplitudes in the 220-226 region, at the top of the active site pocket. The close similarity between
the two variants indicates that the introduction of calcium nodes does not produce significant
changes in the global dynamical profile of the protein, but the inclusion of the zinc node alone
produces small local changes in the dynamic profile of the active site pocket. Since the calcium
nodes are introduced at a highly clustered region of the network of inter-residue contacts, its
topology is mostly unchanged. The introduction of the zinc node, on the other hand, leads to new
network connections in the active site region, producing slight variations on its topology that none-
theless result in very similar dynamical profiles. Therefore, the inclusion of additional nodes for
metal ion representation produces only local changes on the ANM-derived dynamical profile of
thermolysin, the clan MA type protein.

The results above are in line with recent studies where the employment of coarse-grained
models was evaluated for globular folds [21, 36], such as the one of thermolysin. It was found
that the respective ENMs can effectively capture their essential dynamics [21] and that these
models are robust to local perturbations [36]. Given the conserved tertiary structure of clan MA
members, the accuracy of the respective ENMs in describing their internal dynamics is not ex-
pected to greatly increase with the inclusion of additional metal ion nodes. We therefore focused
the remaining analysis on the results obtained for the C9-based ANM of thermolysin (N=316),
particularly on the subset of NMA-derived low-frequency NM modes (NM1-NM®6).

As shown in Table 1, the variance of NM1-NM6 is significantly lower than the corresponding
PCs and similar to ED modes, accounting for 57% of the total variance. In particular, NM1 ac-
counts for only 18% of the total variance, similar to ED1 from Sim1 and Sim2. In terms of collec-
tivity degrees, the three lowest-frequency modes (NM1-NM3) are highly collective (0.63 < k <
0.64), in the range of PCs and EDs, and the remaining modes (NM4-NM®6) have significantly lower
values (0.09 < k £ 0.38). The overlap between NM modes and PCs is shown in Fig. 2B. Remark-
ably, a large overlap of 0.71 is found between NM1 and PC1. Fig. 1A shows the close corre-
spondence between NM1 mode directions and PC1. Again, a high similarity of motions is ob-
served in the region comprising the active site pocket. This similarity is also reflected in terms of
the corresponding profiles of residue fluctuations in Fig. 1F. Cross-projection of the structural set
along NM1 and PC1 shown in Fig. 1G further confirms the close correspondence between these
modes. This indicates that the lowest-frequency mode (NM1) predicted by the ANM can effec-
tively reproduce the functionally-relevant conformational change described by PC1 [68]. Indeed,
structural variations described by the first PCs are well covered by the low-frequency modes, with
a large cumulative overlap of 0.81 between NM1-NM3 and PC1 and a RMSIP of 0.66 between
subspaces defined by NM1-NM3 and PC1-PC3 (for NM1-NM10 and PC1-PC10 the RMSIP is
0.58).

Comparison between NMs and EDs was also made by calculating the overlap between corre-
sponding modes. As it can be seen in Fig. 2C, there is significant overlap between NM modes
and EDs from Sim1, with a particularly large overlap of 0.82 between NM1 and ED3 (0.69 between
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ED1 and NM1 from Sim2). Remarkably, a high RMSIP of 0.72 is also obtained between sub-
spaces defined by NM1-NM3 and ED1-ED3 for both Sim1 and Sim2 (for NM1-NM10 and ED1-
ED10 the RMSIP is 0.76 for Sim1 and 0.74 for Sim2). Therefore, it can be said that the employed
coarse-grained ANM can reproduce fairly well the conformational space explored by thermolysin
during the two independent MD simulations.

In conclusion, the results show that both MD simulations and ANM provide a reasonable de-
scription of thermolysin internal dynamics, particularly the subspace of collective motions with
functional relevance. This prompted the use of ENM-based methods to study other evolutionarily-
related MPs and to quantitatively compare their internal dynamics. The obtained results will be
discussed in following section.

Structural and Dynamical Alignments

Structure- and dynamics-based alignments of a representative set of 13 MA clan proteins (Ta-
ble 2) was made using the DaliLite and ALADYN web-servers, respectively, as described in Meth-
ods section. The employed algorithm in ALADYN is based on the B-Gaussian ENM, where a two-
nodes per residue representation is used. Using this approach, the inclusion of additional metal
ion nodes could not be evaluated as in the previous section for thermolysin ANM. However, given
the structural heterogeneity of clan representatives, the difference between their respective dy-
namical profiles is expected to surpass the local changes produced in each protein by the inclu-
sion of metal nodes.

The scores obtained for each of the resulting 78 aligned pairs are shown in Fig. 3 and Table
B in S1 File, being classified into three distinct groups: 1) MA(E), with both proteins belonging to
the MA(E) subclan; 2) MA(M), for proteins belonging to the MA(M) subclan and; 3) Mixed, with
each protein belonging to different subclans. Given that each representative protein is not a hom-
ologue of the remaining representative proteins [2], the simplified mapping of scores shown in
Fig. 3A can be seen as an additional layer to the typical representation of protein relatedness in
terms of sequence similarity, providing a characterization of the clan in terms of structural and
dynamical diversity. As it will be discussed below, it allows for the identification of unnoticed func-
tional similarities between distinct proteins and provides a description of how structure and inter-
nal dynamics of proteins are related within a given clan. It can be useful, e.g. in the field of struc-
tural genomics, where protein function assignment could be made based not only on sequence
and structural similarity, but also on information obtained from dynamics-based alignments with
a set of proteins with known catalytic function.

The threshold values to consider a pair either structurally or dynamically similar are based on
the employed methods. Overall, the majority of pairs analyzed are structurally similar; with 87%
of pairs having Z-scores > 2.0 [72]. However, 69% of pairs are not dynamically similar, since they
have P-values > 0.02 [51]. Regarding the structural conservation of the three types of pairs con-
sidered, all 21 MA(M) pairs are structurally similar while for MA(E) pairs this is the case for 87%
of the 15 pairs. In the case of mixed pairs, 81% of the 42 are structurally similar, although with Z-
scores clustered near the threshold of structural similarity. Regarding the internal dynamics of
subclan members, remarkably, only 14% of MA(M) pairs have dynamical similarity, while 53% of
MA(E) pairs also present it. In the case of mixed pairs, only 17% have dynamical similarity. Since
the internal dynamics of proteins are ultimately dependent on their structure, structural similarity
is expected to be related with dynamical similarity, i.e. pairs with higher structural similarity scores
would tend to have higher dynamical similarity scores. However, no correlation is apparent be-
tween Z-scores and P-values for all analyzed pairs, although it is noted that pairs with Z-scores
> 19.0 are associated with a high dynamical similarity scores (P-value < 0.001), corresponding to
MA(E) pairs M3-M2, M3-M32 and M32-M2. As it will be discussed below, MA(E) pairs M32-M8
and M32-M27 are particularly relevant since their respective alignments have Z-Scores < 2.0 and
P-values < 0.001. In the case of MA(M) pairs, there is an apparent inverted relation between
dynamical and structural similarities, since pairs with lower structural similarity (lower Z-scores)
show higher dynamical similarity (lower P-values), e.g. pair members M35-M12(B), M35-M12(A),
M8-M10(A).
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Table 2 - Set of 13 representative metalloproteases of the MA Clan.

MEROPS MEROPS Protein PDB CATH Superfamily SCOP
Sub-clan Family ID Family
MA(E) M4 Thermolysin 1L3F 1.10.390.10; 3.10.170.10 55490
MA(E) M1 Leukotriene A4 hydrolase 1H19 1.10.390.10 64338
MA(E) M3 Neurolysin 1111 1.10.1370.10; 3.40.390.10; 55505
1.20.1050.40
MA(E) M32 Carboxypeptidase Pfu 1KA4 n.a. 55505
MA(E) M2 Angiotensin Converting 108A n.a. 55505
Enzyme
MA(E) M27 Botulinum neurotoxin type A 3BON n.a. 55512
MA(M) M7 Extracellular small neutral 1C7K 3.40.390.10 55487
protease
MA(M) M35 Peptidyl-Lys 1G12 3.40.390.10 55487
metalloendopeptidase
MA(M) M8 Leishmanolysin 1LML 3.90.132.10; 3.10.170.20; 55499
2.30.34.10; 2.10.55.10
MA(M) M10(A) Interstitial collagenase 1CGE 3.40.390.10 55528
MA(M) M10(B) Serralysin 1AKL n.a.; 2.150.10.10 55508
MA(M) M12(A) Astacin 1AST 3.40.390.10 55516
MA(M) M12(B) Snake venom 1IAG 3.40.390.10 55519
metalloproteinase adamalysin-
2

A similar analysis was made by Carnevale et al., where no general trend between structural
and dynamical similarity scores for pairs of proteases from different clans and catalytic chemis-
tries was found [6]. In that case, no specific correlation was expected since the analyzed repre-
sentatives were considered to have different evolutionary origin and therefore share minimal
structural homology. Nonetheless, structural and dynamical similarity was identified for some
pairs, with the authors arguing for convergent evolutionary pressure to be at play in such cases.
It was therefore suggested that in cases where structurally variability is observed, a compensatory
mechanism for dynamical conservation could maintain the catalytic capacity of the proteins. Con-
versely, since in this study MP representatives are from the same clan and therefore have as-
sumed common ancestry, no structural or dynamical similarity between two representatives is
expected to reflect a divergent evolutionary process. Given that structural and dynamical similar-
ities are apparently not correlated in this case, it is suggested that selective pressure is acting
independently on structure and internal dynamics.
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Fig. 3 — Dynamical and structural variability of MA clan representative structures. (A)
Mapping of structural (Z-score) and dynamical (P-values) alignment scores obtained for the pairs
of MP structures. Red circles: Metzincin pairs; Black squares: Gluzincin pairs; Gray triangles:
Mixed pairs. Dashed lines indicate threshold values for structural (vertical) and dynamical (hori-
zontal) similarity. Labeled pairs were selected for further inspection. (B) Graph representation of
the structural (left) and dynamical (right) similarity between MP representatives (Blue: Gluzincins;
Green: Metzincins). Edge width is proportional to the corresponding Z-score and P-value and only
edges with width values above the corresponding thresholds are represented.

Fig. 3B provides an overview of how individual representatives are related in terms of struc-
tural and dynamical similarity. Only pairs considered to be structurally- or dynamically- similar are
linked in the weighed graphs, where edge width is related to Z-score and P-value. In terms of
structural similarity, members are more connected to representatives belonging to the same sub-
clan, but overall there are also inter-subclan connections, reflecting the structural conservation
across the entire clan. There is one exception for representative M27, Botulinum Neurotoxin Type
A Light Chain, which shows low connectivity to the remaining representatives.

Regarding dynamical similarity, there is less connectivity between representatives, which may
reflect divergence of internal dynamics along the clan. Also, subclan similarity is less pronounced
as it can be seen for the case of, e.g. representative M8, which has higher connectivity with MA(E)
subclan members than with those of MA(M) subclan where it belongs to. Notable exceptions are
representatives Extracellular Small Neutral Protease (M7) and Interstitial Collagenase (M10(A))
that share no dynamical similarity with the remaining MP representatives. These two proteins are
relatively small in size; Extracellular Small Neutral Protease is a 132-residue long protein and the
structure of Interstitial Collagenase corresponds only to the 168-residue long catalytic domain.
Although their internal dynamics are also characterized by hinge-bending motions (not shown),
the amplitude of motions of their smaller domains has no correspondence with the motions of the
larger domains of the remaining representatives.

These results provide a quantitative measure of the structural and dynamical similarity that
characterizes MA clan members and provides a “horizontal” view on MP evolution. In order to
understand if there is a functional basis for the conservation or divergence of such features, a
chosen set of alignments was further inspected. For pairs with high structural and dynamical sim-
ilarity M32-M2, M3-M32 and M3-M2, the structural homology between the corresponding repre-
sentatives Angiotensin Converting Enzyme (M2), Neurolysin (M3) and Carboxypeptidase Pfu
(M32) had been previously reported [107-109]. Indeed, these proteins are grouped in the same
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SCOP family and their high dynamical similarity can be related directly to their structural resem-
blance. Nonetheless, Angiotensin Converting Enzyme and Carboxypeptidase Pfu have no at-
tributed CATH codes and Neurolysin presents three domains, including the common 3.40.390.10
domain found in other representatives. The alignments of Neurolysin and Carboxypeptidase Pfu,
which represent the pair with highest dynamical similarity, were chosen for further inspection.
Neurolysin is a 681 residue-long endopeptidase that cleaves the 13-residue peptide neurotensin
but it has also activity towards a diverse set of oligopeptide sequences [107]. Carboxypeptidase
Pfu is a 499-residue long thermostable carboxypeptidase homodimer with broad substrate spec-
ificity [108].

Both structures are mainly a-helical in content and characterized by a deep narrow channel
that divide the structures into two domains, with a wider opening at one end and with the active
site located at the bottom. This prevents activity towards large, folded substrates. Their structure-
based alignment is shown in Fig. 4A. The alignment produces a RMSD of 3.7 A for 449 amino
acids used with 15% sequence identity. Aligned regions consist on core regions surrounding the
active sites and a-helices that constitute the channel base and walls. The respective dynamics-
based alignment, shown in Fig. 4B, produces a lower number of equivalent residues, with RMSD
of 2.8 A for 371 amino acids with 13.5% sequence identity (RMSIP of 0.870). It reveals that these
regions undergo very similar deformations resembling hinge motions, most likely corresponding
to channel opening for substrate access. The aligned portions in both structure- and dynamics-
based alignments have high degree of identity.

Fig. 4 — Structure- and dynamics-based alignments obtained for pair M3-M32. (A) Struc-
ture-based and (B) Dynamics-based alignment of M3 representative Neurolysin (blue, PDB ID:
1111) and M32 representative Carboxypeptidase Pfu (red, PDB ID: 1KA4). Produced alignments
were obtained using the DaliLite and ALADYN web-servers (see Methods). Aligned residues col-
ored in cartoon representation, non-aligned residues in colored ribbons and active site residues
in surface representations (Neurolysin: H474, E475, H478 and E503; Carboxypeptidase Pfu
H269, E270, H273 and E299). Colored arrows indicate modes of motion of aligned portions along
the first mode.

The motions produced by the employed B-Gaussian ENM are in agreement with findings re-
ported for each MP. Indeed, hinge movements of Carboxypeptidase Pfu sub-domains were pre-
viously argued to be involved in channel closure and this conformational change was proposed
to have a functional role, namely to extend the number of interactions with the substrate [108]. In
the case of Neurolysin, it was suggested that both domains are rigid but present some mobility in
relation to each other due to looser packing at the base of the channel [107]. In both cases, the
amplitude of hinge movements is restricted due to the presence of cross-domain segments that
tighten the channel at one end and limit the access of longer substrates to the buried active site.
Remarkably, Carboxypeptidase Pfu cross-domain a-helix (a4, residues 81-99), that contains the
conserved R92 considered to have a crucial role in substrate-length restriction, is almost perfectly
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aligned with an equivalent cross-domain a-helix of Neurolysin (as, residues 137-152) in both struc-
ture- and dynamics-based alignments. Moreover, it is noted that Neurolysin residue Lys148 and
the conserved Arg92 of Carboxypeptidase Pfu are very close positioned in the dynamics-based
alignment of the respective structures, that together with sharing the chemical nature suggests
their functional equivalence (Figure B in S2 File). Therefore, the conservation of internal dynamics
between these two MPs may not be only a direct consequence of their structural similarity, but
may also have a functional basis. Specifically, the requirement to have specific channel opening
amplitudes in order to restrain substrate-length, while more local variations in structure allow for
distinct specificities in terms of substrate sequence recognition and binding.

Further support for the conservation of internal dynamics between these two MPs comes from
the findings reported for Angiotensin Converting Enzyme, which shares high structural and dy-
namical similarity with both Neurolysin and Carboxypeptidase Pfu [110,111]. The authors showed
that for this MP hinge-bending motions have a functional role, since channel opening allows for
substrate access to the active site. Furthermore, it was shown that these motions are conserved
between other M2 family members. Finally, the presumed dynamical resemblance between M2
family members and another member of the M3 family, Carboxypeptidase Dcp, has been previ-
ously noted [112]. Together with these findings, results obtained for M2, M3 and M32 represent-
atives suggest that conservation of internal dynamics is not limited to homologues, but that it can
be extended for other families that share some structural similarity.

Pairs M32-M8, M27-M8 and M32-M27 were also analyzed due to their high dynamical simi-
larity with no structural similarity. Both Carboxypeptidase Pfu (M32) and Botulinum Neurotoxin
Type A (M27) belong to the Gluzincin subclan but have no attributed CATH numbering. Leishma-
nolysin (M8) belongs to the Metzincin subclan and has four CATH domains, with the particular
feature of lacking the conserved 3.40.390.10 domain shared by other Metzincin subclan repre-
sentatives. The pair of Leishmanolysin and Carboxypeptidase Pfu was chosen for further inspec-
tion, as it corresponds to the only Mixed pair with very high dynamical similarity. Leishmanolysin
(also termed GP63) is a 478 residue-long surface glycoprotein from Leishmania major that occurs
as a dimer and has activity towards a wide variety of peptidic substrates [113]. It adopts a pre-
dominantly compact fold composed of mostly 3-sheet secondary structure elements, in contrast
with the predominant a-helical structure adopted by Carboxypeptidase Pfu [114]. The structure
differs from Carobxypeptidase Pfu and other MPs as it is composed of three domains: the N-
terminal domain that contains the active site HEXXH sequence motif; the central domain, that
presents an unique 62 residue-long insertion between the conserved Glycine of the
HEXXHXXGXXH/D metzincin sequence motif and the third active site residue Histidine; and the
C-terminal domain, which contains the membrane anchoring point and is composed mainly of B-
strand and random coil elements, being positioned at one end of the active site cleft base. Both
N- and central domain form the active site cleft. EDA of Leishmanolysin MD trajectories revealed
that large-scale, collective motions dominate the conformational changes explored by the protein.
These consist in hinge-bending motions characterized by rigid body movements of the N-terminal
domain relative to the central and C-terminal domains, with the hinge axis located at base of the
active site cleft [115]. The corresponding structure-based alignment is shown in Fig. 5A, with a
RMSD of 4.6 A for 88 amino acids used with 9% sequence identity. Unlike the pairs with high
structural and dynamical similarity with aligned regions spanning almost the entirety of the struc-
tures, the aligned portions of Leishmanolysin and Carboxypeptidase Pfu are restricted to the N-
terminal domain, including the a-helix containing the active site HEXXH sequence motif. Indeed,
this was typically observed for other non-structurally similar pairs of MPs [1]. The overall orienta-
tion of the structures is kept, with the substrate-binding pockets and active residues being almost
identically positioned in both structures and with the positioning of the C-terminal domain of Leish-
manolysin at the more open end of Carboxypeptidase Pfu channel. Dynamics-based alignment
shown in Fig. 5B produces a slightly higher number of equivalent residues, with an RMSD of 3.3
A for 91 amino acids with 7.7% sequence identity (RMSIP of 0.832). Remarkably, the dynamics-
based alignment results in a complete horizontal rotation of Leishmanolysin in relation to Carbox-
ypeptidase Pfu when compared to the structure-based alignment. This results in the positioning
of its C-terminal domain at the cross-domain segments that constitute the more closed end of
Carboxypeptidase Pfu channel and the active sites become approximately 10 A apart from each
other. Nonetheless, the substrate binding-pocket of both MPs retain their orientation and regions
undergoing hinge-bending motions are almost identically positioned, indicating their dynamical
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equivalence. This is also observed in the structure-based and dynamics-based alignments pro-
duced for Leishmanolysin and Botulinum Neurotoxin Type A (data not shown), thus suggesting
that there is conservation of internal dynamics even when remarkable structural differences be-
tween members occur. Moreover, this conservation has a functional basis, namely to allow for
proper orientation of interactions between the proteins and their substrates. Therefore, the relat-
edness of Leishmanolysin, Botulinum Neurotoxin Type A and Carboxypeptidase Pfu, which has
so far been only considered at the clan level, becomes evident when their internal dynamics are
taken into account.

Fig. 5 — Structure- and dynamics-based alignment obtained for pair M32-M8. (A) Struc-
ture-based and (B) Dynamics-based alignment of M8 representative Leishmanolysin (green, PDB
ID: 1LML) and M32 representative Carboxypeptidase Pfu (red, PDB ID: 1KA4). Produced align-
ments were obtained using the DaliLite and ALADYN web-servers (see Methods). Aligned resi-
dues colored in cartoon representation, non-aligned residues in colored ribbons and active site
residues in surface representations (Leishmanolysin: H264, E265, H268, H334 and; Carboxypep-
tidase Pfu H269, E270, H273 and E299). Colored arrows indicate modes of motion of aligned
portions along the first mode. Leishmanolysin C-terminal domain in cyan colored tube represen-
tation.

Conclusions

This work provides a quantitative characterization of the structural and dynamical diversity
occurring within the MEROPS MA clan of MPs. It shows that metalloproteases of this clan have
distinct dynamical profiles despite their overall structural similarity. Also, it is shown that in cases
where high dynamical similarity is observed, the predominant modes correspond to hinge-bend-
ing motions associated with substrate-binding. These motions are functionally relevant and ap-
pear to be conserved in the clan even when remarkable structural differences between its mem-
bers occur. Therefore, besides providing a description of the structural and dynamical features of
a set of proteins, this type of analysis can also provide new insights on enzyme function that
remained unnoticed so far. For metalloproteases, it is suggested that the need to maintain proper
substrate interactions has an important role on the conservation of their internal dynamics. There-
fore, the type of interactions between a protein and its ligand and the associated motions should
be more carefully considered when comparing the internal dynamics of a diverse set of function-
ally distinct proteins. Together, this work contributes to the development of simple and effective
approaches that incorporate quantitative analysis of dynamical similarity between proteins to
study the evolution of metalloprotease internal dynamics and the factors governing them.
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S1 File
Sl Table 1. Thermolysin structures (Uniprot ID: PO0800) retrieved from the PDB.

1FJ3 [IFJO [IFJQ [RT [1IFJU [1IFJV [IFJW [IGXW [IHYT [KElI [1KJO |[1KJP [1IKKK [1KL6 [|LKR6 [ILKRO [1KS7 [1KTO [1L3F

1LNA [ILNB [ILNC [ILND [ILNE |ILNF [10SO0 [1PE5 [IPE7 [1PE8 [1QFO [1QF1 [1QF2 [ITHL [1TLI [ATLP [TLX [@TMN [1Y3G

1Z9G [1ZDP A7G [RG4Z |2TLI RTLX RTMN _2WHZ [RWwWI0O [3DNZ [3DO0 [3DO1 [3DO2 [3EIM [3F28 [3F2P [BFBO [3FBO BFCQ

3FGD [3FLF [SFOR [BFV4 [BFVP [BFXP [BFXS [BLS7 [BMS3 [BMSA BMSF [BMSN [BN21 [3NN7 [BP7P [BP7Q PBP7R [3P7S [P7T

3P7U [BP7V [BP7W [BQGO [3QH1 [BQH5 [3SSB [3T2H [3T2I [3T2J [3T73 [3T74 [3T87 [3T8C [3T8D [3T8F [3T8G ([3T8H [3TLI

3TMN [3Z16 ([4D91 WDOW [4H57 WATLI  UATLN U4TMN [5TLI [STLN [STMN |6TLI 6TMN [7TLI  [7TLN [8TLI |8TLN

Structures were obtained using the Prody software (as of 09/2013). Bold: unbound crystal structure used
for ANM generation. Underlined: unbound crystal structures obtained in the presence of cryoprotectors.
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Sl Table 2. List of Z-scores and P-values obtained for the alignments of MP representative
structures.

Pair Z-Score P-value Gluzincin Mixed Metzincin
M3-M27 0.9 6.18E-02 X
M32-M27 1.2 9.37E-04 X
M32-M10(B) 1.3 1.29E-02 X
M32-M8 13 2.55E-04 X
M4-M10(B) 13 3.35E-02 X
M27-M10(A) 15 4.55E-01 X
M32-M12(B) 1.9 2.12E-01 X
M3-M35 1.9 4.87E-01 X
M27-M10(B) 1.9 5.43E-02 X
M27-M8 1.9 1.47E-03 X
M4-M27 2 2.32E-02 X
M32-M10(A) 2.1 4.54E-01 X
M27-M7 2.1 4.46E-01 X
M4-M12(B) 2.1 8.04E-02 X
M27-M12(B) 2.2 1.89E-01 X
M32-M35 2.2 3.39E-01 X
M32-M12(A) 2.3 1.27E-01 X
M27-M35 2.3 1.91E-01 X
M2-M12(B) 2.3 4.14E-01 X
M27-M12(A) 2.3 1.81E-01 X
M32-M7 24 3.90E-01 X
M4-M8 2.6 9.08E-03 X
M2-M27 2.7 4.98E-02 X
M4-M10(A) 2.7 1.48E-01 X
M4-M12(A) 2.7 4.06E-02 X
M1-M27 2.8 5.12E-02 X
M2-M8 2.8 1.22E-02 X
M3-M12(A) 2.8 4.03E-01 X
M2-M10(B) 29 8.12E-02 X
M4-M35 2.9 4.48E-02 X
M3-M12(B) 3 4.46E-01 X
M1-M12(A) 3.1 3.79E-01 X
M35-M8 3.1 2.97E-01 X
M35-M12(A) 3.2 1.48E-02 X
M3-M10(B) 3.2 9.09E-02 X
M2-M35 3.2 4.57E-01 X
M2-M12(A) 3.2 3.77E-01 X
M4-M7 3.3 3.24E-01 X
M3-M8 34 2.12E-02 X
M2-M10(A) 35 5.27E-01 X
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M35-M10(B) 3.7 2.80E-01 X
M1-M12(B) 3.7 4.11E-01
M3-M7 3.7 5.29E-01
M35-M10(A) 3.9 3.62E-02 X
M3-M10(A) 3.9 5.32E-01
M1-M10(B) 1.52E-02
M35-M12(B) 1.00E-02 X
M2-M7 41 5.29E-01
M1-M35 42 3.91E-01
M7-M35 42 3.06E-02 X
M1-M10(A) 42 4.98E-01
M1-M7 43 5.17E-01
M1-M8 4.4 5.52E-03
M1-M2 438 1.27E-02
M1-M3 5.4 7.00E-03
M4-M32 5.9 1.77E-02
M8-M12(A) 6.1 1.68E-01 X
M4-M3 6.5 9.02E-02
M1-M32 6.6 9.06E-03
M12(A)-M12(B) 6.9 2.12E-02 X
M4-M2 72 1.33E-01
M8-M12(B) 73 2.01E-01 X
M8-M10(B) 75 3.30E-03 X
M10(B)-M12(B) 77 3.07E-01 X
M7-M8 7.8 4.67E-01 X
M8-M10(A) 8.6 3.84E-01 X
M10(B)-M12(A) 8.7 1.61E-01 X
M7-M12(B) 9.8 2.34E-02 X
M12(A)-M10(A) 10.8 1.65E-01 X
M12(B)-M10(A) 11.1 2.50E-02 X
M7-M12(A) 11.3 8.75E-02 X
M7-M10(B) 113 4.70E-01 X
M4-M1 11.4 8.13E-02
M7-M10(A) 12.7 1.20E-01 X
M10(B)-M10(A) 13.8 3.18E-01 X
M3-M2 19.2 4.78E-04
M3-M32 19.7 6.94E-06
M32-M2 21.4 2.97E-05
S2 File
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04 — Sim2
i — Siml

— T T T T T T T T
0 2 4 0 8 10 12 14 16 18 20
time (ns)

Figure A. Root Mean Square Deviations of residue C¢ obtained for Sim1 and Sim2.

Figure B: Dynamics-based alignment of Neurolysin (Blue, PDB ID: 1l11) and Carboxy-
peptidase Pfu (red, PDB ID: 1KA4). Neurolysin K148 and Carboxypeptidase Pfu R92 in bond
representation. Active site residues in colored surface representations (Neurolysin: H474, E 475,

H478 and E503; Carboxypeptidase Pfu H269, E270, H273 and E299).
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Scheme ALl. Ligand .params files.

1QJI_diala_conf.params

NAME dAl

IO STRING dAl Z

TYPE LIGAND

AA UNK
ATOM ZN1
ATOM 02
ATOM C1
ATOM O3
ATOM N3
ATOM C8
ATOM C2
ATOM H12
ATOM HI13
ATOM H14
ATOM C5
ATOM N2
ATOM H2
ATOM H3
ATOM 04
ATOM H1
ATOM H7
ATOM C6
ATOM N1
ATOM C4
ATOM O1
ATOM C3
ATOM HS8
ATOM HI1O0
ATOM HI11
ATOM HI16
ATOM C7
ATOM H4
ATOM H5
ATOM H6
ATOM H9
ATOM HI15
BOND C1
BOND C1
BOND C1
BOND C1
BOND C2
BOND C2
BOND C2
BOND C2
BOND N1
BOND N1
BOND N1
BOND 01
BOND N2
BOND N2
BOND N2
BOND 02
BOND 02
BOND 04
BOND C3
BOND C3
BOND C3

Zn2p
OH
CH1
oocC
Ntrp
CH1
CH3
Hapo
Hapo
Hapo
COO
NH20
Hpol
Hpol
ONH2
Hapo
Hpol
CH1
Ntrp
CO0O
ONH2
CH3
Hapo
Hapo
Hapo
Hpol
CH3
Hapo
Hapo
Hapo
Hapo
Hpol
02
03
N3
Co6
Cc8
H12
H13
H14
c4
Co
H16
Cc4
C5
H2
H3
H15
ZN1
C5
c4
H8
H10

XKD KD X X XXX XXX XXX XX

1.

-0.
-0.
-0.
-0.
-0.

0.
0.
0.
0.
-0
0.
0.
-0
0.
0.
-0
-0
0.
-0
-0
0.
0.
0.
0.
-0

O O O oo

96
.70
13
80
65
13
31
06
06
06
58
.51
39
39
.59
06
39
.13
.65
58
.59
.31
06
06
06
39
.31

.06
.06
.06
.06
.39
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BOND C3 H11
BOND N3 Cc8
BOND N3 H7
BOND C5 c8
BOND C6 c7
BOND C6 HS
BOND C7 H4
BOND C7 HS5
BOND C7 H6
BOND C8 H1

CHI 1 ZN1 02 Cl 03
CHI 2 02 C1l N3 C8
CHI 3 02 Cl co N1
CHI 4 C6 N1 c4 o1
CHI 5 C1 C6 N1 c4
CHI 6 C1 N3 Cc8 C2
CHI 7 N3 C8 C5 N2

NBR_ATOM 02
NBR RADIUS 8.363764

ICOOR INTERNAL ZN1 0
ICOOR INTERNAL 02 0
ICOOR INTERNAL Cl 0
ICOOR INTERNAL 03 5.
ICOOR INTERNAL N3 119.
ICOOR INTERNAL Cc8 -76.
ICOOR INTERNAL C2 77.
ICOOR INTERNAL H12 -116.
ICOOR INTERNAL H13 -120.
ICOOR INTERNAL H14 -119.
ICOOR INTERNAL C5 121.
ICOOR INTERNAL N2 132.
ICOOR INTERNAL H2 -3.
ICOOR INTERNAL H3 -179.
ICOOR INTERNAL 04 179.
ICOOR _INTERNAL H1 119.
ICOOR_ INTERNAL H7 -121.
ICOOR_INTERNAL Ccé 126.
ICOOR_ INTERNAL N1 53.
ICOOR INTERNAL c4 -101.
ICOOR_ INTERNAL o1 -0.
ICOOR _INTERNAL c3 -178.
ICOOR INTERNAL H8 -97.
ICOOR _INTERNAL H10 119.
ICOOR INTERNAL H11 120.
ICOOR_INTERNAL H16 -179.
ICOOR_ INTERNAL C7 127.
ICOOR INTERNAL H4 -108.
ICOOR_ INTERNAL H5 -120.
ICOOR _INTERNAL H6 -119.
ICOOR_INTERNAL H9 117
ICOOR INTERNAL H15 125

PDB_ROTAMERS 1QJI diAla conf Zn con.

4AIG_diala_min.params
NAME min

IO STRING min Z
TYPE LIGAND

AA UNK

ATOM C1 COO X 0.55
ATOM N1 ©Nhis X -0.60
ATOM C3 CH3 X -0.34
ATOM H2 Hapo X 0.03
ATOM H4 Hapo X 0.03
ATOM H6 Hapo X 0.03
ATOM 01 ONH2 X -0.62

.000000
.000000
.000001
414501
370020
489396
096851
166899
051541
923854
054923
297922
246935
985254
726837
995376
397122
918397
919212
124052
031823
207807
218306
199821
098134
110947
125575
636956
078698
955610
.493922
.262060

180.
56.
78.
65.
61.
69.
70.
70.
70.
70.
63.
59.
60.
58.
71.

72

69.
64.
59.
56.
63.
69.
68.
72.
63.
66.
70.
70.
70.
78.
73.
pdb

.000000
000000
729696
336182
773055
101004
172846
478464
526968
546616
835105
393354
118818
445997
151996
118126
.908834
610456
020083
540397
993050
265011
813070
909778
723062
140534
295147
497439
505253
572417
793685
810349

170

ORRPRPRPRRPORRPRPRRPREPRERPRPRPRRERERREREPRRLRRERERERRRRREO

.000000
.849189
.595460
.568874
.655588
.535813
.539788
.089474
.090604
.090087
.524968
.341865
.009561
.009692
.223927
.089578
.009422
.707063
.446771
.324118
.232007
.513557
.090471
.089870
.089461
.980142
.525871
.090028
.090535
.090338
.089756
.956392

ZN1
ZN1
02
Cl
Cl
N3
C8
C2
C2
C2
C8
C5
N2
N2
C5
C8
N3
Cl
cé
N1
c4
c4
C3
C3
C3
N1
cé
Cc7
c7
C7
cé
02

02
02
ZN1
02
02
Cl
N3
Cc8
Cc8
Cc8
N3
c8
C5
C5
c8
N3
Cl
02
C1l
Cé
N1
N1
c4
c4
Cc4
Cé
C1l
Cé
Ccé
Ccé
C1l
ZN1

Ccl
Cl
Cl
ZN1
03
02
Cl
N3
H12
H13
C2
N3
Cc8
H2
N2
C5
Cc8
N3
02
Cl
cé
01l
N1
H8
H10
c4
N1
Cl
H4
H5
c7
Cl
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ATOM 02 OH X -0.73
ATOM ZN1 7Zn2p X 1.93
ATOM C2 CH3 X -0.34
ATOM H1 Hapo X 0.03
ATOM H3 Hapo X 0.03
ATOM H5 Hapo X 0.03

BOND Cl N1

BOND Cl Ol

BOND Cl 02

BOND Cl  C2

BOND N1  C3

BOND 02 ZN1

BOND C2  H1

BOND C2  H3

BOND C2  H5

BOND C3  H2

BOND C3  H4

BOND C3  H6

CHI 1 01 Cl N1 C3
CHI 2 N1 Cl 02 2Nl
NBR ATOM C1

NBR_RADIUS 4.030455

ICOOR INTERNAL Cl 0.000000 0.000000 0.000000 Cl N1 C3
ICOOR_ INTERNAL N1 0.000000 180.000000 1.585183 Cl N1 C3
ICOOR INTERNAL C3 -0.000000 26.151042 1.644308 N1 Cl C3
ICOOR_ INTERNAL H2 75.318211 72.925954 1.089850 C3 N1 Cl
ICOOR INTERNAL H4 108.657041 54.402937 1.090239 C3 N1 H2
ICOOR_ INTERNAL H6 111.273643 76.386196 1.049497 C3 N1 H4
ICOOR INTERNAL 01 -107.053303 68.766849 1.522513 Cl N1 C3
ICOOR_ INTERNAL 02 116.731225 70.741775 1.513449 Ccl N1 o1
ICOOR INTERNAL ZN1 -108.750832 65.672835 2.002586 02 Cl N1
ICOOR_ INTERNAL C2 121.612944 64.720447 1.469585 Ccl N1 02
ICOOR_INTERNAL H1 -174.733641 65.184448 1.090371 C2 Cl N1
ICOOR_ INTERNAL H3 -110.290703 57.783360 1.089917 C2 Cl H1
ICOOR_INTERNAL H5 -122.351165 87.064207 1.089580 C2 Cl H3

Scheme A2. AS .cst files

MAM_diAla.cst

# NOTES

# MAM subclan

# 02 corresponds to Ow atom. Cl to the tetrahedral carbon bound to Ow and Op.
# diAla has 3-letter code dAl.

# 6th column of distanceAB value set to 0 for non-bonded interaction, set to 1

for pseudocovalent interaction.
# When secondary algorithm is used, angle A angle B torsion A torsion AB tor-
sion B commented out.

#Glu cat - catalytic interaction

CST: :BEGIN

TEMPLATE: : ATOM MAP: 1 atom name: ZN1 02 Cl
TEMPLATE: : ATOM MAP: 1 residue3: dAl
TEMPLATE: : ATOM MAP: 2 atom type: OOC , #either OE1l or OE2
TEMPLATE: : ATOM MAP: 2 residuel: E
CONSTRAINT:: distanceAB: 5.0 0.3 100 © 1 #2
CONSTRAINT:: angle A: 35.1 9.0 30 360 1 #2
CONSTRAINT: : angle B: 91.8 4.8 30 360 1 #1
CONSTRAINT:: torsion A: 181.4 18.4 30 360 1 #4
CONSTRAINT:: torsion AB: 75.4 9.1 30 360 1 #2
CONSTRAINT:: torsion B: 145.1 4.7 30 360 1 #1
CST: :END

171



Annex 2

# His3 - Zn(II) coordinatio

CST: :BEGIN

n

TEMPLATE: : ATOM MAP: 1 atom name: ZN1 02 Cl

TEMPLATE: : ATOM MAP: 1 residue3: dAl

TEMPLATE: : ATOM MAP: 2 atom type: Ntrp , #either ND1 or NE2

TEMPLATE: : ATOM MAP: 2 residuel: H

CONSTRAINT:: distanceAB: 2.1 0.2 100 1 1 #2

CONSTRAINT: : angle A: 144.0 7.8 30 360 1 #2

CONSTRAINT: : angle B: 124.3 4.5 30 360 1 #1

CONSTRAINT:: torsion A: 30.4 15.5 30 360 1 #3

CONSTRAINT:: torsion AB: 16.9 12.0 30 11.25 0 #1

CONSTRAINT:: torsion B: 166.7 5.6 30 360 1 #2
# ALGORITHM INFO:: match ;not commented out when secondary algorithm
is used
# SECONDARY MATCH: DOWNSTREAM ;not commented out when secondary algorithm
is used
# ALGORITHM INFO::END ;not commented out when secondary algorithm
is used
CST: :END
# Hisl - Zn(II) coordination
CST: :BEGIN

TEMPLATE: : ATOM MAP: 1 atom name: ZN1 02 Cl

TEMPLATE: : ATOM MAP: 1 residue3: dAl

TEMPLATE: : ATOM MAP: 2 atom type: Ntrp, #either ND1 or NE2

TEMPLATE: : ATOM MAP: 2 residuel: H

CONSTRAINT:: distanceAB: 2.1 0.1 100 1 1 #1

CONSTRAINT: : angle A: 96.8 7.1 30 360 1 #2

CONSTRAINT: : angle B: 128.4 4.1 30 360 1 #1

CONSTRAINT:: torsion A: 250.8 12.6 30 360 1 #3

CONSTRAINT:: torsion AB: 158.2 12.9 30 11.25 0 #1

CONSTRAINT:: torsion B: 167.1 9.2 30 360 1 #2
# ALGORITHM INFO:: match ;not commented out when secondary algorithm
is used
# SECONDARY MATCH: DOWNSTREAM ;not commented out when secondary algorithm
is used
# ALGORITHM INFO: :END ;not commented out when secondary algorithm
is used
CST: :END
# His2 - Zn(II) coordination

CST: :BEGIN

TEMPLATE: :
TEMPLATE: :

TEMPLATE: :
TEMPLATE: :

CONSTRAINT: :
CONSTRAINT: :
CONSTRAINT: :

ATOM MAP: 1
ATOM MAP: 1

ATOM MAP: 2
ATOM MAP: 2

distanceAB:
angle A:
angle B:

atom name:
residue3:

dAal

atom type: Ntrp

residuel:
2.1
94.2
123.8

0.
8.
4.

H
1 100
1 30
5 30

172

ZN1 02 C1

, #either ND1 or NE2

1 1 #1
360 1 #2
360 1 #1



Annex 2

CONSTRAINT:: torsion A: 146.0 12.4 30 360 1 #3

CONSTRAINT:: torsion AB: 198.2 4.9 30 11.25 0 #1

CONSTRAINT:: torsion B: 190.4 4.8 30 360 1 #1
# ALGORITHM INFO:: match ;not commented out when secondary algo-
rithm is used
# SECONDARY MATCH: DOWNSTREAM ;not commented out when secondary algo-
rithm is used
# ALGORITHM INFO::END ;not commented out when secondary algo-

rithm is used
CST: :END
4AIG_diala_min.cst
# NOTE

#Glu cat-Ow

CST: :BEGIN

TEMPLATE: : ATOM MAP: 1 atom name: ZN1 02 Cl1
TEMPLATE: : ATOM MAP: 1 residue3: dAl
TEMPLATE: : ATOM MAP: 2 atom type: OOC ,
TEMPLATE: : ATOM MAP: 2 residuel: E
CONSTRAINT:: distanceAB: 5.2 0.26 100 O 2
CONSTRAINT: : angle A: 31.5 8.97 0 360 2
CONSTRAINT: : angle B: 94.00 4.84 0 360 2
CONSTRAINT:: torsion A: 186.00 18.38 0 360 3
CONSTRAINT:: torsion AB: 82.00 9.07 0 360 2
CONSTRAINT:: torsion B: 148.00 4.69 0 360 2

CST: :END

# His 3-ZN

CST: :BEGIN
TEMPLATE: : ATOM MAP: 1 atom name: ZN1 02 Cl
TEMPLATE: : ATOM MAP: 1 residue3: dAl
TEMPLATE: : ATOM MAP: 2 atom type: Ntrp ,
TEMPLATE: : ATOM MAP: 2 residuel: H
CONSTRAINT:: distanceAB: 2.30 0.16 100 1 1
CONSTRAINT: : angle A: 144.7 7.80 0 360 2
CONSTRAINT: : angle B: 131.4 4.55 0 360 2
CONSTRAINT:: torsion A: 37.7 15.54 0 360 3
CONSTRAINT:: torsion AB: 4.30 12.01 0 11.25 0
CONSTRAINT:: torsion B: 171.3 5.57 0 360 2

# ALGORITHM INFO:: match

# SECONDARY MATCH: DOWNSTREAM

# ALGORITHM_INFO::END

CST: :END

# His 1-ZN

CST: :BEGIN
TEMPLATE: : ATOM MAP: 1 atom name: ZN1 02 C1
TEMPLATE: : ATOM MAP: 1 residue3: dAl
TEMPLATE : : ATOM MAP: 2 atom type: Ntrp,
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TEMPLATE: : ATOM MAP: 2 residuel: H
CONSTRAINT:: distanceAB: 2.10 0.11 00 1 1
CONSTRAINT:: angle A: 96.00 7.12 0 360 2
CONSTRAINT: : angle B: 128.80 4.05 0 360 2
CONSTRAINT:: torsion A: 246.20 12.60 O 360 3
CONSTRAINT:: torsion AB: 167.30 12.92 O 11.25 0
CONSTRAINT:: torsion B: 161.90 9.22 0 360 2

# ALGORITHM INFO:: match

# SECONDARY MATCH: DOWNSTREAM

# ALGORITHM INFO::END

CST: :END

#His 2-ZN

CST: :BEGIN
TEMPLATE: : ATOM MAP: 1 atom name: ZN1 02 Cl
TEMPLATE: : ATOM MAP: 1 residue3: dAl
TEMPLATE: : ATOM MAP: 2 atom type: Ntrp ,
TEMPLATE: : ATOM MAP: 2 residuel: H
CONSTRAINT:: distanceAB: 2.20 0.11 100 1 1
CONSTRAINT: : angle A: 83.90 8.05 0 360 2
CONSTRAINT: : angle B: 121 4.49 0 360 2
CONSTRAINT:: torsion A: 143.50 12.44 0 360 3
CONSTRAINT:: torsion AB: 201.90 4.94 0 11.25 0
CONSTRAINT:: torsion B: 193.00 4.78 0 360 1

# ALGORITHM INFO:: match

# SECONDARY MATCH: DOWNSTREAM

# ALGORITHM INFO::END

CST: :END

Scheme A3. options_matcher.flags

-packing

-exl:level 3 #Chi'l sampling level

-ex2:level 3 #Chi'2 sampling level

-ex2aro

-exlaro

-use_ input sc

-linmem ig 10

-match

-bump tolerance 0.2

-filter colliding upstream residues

-filter upstream downstream collisions

-output format CloudPDB

-enumerate ligand rotamers #usefull for ligand with rotamers
-only enumerate non match redundant ligand rotamers #to be used with enumer-
ate ligand rotamers

-dunl0 #Usage of Dunbrack 2010 library of rotamers

-mute protocols.idealize

Scheme A4. options_enzdes.flags

-dunlO

-packing

-use_ input sc

-exl:level 6 #Chi'l sampling level
-ex2:level 6 #Chi'2 sampling level
-exlaro:level 6
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-ex2aro:level 6
-soft rep design
-linmem ig 10
-enzdes

# -cst _dock True ;Not used since Zn(II) belongs to substrate

-parser read cloud pdb true
-cst_opt

-chi min

-bb min

-cst design

-cst min

-design min cycles 4
-detect design interface

-cutl 6.0 #design of residues within 6A of any ligand heavy atom
-cut2 8.0 #design of residues within 8A of any ligand heavy atom and Cbeta

atom closer to ligand than Ca

-cut3 10.0 #repack of residues within 6A of any ligand heavy atom
-cutd4 12.0 #repack of residues within 8A of any ligand heavy atom and Cbeta

atom closer to ligand than Ca

# —compare native ;not used since gave unrealistic REU values for NMR poses
-final repack without ligand true #SAME AS IN no unconstrained repack

-score
-weights enzdes.wts
-fix catalytic aa

-nstruct 1 #for design or -nstruct 10 for full sequence design

Table Al. Structures of MP-TSA complexes used in the analysis of MA(E) subclan AS.

1KJO, 1KL6, 3FGD, 3FV4,
3FVP, 3QHI, 3T73, 3T74, 3T87,
3T8C, 3T8D, 3T8F, 3T8G, 3T8H,
3D9W, 4H57, 3FLFAPRESIHY T

M4 Thermolysin ; ; ; 5 ;
Thermolysin STMNAPEZ STMN-4TMN—
1080 1Y3G
Elastase 1U4G, 3DBK
Neutral Endopepti- 1DMT
. dase
AE M13 Neprelysin ECE-L 30WE
(E) Neprelysin 1R1H, 2YB9, 20PJ

Angiotensin Convert-

1086, 1UZE, 2X91, 2X92,

M2 ACE ing Enzvme 2X93, 2X94, 2X95, 2X96, 2X97,
g Enzy 2XY9, 2XYD
M3 Thimet Oligo- Peptydil-Dipeptidase 1Y79
peptidase Pz-peptidase A 3AHN, 3AHO
Leukotriene A4 Hy- 3FHE, 3FUK, 3B7R,2R59
M1 Aminopepti- drolase
iy pep Aminopeptidase N 2ZXG4FYR
M1 Alanylaminoppeti- 3EB}
dase
M27 Tentoxilysin Botullnugn neurotoxin 38wl

Table A2. Scaffolds screened with the MA(A)as:diAla model.

e Chain
Scaffold Classification | o4 | ongth | ppg | #NMR | Second- Classical (UM)
(UniprotKB) L X-ray ary
Trp-cage De Novo Protein a 20 1L2Y 38 - - - -
Viral Protein E7H14H2H17
VP 22 2BBL 10 OK
9 P03300 a E20H2H17H14
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HIV 9p120 €5 V'r;"lgézge'” 23 IMEQ | X-ray OK E9H22H5H3
. Toxin E21H6H15H17
Poneratoxin P41736 25 1G92 10 OK E23H14H16H19
FBP28 WW Do- SH3 Domain
main Q8CGF7 27 1E0L 10 OK E9H26H21H23
Fibritin C-termi- Viral Protein
nal - Foldon P10104 27| 4NCU | Xray B B
Hormone/Growth
CCK2E3 Factor Receptor 30 1L4T 1 OK --
P32239
. . E13H6H7H16
pGolemi De Novo Protein 30 2K76 10 OK E26H6H23H2
Parathyroid Hormone/Growth
Hormene Factor 31 1FVY 20 OK --
P01270
. Hormone/Growth
Cho'ecfmk'”'” ° Igasi(?r o 31 1HZN | X-ray .- .-
P32238
E685H700H679H696
E688H680H699H679
E688H680H703H679
E688H681H699H683
Ubiquitin binding E688H703H679H682
DNA polymer- -
ase ota domain 32 2L0G 20 OK E691H680H679H683
QI9UNA4 E700H680H699H703
E702H682H680H699
E706H680H703H699
E706H682H680H699
E706H682H703H699
P-element So- Nuclear Protein
matic Inhibitor Q7JPS0 33 2BN6 | 29 OK -
E14H29H6H25
E14H29H17H25
Human Villin Actin Bindin E18H20H25H22
Headpiece P09327 9 34 1UNC 25 OK E26H6H25H29
E26H17H25H29
E28H6H10H17
E29H14H17H6
- Actin Bindin
Advillin Human 075366 9 36 1UND 25 -- --
E3H24H5H20
H Growth E7H24H5H20
ormone/tro E19H11H6H16
pPYY ;&;:égrs 36 1RUS 20 OK E27H36H34H24
E30H6H27H23
E36H20H24H5
E5H27H22H33
. E5H27H25H33
WW Domain | 1o Novo Protein 37 1EOM 10 oK E5H27H24H8
Prototype
E5H27H24H22
E27H5H8H24
E3-binding do- Glycolysis
maing Pz AF%’% 37 1BBL 1 oK E17H39H16H20
E1H32H36H4
E1H33H36H4
E18H28H24H15
. E28H21H25H15
Alpha-T-alpha De Novo Protein 38 1ABZ 23 OK E31H14H11H24
E31H14H11H21
E31H21H11H28
E31H21H28H24
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E31H21H11H24
E31H14H11H28
E33H3H32H36
E33H4H32H36
E35H11H7H31
E35H11H32H28
DNA binding reg- ESH15H8H10
CRE-BP1 ulatory protein a+f 38 1BHI 20 OK E19H6H17H4
P15336 E28H11H9H31
Phﬁgﬁ;ﬁﬁgﬁm' \”gigngm a 40 2GP8 1 oK E13H28H16H32
DNA binding pro- E38H53H37H41
MafG tein a 41 1K1V 20 oK E38H53H37H49
054790 E41H34H38H53
E468H504H501H473
E468H504H501H474
_ , , E468H504H501H505
Pﬁg@ﬂ%ﬁiﬁf”‘ Vﬁ%gﬂ%ﬁ” a 44 2K9D 20 oK E468H505H474H501
E500H473H504H501
E502HA463HA498H467
E504HA468H501HA497
Albumin Binding
GA module Protein a 45 1PRB 1 OK --
Q51911
C-terminal UBA
HHR23A domain a 45 1IFY 10 oK E164H171H177H168
P54725
FAF;iiﬁdo' ﬁgﬁﬂﬁﬁg a 45 3E21 | Xeray -- -
HIV Vpu H'F\,/lgg’;i'” a 45 1VPU | X-ray -- --
ES8H25H7H11
. Ligase ES8H21H25H15
UBA Domain Qf%lQl a 46 2INH 15 oK TP RIS
E29H5H7H33
Sda antikinase 8'9”5'7"\‘/3\23'?9'” a 46 Pvo | 25 .- .-
E101H124H97H120
E104H97H101H120
E104H124H97H120
ﬁ;;ig@ﬁ:ﬁf ﬁgggﬂﬁﬁf a 46 2EST 20 oK E104H124H101H120
H119H99H100H116
E127H101H124H97
E127H101H120H97
dihy-
sopoisne | T | o | g e | 2 | ox :
ase
E4H29H7H25
E19H47H27H37
E19H47H27H41
E26H47H30H27
E27H41H37H19
Protein Bindin E27H17H37H19
Swa2p Q06677 9 a 47 1PGY | 20 oK TR
E27H45H41H19
E33H7H29H10
E44H27H41H31
E44H27H41H37
E46H37H27H41
LysM Domain Hydrolase a+B 48 1E0G 20 oK E7H28H34H24
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POAEZ7 E7H28H24H13
E48H30H26H46
E15H52H55H14
E27H19H17H34
E29H52H55H14
E31H35H33H28
Lambda-Inte- Viral Protein E31H58H28H30
+
grase P03700 a+p 48 1KIK 25 oK E49H14H13H52
E51H31H30H28
E51H31H28H35
E51H33H28H35
E54H33H30H28
Translation Initi- Translation
atior factor 2 N- a 49 1IND9 10 OK --
ter POA705
E530H565H534H561
E535H565H534H561
E537H530H561H534
E544H570H541H567
E545H555H542H563
Nuclear Protein E546H538H551H545
CSTF-64 P33240 a 49 2J8P 30 OK E546H538H552H545
E546H563H551H545
E546H563H552H545
E551H538H555H552
E551H563H555H552
E560H532H536H557
POB ng;ﬁgge a 51 w4l | 20 OK E167H138H164H142
RNA Binding
NTL9 Protein a+p 51 2HBB X-ray OK --
P02417
Engrailed DNA Binding
. Protein a 54 1ENH X-ray OK E34H15H38H19
Homeodomain P02836
Protein G Pmtgb”sg'srf'”g a+B 56 LGl | 10 oK -
Protein A (Sp. Protein Bindin
aureusg P 38507 9 a 58 ANPE | X-ray oK --
E300H265H262H295
Thermolysin C- Hydrolase
Ter P00800 a 62 1TRL 8 OK E302H265H262H295
E309H284H288H267
E6H51H55H58
. Immune System E41H34H38H47
Protein L Q51912 a+f3 64 2JZP 20 OK E44H18H12H10
E52H9H57H59
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Annex 3

The following derivation of models is based on references [143,173] and adapted suitably for
the case of RD peptides and Zn(ll).

Zi binding model: Under the tested experimental conditions, the apparent binding constant of

Zi towards Zn(ll) is given by Kz, 0y = [EZ,:]Z[Z]L] Considering the mass balance: [Zi],. = [zi] +

[ZiZn] and [Zn], = [Zn] + [ZiZn], substitution of the terms yields:
[ZiZn]
KZnZi,app = . . .
([Zn], = [ZiZn])([Zi], — [ZiZn])

By rearranging and solving the quadratic expression for [ZiZn] and considering only the real
solution, the value of [ZiZn] can be related to Kznzi.app, [ZN]r and [Zi]T through:

(KZn;i.app +lzmly + [Zi]T) - (KZn;i.app +lznly + [Zi]T)Z — 4zl [znly

[ziZn] =

2

The increase in As2o is directly related to amount of Zi-Zn(ll) complex by the Beer-Lambert
equation:
A=c¢lc

Where | is the cell path-length (cm), € the molecular extinction coefficient (M-1.cm?) and c is

[ZiZn] (M). Therefore, by combining the two previous equations yields:

1 , 1 Y .
(2l + 128, — (g + L2n)y + (2], ) — 4Lz, 2],
ZnZi,app ZnZi,app

For each point in the titration, [Zn]r is increased while [Zi]r is fixed. Fitting of the data to the
last equation can be used to obtain the value of €, Kznzi,app and the respective dissociation constant

of Zi, Kaznzi,app=1/Kznzi app-
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Competition model: The apparent binding constants of peptide (P) and Zi are K,p o, = KP =

[ZnP]
[Plizn]

[ZiZn]
[zi][zn]

and Kz,ziapp = Kz =

, respectively. Thus, [ZiZn] and [ZnP] are related through:

[ZnP]  [ZiZn] Kzi [ZiZn][P]

PIK,  1ZilKz  Kp  [Zi][ZnP]

Considering the mass balance: [ZnP] = [Zn]; — [ZiZn], [P] = [P]; — [ZnP] « [P] = [P]; —
([Zn]y — [ZiZn]) and [Zi] = [Zi]; — [ZiZn], substitution of terms in the previous expression yields
the following quadratic equation:

Kz _ [zizn][P] _ [Zizn]([P]y — (IZn]y — [ZiZn])) . Kai
Kp — [ZillznP] ~ (IZnly — [Zizn)((Zi]y — [ZiZn]) K
[Zizn][P]; — [ZiZn][Zn]; + [ZiZn]?
" [Znl;[Zi]; — [Zn);[ZiZn] — [ZiZn)[Zi]; — [ZiZn]?

o ([Zn]7[Zily — [Zn]r[ZiZn] - [ZiZn][Zi]; - [ZiZn]Z)%
= [ZiZn][P]l; — [ZiZn][Zn]; + [ZiZn]?
Kz . Kz . Kz . . . Kzi ..
o K_p [Zn),[Zi]y — K_p [Zn];[ZiZn] — K_p [Zizn][Zi]; — K_p [ZiZn]
= [ZiZn][P]; — [ZiZn][Zn]; + [ZiZn]?
. Kz . Kz - Kzi
o [ZiZn]? (K—P - 1) + [Zizn] (—[Zn]T T il [Pl + [Zn]T)

. Kzi
+ [Zn);[Zil;— =0
Kp
Solving for [ZiZn] and considering only the real solution:

[ZiZn]

ol 2 1, K2t 0, = o, - (), 52, K, ) - (B2 1) 1, B

Kp
2 (If(—il— 1)

Which combined with the Beer-Lambert equation yields the following expression:

2

K K K, K,
[Zn]TK—i‘+ [Zt]TK—ij+ [Pl — [Znlr —\/(—[Zn]TK—i‘— [zl']TK—ij — [Py + [Zn]r>

[

—4(%— 1) [Zn]T[Zi]T%
Ago = ELX L P

For each point in the titration, [Zi]r is increased and [P]r, [Zn]r are fixed. In reverse competition

titrations, [Zi]r and [Zn]r are kept while [P]ris increased. Using the determined values of Kz and
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g, the Kznpapp Of @ given peptide can thus be determined by fitting of the data to the previous

equation.

Peptide binding model: Considering the mass balance: [P], = [P] + [ZnP] and [Zn], = [Zn] +

[ZnP]

[ZnP]; the apparent binding constant Kz,,p o, = of peptides can be rearranged as:

[zn](P]
B [ZnP] B Ctzm igm
KZnP,app - ([ZTL]T _ [an])([P]T _ [an]) [ZnP] - KZnP,app([Zn]T [Z P])([P]T [Z P])
o K[ZZ’:P] = ([znl; - [ZnPD([P]; — [ZnP]) © [ZZZP]

= [Zn],[P]; — [zn];[ZnP] - [ZnP][P]; + [ZnP]?

[ZnP]
o [zn];[P]; = [Zn];[ZnP] — [ZnP][P]; + [ZnP]* — =0

o [znP]? — [ZnP] < + [Zn]; + [P]T> + [P];[Zn]; =0

ZnP,app

Solving the quadratic expression for the real solution yields:

KZnP,app KZnP,app

(e Lzl + 171, - J(;+[Zn]T+[P]T)2—4[P]T[Zn]T

[ZnP] = >

For each point in the titration, [Zn]1 is increased while [P]r is kept constant. The corresponding

fraction of peptide-zinc complex (fznp) formed is both dependent on [Zn]t and available peptide

[Plt, f,p = L @, where [ZnP]r=[P]r in saturated regime since [P]r is the limiting reactant.

[ZnPl, — [Ply

Conformational changes occurring upon Zn(ll) additions are monitored by changes in ellipticity

[®ops —[®ly

signal [B]obs, therefore at each point of the titration the fraction of folding is thus f, = ol T6]
F~ WMy

where [B]u and [O]F are the ellipticity values in the beginning and end-point of the titration (consid-
ering that the apo form is unfolded and the holo form is fully formed at the end). The increase in
a-helical content in both types of peptides is used as a measure of folded content, [B]obs=[0]222.

Assuming that all peptide-Zn(ll) formed is in a folded state, i.e. f, ~ f, ., then:

L {znly + [P);) - J( L (2], + [Ply) — 4lPlelznl,

[ZTlP] (KZnP_app KZnP,app

T T =P, = 20P]

T

From the Zn(ll) titration is possible to obtain the respective Kznp,app Values for each of the de-

signed peptides by tracking ellipticity changes at 222 nm.
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Two-state model of peptide thermal denaturation: At a given temperature (Kelvin) the constant

[e]obs

U
through:
[6]z—[6]y 9

of folding K = ] "is related to the fraction of folded peptide f, =

__fr kK _
K=a—marn

Where, [B]obs is the observed ellipticity at 222 nm, [6]r and [B]u the corresponding ellipticity

values when the peptide is fully folded or unfolded, respectively. The free energy of folding AG at
a given temperature is:
AG = —RT InK

Where R is the gas constant, 1.98 cal.moll. Therefore, at the temperature Tm where fr=0.5

the system has a AG=0. The corresponding enthalpy of folding AHTm is given by AH(T) = AHp,, +

fTTmAdeT, where ACp is the heat capacity change of a peptide upon folding (usually considered

AHTm

negligible for peptides). Considering that AS(T) = +f AC,dInT, though the Gibbs-Helm-

holtz equation:
T

AG(T) = AH — TAS & AG(T) = AHp, + j

™m

AHp,
AC,dT —T
b ( Tm

T
f AC,dIn T> o AG(T)
™m

Tm—-T T T
=AHTm( >+j AdeT—Tf AC,dInT o AG(T)

Tm ™m ™m
T T

The values of Tm and AHmm from a given peptide are related with ellipticity changes based on
by considering the following relations:

(_AHTm(l Tcn )+ACp|(Tm=T)+T Ingrr ])
AG
) K=o RT

K = e(_ﬁ

[0, — (8], _ K
(6], — [6], 1+K

fp=

(6], = f=([6]r — [6]y) + [6]y
And with corrections of the data for pre- (Fm) and post- (Uw) transition linear changes in [0]obs
as a function of temperature:
(0], = fRL([6]g + Fy T) — ([6]y + UyT)] + ([6]y + UyT)
Therefore, by monitoring ellipticity changes of the thermal unfolding curve, the values of Tm,
AHmm and AG can be obtained.
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