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Impact of Azidohomoalanine Incorporation on Protein

Structure and Ligand Binding

Florian Lehner,™ Denis Kudlinzki,> 9" Christian Richter,”” Henrike M. Muller-Werkmeister,
Katharina B. Eberl,'? Jens Bredenbeck,'? Harald Schwalbe,*"® and Robert Silvers*® !

The impact of the incorporation of a non-natural amino acid
(NNAA) on protein structure, dynamics, and ligand binding has
not been studied rigorously so far. NNAAs are regularly used
to modify proteins post-translationally in vivo and in vitro
through click chemistry. Herein, structural characterisation of
the impact of the incorporation of azidohomoalanine (AZH)
into the model protein domain PDZ3 is examined by means of
NMR spectroscopy and X-ray crystallography. The structure and
dynamics of the apo state of AZH-modified PDZ3 remain
mostly unperturbed. Furthermore, the binding of two PDZ3
binding peptides are unchanged upon incorporation of AZH.

Introduction

Genetic code expansion (GCE) and the incorporation of non-
natural amino acids (NNAAs) through naturally occurring trans-
lation machinery have become two very important approaches
to site-selectively label proteins for detailed biophysical investi-
gations, both in vitro and in vivo.'® GCE utilises orthogonal
aminoacyl tRNA synthetase (aaRS)/tRNA pairs that recruit the
NNAA during mRNA translation and recognise the amber stop
codon. The second and more simple approach to incorporate
NNAAs into proteins is based on amino acid analogues that
compete as substrates for the naturally occurring amino acids,
leading to a gene-defined partial replacement of the natural
amino acid by the added NNAA? This approach was first
described in 2002 for the residue-specific incorporation of the
methionine surrogate azidohomoalanine (AZH) by using a
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The interface of the AZH-modified PDZ3 and an azulene-linked
peptide for vibrational energy transfer studies has been
mapped by means of chemical shift perturbations and NOEs
between the unlabelled azulene-linked peptide and the isotop-
ically labelled protein. Co-crystallisation and soaking failed for
the peptide-bound holo complex. NMR spectroscopy, however,
allowed determination of the protein-ligand interface. Al-
though the incorporation of AZH was minimally invasive for
PDZ3, structural analysis of NNAA-modified proteins through
the methodology presented herein should be performed to
ensure structural integrity of the studied target.

methionine auxotrophic Escherichia coli strain, in which AZH
served as a substrate of the natural methionyl tRNA synthetase
(MetRS), leading to incorporation of AZH instead of methio-
nine.”

Incorporation of the azide group into proteins allows post-
translational modifications commonly used in click chemistry
(Figure S1 in the Supporting Information).”’ Bioorthogonal
(BONCAT), fluorescent (FUNCAT) and nitrilase-activatable non-
canonical amino acid tagging (NANCAT) are among AZH-based
click chemistry techniques that have been developed to visual-
ise proteins by using the azide moiety for labelling.

BONCAT was used in proteomics for the time-resolved profil-
ing of protein synthesis and for the screening of stimulation-
induced protein synthesis.®” In vivo, BONCAT was used to ana-
lyse AZH effects on larval zebrafish to show that, apart from
metabolic incorporation into newly synthesised proteins, there
was no apparent toxic effect of AZH and no impact on simple
behaviour of the model organism.®! Further in vivo studies
have been applied in mice, by labelling the proteome through
intraperitoneal injections with AZH.”' Application to pregnant
dams results in no blatant disruptions in development fol-
lowed by normal parturition and growth of pups. A nitrile-sub-
stituted precursor of AZH has been used for cell-selective la-
belling of proteomes with NANCAT to label only cells that ex-
press nitrilase to produce AZH, resulting in the incorporation
of AZH into the nascent proteins."” Visualisation and profiling
of the nascent proteome occurred through click chemistry la-
belling with fluorescent probes or affinity tags.

Another application of azide groups in proteins and, in par-
ticular, AZH was presented recently. The azide functional group
allows probing site-specific structural changes of proteins and
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the study of protein-ligand binding through changes in the
azide absorption frequency in IR spectroscopy applica-
tions."""? In combination with the chromophore azulene, AZH
acts as a sensor to form a donor-sensor pair to detect vibra-
tional energy transfer (VET) from the azulene group through
the polypeptide by measuring changes to the azide absorption
frequency by means of Vis-IR pump-probe experiments."
VET in peptides has been reported in earlier studies by Botan
et al." They used an azobenzene-based heater attached to a
peptide 3,,-helix and carbonyl groups as local internal ther-
mometers, in combination with selective '>C=0 isotope label-
ling for spatial resolution.

In addition to AZH, homopropargylglycine (HPG) and homo-
allylglycine (HAG), which can be incorporated by the natural
translation machinery, more than 150 genetically encoded
NNAAs with a wide spectrum of functional groups are already
known and have been part of a great variety of studies on
proteins and biocatalysis, which reveals the high importance of
NNAAs for structural and functional investigations of pro-
teins. 1

To date, the extent and impact of the incorporation of
NNAAs on structure and dynamics of proteins have not been
thoroughly investigated by high-resolution structure-determi-
nation methods, such as X-ray crystallography and NMR spec-
troscopy. To the best of our knowledge, only two X-ray struc-
tures have been published, by Debela et al., in which AZH and
HPG have been incorporated into human annexinV (PDB ID:
2X02 (AZH), PDB ID: 2XO3 (HPG)), but no characterisation of
the changes to dynamics or binding has been documented.
However, high-resolution investigation of structure and dy-
namics of these modified proteins are necessary to differenti-
ate between artificially introduced changes to the systems and
experimentally relevant results.

Herein, we report on the design and conduct of such de-
tailed studies, starting from investigating the incorporation ef-
ficiency of NNAAs, characterising the effect of AZH incorpora-
tion into the well-studied protein PDZ3 domain of the post-
synaptic density protein 95 (PSD-95) and the impact on protein
binding to the native-like Ac-NYKQTSV (L;) peptide binding
motif and a modified AzuCa-KQTSV (Ls,) peptide ligand. Azu-
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lene-1-yl-acetic acid (AzuCa) is introduced as a vibrational
energy donor to enable future studies of VET'® The PDZ3
domain of PSD-95 from Rattus norvegicus was the starting
point of our analysis, as summarised in Figure 1. The incorpora-
tion of AZH was performed at position 341, to replace 1341
with methionine (I1341M), resulting in the PDZ3 mutant
PDZ33,- Expression in methionine auxotrophic cells allowed
us to express the AZH mutant PDZ3 547

We show that AZH has a minimally invasive impact on the
structure and dynamics of PDZ3 in the ligand-free and pep-
tide-bound states. In addition, we observe that ligand modifi-
cation with AzuCa does not interfere with ligand binding.

Results and Discussion
AZH incorporation

AZH was incorporated into PDZ3 by using a methionine auxo-
trophic E. coli strain B834(DE3) regularly used to incorporate
selenomethionine into samples designated for X-ray crystallo-
graphic studies."*'? PDZ3;,,.z4 Was expressed by using AZH
as a supplement to the regularly used M9 medium, whereas
PDZ3;,,m and PDZ3,,; were overexpressed in E. coli BL21(DE3).
Initial expression of PDZ33,,.z4 under glucose-limited condi-
tions (0.2%), to reduce costs for isotopic labelling, led to AZH
incorporation of only around 43 %, as estimated by the aver-
age intensity ratios between well-separated resonances in the
'H,"®N HSQC spectra of the same amino acids belonging to
either PDZ334azq OF PDZ3p,,, (see Figure S2). The backbone
amide signal of isotopically labelled M341 was also detected;
this should not occur due to the utilisation of the methionine
auxotrophic E. coli strain, which has previously been successful-
ly tested for methionine auxotrophy. After several test expres-
sions, we established an efficient protocol to express isotopi-
cally labelled PDZ3 ;4142 (either "N or *C and '°N) with AZH
incorporation yields of about 94%, as validated by 2D NMR
spectroscopy. The key factor for the increased incorporation of
AZH was a required twofold increase in glucose levels during
expression (0.4 %).
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Figure 1. Overview of the investigated proteins derived from PDZ3,; and protein-ligand complexes. Starting from PDZ3,,;, the protein variants PDZ3,35az4
and PDZ3,,,, were investigated by NMR spectroscopy and X-ray crystallography, in their apo states and together with either the Ls, ligand (AzuCa-KQTSV) or
the L; ligand (Ac-NYKQTSV). Extensive CSP analysis and relaxation data were used for structural and dynamic investigations. X-ray structures of PDZ3,; (apo
(PDB ID: 1BFE) and holo (PDB ID: 1BE9)) were available, whereas de novo NMR spectroscopy and X-ray high-resolution structures of PDZ3 3,5z Were solved

in this work.
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Incorporation of isotopically labelled methionine most likely
results from residual cobalamin present in the medium, plausi-
bly from rich-medium pre-cultures. The methionine deficiency
of B834(DE3) is based on a mutation in metE, which deacti-
vates the cobalamin-independent homocysteine methylase
that catalyses the transfer of a methyl group from methyltetra-
hydrofolate to homocysteine in the final step of the methio-
nine synthesis in E. coli.?>?" It was shown that E. coli B834(DE3)
cells had normal growth in the absence of methionine, if coba-
lamin was added to the culture due to a second cobalamine-
dependent pathway for methionine synthesis. The enzyme co-
balamin-dependent homocysteine methylase (metH) enables
E. coli to produce methionine in the presence of cobalamin.
Therefore, the presence of cobalamin has to be limited to ach-
ieve a high AZH incorporation yield.

NMR spectroscopic and X-ray structural characterisation of
PDZ3I341AZH

Assignment of the backbone resonances of PDZ3;35z4 Was
performed based on 3D HNCACB, HNHA, HNCO, and
'H NOESY-"H,"”N HSQC spectra.?>*! Aliphatic side chains were
assigned with 3D HCCCONH and 3D 'H NOESY-'H,"*C HSQC
spectra.”*? The NNAA AZH within the *C,"’N doubly labelled
protein was assigned with 2D "C'N doubly filtered
'H,"H NOESY and 'H,"H TOCSY experiments.”*=>% A total of 414
of 424 (98%) backbone nuclei were assigned ('H: 100%, *C:
94%,"*N: 100%), as well as 360 of 540 (67 %) side-chain nuclei
("H: 78%, C: 58%,"°N: 0%). Chemical shifts were deposited
into the Biological Magnetic Resonance Data Bank (BMRB ID:
30307).

A total of 2627 distance restraints were extracted from 3D
'H NOESY-"H,” N HSQC, 3D 'H NOESY-'H,"*CHSQC, and 2D
'H,"H NOESY spectra. Additionally, a total of 35 "H-"H restraints
of the unlabelled AZH were determined from 2D [°C,°N]
doubly filtered ['H,’H]I NOESY, 3D 'N-edited 'H NOESY-
'H,">N HSQC, and 3D 'C-edited 'H NOESY-'H,"*C HSQC spec-
tra.’? Twenty of the 400 initially calculated conformers were
selected based on the CYANA target function. The structure of
PDZ3,341az1 (PDB ID: 5W72; Figure 2 A and Table 1) obtained by
NMR spectroscopy has an average backbone heavy-atom
RMSD (R312-A402) mean of (0.69+0.48) A and an average all
heavy atom RMSD (R312-A402) mean of (1.01+0.58) A (0.85-
1.44 A). The highest residue-specific RMSDs (see Figure S3) are
found for the N terminus, which is highly flexible and has
therefore been excluded from the average RMSD calculation.
Slightly increased residue-specific RMSD values are found for
the flexible loop L, and also in proximity to the mutation site
341. Although loop L, is most likely affected by higher flexibili-
ty and conformational exchange (see below), it is unknown
whether the slightly higher RMSD around the mutation site is
a consequence of the mutation itself, or due to a reduction in
NOE contacts as a result of the flexibility of loop L,, or an in-
trinsic feature also present in PDZ,,. The AZH side chain is less
restrained and points towards the solvent, relative to the side-
chain position of 1341 in PDZ; (Figure S4C). Most likely, this is
a result of a lack in restraints for the proton-less azide side

A) NMR (5W72) B) X-ray (SMZ7)

terminus

Figure 2. Structures of PDZ3l;,,,,, obtained by NMR spectroscopy and X-ray
crystallography, with a comparison to the PDZ,; crystal structure. A) Struc-
ture bundle of PDZ3 34,711 Obtained by NMR spectroscopy. B) Crystal struc-
ture bundle of PDZ334,,z4 chains A (green), B (yellow), C (orange) and D
(red). C) Structure of PDZ3,3,,4,4 obtained by NMR spectroscopy (blue)
aligned with the crystal structure of PDZ3,; (PDB ID: 1BFE; violet).

D) PDZ3,341az11 X-ray structure (chain A, green) aligned with the crystal struc-
ture of PDZ3,,; (PDB ID: 1BFE; violet ribbon). Secondary structure elements
are visualised in light grey in cartoon shapes. This figure was generated by
using the PyMOL Molecular Graphics System, Version 1.7.6.3, Schrédinger,
LLC.

Table 1. Structural statistics obtained for the structure bundle deter-
mined by NMR spectroscopy.

Conformational restraints

distance restraints 2627
intraresidual 1195
sequential (|i—j| =1) 555

medium range (2 < |i-j| <4) 316

long range (]i-j| >5) 561

dihedral angle restraints (¢/v) 136

Restraint violations

CYANA target function value [A%] 0.8740.06
RMS distance restraint violation [A] 0.0043 +0.0007
maximum distance restraint violation [A] 0.006

RMS dihedral angle restraint violation [°] 0.508 +0.06
maximum dihedral angle restraint violation [] 0.627

RMSD

heavy-atom backbone (R312-A402) [A] 0.69+0.48

all heavy atoms (R312-A402) [A] 1.014+0.58

chain. We therefore also crystallised PDZ3;,,,74 and recorded
the X-ray structure to determine the orientation of the AZH
side chain.

The crystal structure of PDZ3,3,,424 (PDB ID: 5MZ7; Figure 2B
and Table S1) was solved at 1.53 A resolution with four mole-
cules in the asymmetric unit, a crystallographic R factor of
18.5% and an Ry, of 22.1%. The molecules are very close to
each other, which indicates intermolecular contacts, as listed in
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Table S2. These contacts indicate tight crystal packing. Overall,
four side chains have multiple conformations in chains A
(R313), C (V362, 1389) and D (R399). Whereas chains A and B in-
clude all residues from G303-A402, in chains C and D, three or
four N-terminal amino acids are missing, respectively, probably
due to dynamics. Alignment of all chains leads to a backbone
heavy-atom RMSD of (0.3740.25) A and an all heavy atom
RMSD of (0.5340.40) A. Major secondary structure elements
are well conserved among all chains. Deviations only occur in
loops L, and L,; this indicates the presence of conformational
heterogeneity (Figure S3). Furthermore, in the C-terminal os-
helix, differences are visible that reveal further conformational
heterogeneity. For loop L,, two main conformations occur: one
conformation is populated by chains A and B, whereas the
other conformation is found for chains C and D. Interestingly,
the paired orientation of the loop might result from the differ-
ence in flexibility of the N terminus because chains with fewer
amino acids visible at the N terminus have one very similar
conformation, whereas chains with all amino acids visible pop-
ulate a different conformation. Overall, chain D shows the
highest deviations with respect to the other chains in the
asymmetric unit; this indicates that the flexibility of the N ter-
minus affects the orientation of loops L, and L,, as well as the
as-helix. In the X-ray structure, the AZH side chain is well de-
fined by the data and points towards the interior, comparable
to the side-chain position of 1341 in PDZ,; (Figure S4D).

Independent of the method used for the structural investi-
gation, the overall protein fold of PDZ3;,,z4 is highly con-
served. The X-ray structure appears slightly more compact; this
is most likely to be due to crystal-packing effects. As discussed
previously, in the structure determined by NMR spectroscopy,
the AZH side chain points towards the solvent, whereas the
AZH side chain in the X-ray structure points towards the interi-
or. Additionally, there is only one conformation of the L, loop
in the structure determined by NMR spectroscopy, whereas
there are two conformations in the X-ray structure; this shows
that different conformations seem to be populated in solution
and in the crystal state.

Comparison of PDZ3,;;,,z and PDZ3,,; shows only minor
changes in structure and dynamics

Structure alignment of wild-type PDZ3 (PDZ,; PDB ID: 1BFE)
with PDZ3 3,147 Shows that the overall structural fold is highly
conserved (Figure 2C and D). Differences between PDZ3,,; and
the mutant structure occur in the loop regions. In the X-ray
structure, two conformers of PDZ3 ;4,24 Match the conforma-
tion present in PDZ3,,;, whereas the remaining conformers of
PDZ3;;4:a2¢ populate a different L, loop orientation. These
structural differences result from conformational flexibility, as
indicated by high B factors in the wild-type crystal structure
and the lack of assignable resonances for NMR spectroscopic
analysis because of exchange broadening. The flexibility of the
N and C termini is also conserved in the PDZ3,; and PDZ3 ;471
structures, but best illustrated by the NMR spectroscopy struc-
ture bundle. Minor structural differences are observed around
the mutation side, especially in o;-helices and subsequent

amino acids, as well as at the end of the a,-helices. High B fac-
tors in the a,-helices in the PDZ3,,; crystal structure indicate
that these deviations arise from internal flexibility as well,
which is also represented by our NMR structure bundle and
are not an effect of AZH incorporation.

The observation of a highly flexible N terminus in the struc-
ture determined by NMR spectroscopy is in agreement with
missing amino acids of the N terminus in the X-ray structures
of PDZ334,z1 and PDZ3+ This finding supports conservation
of the N-terminal flexibility of PDZ3,,; upon AZH incorporation.

To map the changes in chemical shifts upon the introduction
of AZH, we performed chemical-shift perturbation (CSP) analy-
sis based on 2D 'H,"° N HSQC spectra of PDZ3,,; and PDZ3 34121
(Figure 3A and B).

The chemical shift changes are mainly located in proximity
to the mutation site at position 341. F325 is also marginal af-
fected, which is reasonable because it is located in the previ-
ous f,-sheet in the binding pocket spatially close to the muta-
tion site. The most, but still moderately, affected amino acid is
A343, which is sequentially close to the mutation site. The
overall impact of the single mutation on the chemical shifts is
very small and the observed CSPs are in good agreement with
our structural analysis. Similar CSPs are estimated for the
I1341M and 1341AZH mutations; this suggests that the mutation
site causes the majority of perturbations and not the type of
mutation itself, although the polarity of the AZH side chain is
much higher than that of the hydrophobic aliphatic side
chains of isoleucine in the wild-type and S-methyl thioether of
PDZ3;,,m (Figure S5).

Furthermore, we investigated changes in dynamics upon in-
corporation of AZH into the protein by recording "°N longitu-
dinal and transverse relaxation rates (R, and R,), as well as by
detecting the heteronuclear NOEs (hetNOEs). The relaxation
data were used to calculate the residue-specific order parame-
ters, %, to compare the dynamics of PDZ3,; and PDZ3 4.z
(Figure 3C and D). High-order S? indicates that the majority of
residues are well structured in both PDZ3,; and PDZ3,;az-
Three N-terminal and one C-terminal residues are flexible and
conserved in the wild type and the AZH mutant, with minor
differences in S%. The $? values of G322 in PDZ3,; and
PDZ3,3,121 are slightly decreased, which is in good agreement
with the structural information because G322 is located in flex-
ible L, loop and the 'H-"°N resonances of the surrounding
amino acids are not visible in the HSQC spectra due to ex-
change broadening.

Thus, the incorporation of AZH has a small effect on the
internal flexibility of the protein, which results in a minor
destabilisation of the mutant protein. Similar effects are also
observed for PDZ3;,,; this provides strong evidence that our
observation is a typical impact that results from a point muta-
tion at position 341 (Figure S6).

Longitudinal (T;) and transverse (T,) relaxation rates were
used to estimate the rotational correlation time, 7., of a pro-
tein, that is, the time for a protein in solution to rotate one
radian.®" For PDZ3,,; and PDZ3341az+ We determined rotational
correlation times of (6.77+0.24) and (6.44+0.22) ns, respec-
tively. These values correspond to molecular weights (MWs) of
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Figure 3. CSPs and order parameter (S?) comparison of PDZ3,,; and PDZ3,3,,,z+ A) Absolute combined chemical shift changes of the PDZ3,,; backbone amide
signals upon exchange of 1341 (PDZ3,,;) for AZH (PDZ334az1)- Secondary structure elements are illustrated at the top in grey. B) Colour-coded CSPs are plotted
on the structure of PDZ3,,; (PDB ID: 1BE9) shown in cartoon and surface representations. Specific amino acids are highlighted to show the most influenced
residues. Missing residues are four prolines (308, 311, 346 and 394); two N-terminal glycine residues (302 and 303); and S320, T321, L323, E352 and Q384 due
to exchange broadening. C) Order parameters of PDZ3 (blue circles) and PDZ3 34,4z (red circles) and their order parameter differences (grey) with errors (red)
are plotted versus the amino acid sequence. D) Colour-coded order parameters of PDZ3,,,,,4 are plotted on the structure of PDZ3,,; (PDB ID: 1BE9) in cartoon
and surface representations. Blue illustrates rigid parts of the protein; red indicates flexible parts.

(11.08+0.38) and (10.53 +0.36) kDa for PDZ3,; and PDZ334;az1s
respectively. Both values are within error of the calculated the-
oretical MWs of uniformly the '“N-labelled protein (PDZ3,:
10.914 kDa, PDZ3341az4: 10.926 kDa). Hence, the incorporation
of AZH does not affect the oligomerisation state of PDZ3.

Ligand binding of PDZ3,,; and PDZ3,;,,,74 remains
unaffected upon AZH incorporation

PDZ domains are known for binding to C-terminal tails of their
target proteins.®? PDZ3,,; binds to the cysteine-rich PDZ-bind-
ing protein (CRIPT) and Doyle et al. showed that the C-terminal
peptide derived from CRIPT was the binding motif of
PDZ3,+>* Therefore, we used the seven (L,) or five (Lsy) C-ter-
minal residues of the CRIPT protein (Figure 1) for our ligand
studies to investigate the impact of AZH incorporation on
ligand binding, as well as the influence of azulene group modi-
fication of the ligand.

The dissociation constants (K,) for PDZ3,; and PDZ34az1
with native-like ligand L,, were determined by isothermal titra-
tion calorimetry (ITC; Figure S7) to be (2.87+0.09) and (2.52 +
0.04) um, respectively; this shows that the AZH mutation does
not affect ligand binding. The ITC measurements for
PDZ334:a2¢ With ligand Lg, yielded a dissociation constant of
(14+2) um, which was slightly elevated relative to binding of
native-like ligand L, to both PDZ3,,; and PDZ3 3,z These dis-
sociation constants are in good agreement with Ky values re-
ported by Petit et al.* who determined a dissociation con-
stant of (1.24+0.7) um for the binding of a native-like nonamer
peptide to PDZ3,;. Furthermore, removal of the seven C-termi-

nal residues of PDZ3 (PDZ3,,.) lowers the affinity 21-fold, re-
sulting from removal of Y397 and F400, which are thought to
interact with the N-terminal residues of the nonamer ligand.
Thus, it is likely that the significantly shorter peptide ligand Ls,
binds more weakly to PDZ3 ;4,74 With a Ky value comparable
to that of the interaction of the nonamer peptide with
PDZ3 7

We analysed the CSPs of binding of the ligands L, and L;, to
PDZ3 341421 The residue-specific CSPs induced by both ligands
are very similar, as easily seen in related CSP plots (Figure 4A
and B). Most pronounced CSPs are found for residues in f3-
sheet (3, and in the L, loop region. Also, remote effects can be
observed in the a,-helix and its flanking residues, which show
high CSPs, although they are not spatially close to the bound
peptide ligands. Residues in the a,-helix experience a change
in the chemical environment upon ligand binding that is inde-
pendent of whether ligand Ls, or L, is bound to PDZ334:pz1-
The ligand binding site of the PDZ domains share a common,
highly conserved X®G® binding motif (here: G;,,LGF;,), in
which X is any amino acid residue and @ is a hydrophobic resi-
due.P¥ The X®G® binding motif is situated at the C-terminal
end of loop L, and beginning of p-sheet {3,. Accordingly, resi-
dues G324 and F325 show strong CSPs upon ligand binding
(Figure 4A and B). Residues $320, T321 and L323 cannot be
detected due to conformational exchange broadening in both
apo PDZ3;,,az4 and PDZ3,: Importantly, the chemical shifts of
these residues are unperturbed upon AZH incorporation (Fig-
ure 3A). Furthermore, the X®G® binding motif of PDZ3 3,144
is structurally identical to that of PDZ3,; (Figure S4B) and
shows significant dynamics, especially in L323 (Figure S4A).
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Figure 4. Residue-specific CSPs upon ligand binding to PDZ3,,; and
PDZ3,341az1- A) CSPs upon ligand Ls, binding to PDZ3,34424. B) CSPs induced
by ligand L; binding to PDZ3,34;4z4. C) CSPs between PDZ3 34,5211 bound to
either ligand Ls, or L;. D) CSPs between the PDZ3,::L; and PDZ334,5z4:L;
complexes.

Differences between ligand-induced CSPs are very small, oc-
curring with significant amplitude only for residues in the loop
regions, especially for residues 1329 and G330 in the L, loop
(Figure 4 C). These differences arise from the effect of the bulky
hydrophobic azulene group of ligand Ls,, which has a different
impact on the chemical shift environment than that of the as-
paragine and tyrosine residues of ligand L, located at the same
positions. Because the C-terminal residues threonine, serine
and valine of both ligands contribute most to ligand binding
and no significant CSPs between the L,- and Ls,-bound states
of PDZ3341pz4 at the X®GD binding motif occur, the binding
mode of both ligands is highly conserved.

By calculating the CSPs between the ligand L, bound states
of PDZ3,,; and PDZ33,;azn the impact of AZH on the chemical
environment of the protein in the ligand-bound state can be
estimated (Figure 4D). The affected residues in PDZ334az1
(N326, L342, G344, G345, A347, D348, E352, L353, K355, G356,
E395) are mainly found in spatial proximity to the mutation
site overall, with relatively small amplitudes; this demonstrates
that PDZ3,3,,,24 binds ligand L, in the same binding mode as
that of PDZ3,,; because significant CSPs result from the AZH
mutation. The dynamic changes upon ligand binding of the
proteins were analysed through relaxation data analysis on
PDZ3,341az24 With ligand Ls, (Figure S8 A) and PDZ3,,; with ligand
L, (Figure S8B).

The value of S? for PDZ3 3,424 bound to ligand Ls, indicates
a small difference from that of the ligand-free protein. Stabilis-

ing effects occur for amino acids G344 and E352, which are
not located in the peptide binding pocket, but these residues
are slightly destabilised through mutation. Overall, there are
only small changes to the internal flexibility of PDZ3;4 a1
upon binding to ligand Ls,. Similar results were obtained for
the PDZ3,,;:L, complex, without any significant changes to the
residue-specific flexibility after ligand binding. A comparison of
the ligand-bound states of PDZ3,,; and PDZ3 ;4,74 (Figure S8C)
indicates minor destabilisation of the mutant complex, which
is in agreement with the slightly increased flexibility of the
ligand-free mutant structure.

To gain further insight into the ligand-binding mode of
ligand Ls,, we performed 2D [“C,'°N] doubly half-filtered
NOESY (Figure 5) and TOCSY (Figure S9) experiments to assign
the signals of ligand Ls, in the binding pocket of
PDZ3;341470. %% Furthermore, we performed a 3D ["C,°N]
doubly half-filtered ">N-separated NOESY HSQC (Figure S10)
experiment to determine intermolecular contacts between
PDZ3;541a20 °N-'H protons and the protons of the naturally
abundant ligand L;,.5”

Through the unique patterns of signals of the amino acids
of ligand Lg,, we could assign all visible ligand signals. These
assigned signals were used together with the backbone as-
signment of the 'H-"°N resonances of PDZ334azy to analyse
the 3D ["*C,"*N] doubly half-filtered *N-separated NOESY HSQC
experiment. Intermolecular NOE contacts between '°N-bound
protons of the protein and '>C/"N-bound protons of the
ligand were assigned (Figure S10). Four NOEs were detected
between 1327, A376, 1377 and L379 of the protein and H" of
the T3 of ligand L;,. Two further NOEs were assigned to L379
and K380, which showed their proximity to the H* proton of
V5 of ligand Ls,. These NOEs confirm the correct orientation of
ligand Ls, in the binding pocket, observed in the crystal struc-
ture (PDB ID: 1BE9) of PDZ3,,; in complex with its native C-ter-
minal ligand.®?

A flexible protocol for tracking NNAA-induced changes

Based on experience gained for this model protein, we devel-
oped a protocol to investigate the effects of NNAA incorpora-
tion into proteins (Figure 6). Although the list of experiments
and scope of applications is not complete and depends on the
investigated systems, we believe that this protocol will help to
plan and conduct experiments that are feasible for the majori-
ty of systems dealing with NNAAs. All experiments are run on
the wild-type and mutant proteins to delineate changes relat-
ed to the incorporation of NNAA.

Basic set: The basic set is comprised of experiments that can
be run with little effort (time and money) and are mainly
aimed at investigating the NNAA incorporation efficiency,
global structure and protein functionality. Performing experi-
ments on each of these three points to confirm NNAA incorpo-
ration and to investigate resulting changes is very important.
The experiments of the basic set give insights into changes
without local information, but allow a first estimation of the
effects of NNAA incorporation. Mass spectrometry can be used
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Figure 5. The 2D N,"”C doubly filtered NOESY spectrum of the 2:1 PDZ33,,7—Lsa complex. Intraresidual NOEs are labelled in black, whereas inter-residual
NOEs are labelled in green. The AZH labels describe AZH signals; AZU labels signals are derived from azulene. Signals from ligand Ls, and Ac describe the
acetate group of the Ls, ligand. Unassigned signals are derived from non-isotope-labelled AZH in the ligand-free state and background. Signals marked with
a grey star are derived from the AZH resonance of the protein in the ligand-free state. Data were acquired on a 700 MHz NMR spectrometer ("H Larmor

frequency).

to determine incorporation efficiency, assuming the difference
in mass between wild type and mutant is sufficient. Circular di-
chroism (CD) can be used to determine the overall content of
secondary structure elements and CD melting curves can be
used to determine protein stability. Alternatively, protein stabil-
ity can be measured by other methods, such as thermal shift
assays, also known as differential scanning fluorimetry
(DSF).2>3¢ 1D 'H NMR spectroscopy can be used to determine
the overall fold of the protein because the dispersion of signals
report on the presence of folded and unfolded elements. From
uniformly "*N-labelled samples, '"H-">"N HSQC can also be used
to report on the global structural fold of the protein. The con-
gruency between wild-type and mutant 'H-">N HSQC is a very
sensitive indicator of the structural fold. Without major struc-
tural changes, the majority of signals should be unperturbed
and only signals of residues close to the mutation site are
affected. Global T, and T, relaxation rates can be measured
easily through 1D NMR spectroscopy and an assignment is not
necessary. These rates can be used to determine the rotational
correlation time and, subsequently, MW.B" This will allow the

determination of the molecular assembly. Alternatively, DOSY
can be utilised to investigate the molecular assembly of natu-
ral abundance samples.”” If ligand binding is an important
part of the function of the investigated system, determining
the binding affinity is crucial. Several techniques can be uti-
lised, including isothermal calorimetry (ITC),*®¥ microscale ther-
mophoresis (MST),***? surface plasmon resonance (SPR)"*"*? or
fluorescence resonance energy transfer (FRET).*** Other pro-
tein functionality assays should be performed, depending on
the function of the investigated system.

Advanced set: The advanced set is comprised of the experi-
ments detailed in the basic set of experiments, plus additional
experiments. The first step is to acquire a set of experiments
to achieve backbone assignments on a uniformly "C,'°N-la-
belled sample. Typically, a set of 3D HNCACB, 3D HNCO, and
3D HN(CO)CACB samples, among others, are used that yield
the 'H, "°N, CO, *C* and "*CP chemical shifts for each resi-
due.?>*% The use of these chemical shifts allows the determi-
nation of residue-specific secondary structure elements by
means of, for example, TALOS or CSI.%"*® Furthermore, the as-
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Figure 6. A flexible protocol for tracking the influence of NNAA incorpora-
tion into proteins. The basic set provides global information with little effort
to give a first impression of the NNAA influence on protein folding and func-
tion. The advanced set includes site-specific information, along with increas-
ing effort, to allow the investigation of residue-specific effects of NNAA in-
corporation. The extensive set includes the determination of high-resolution
structures to address the effects of NNAA incorporation.

signment allows a residue-specific analysis of CSPs from 'H-
>N HSQCs of the wild type and mutant. Additionally, the mea-
surement of T, and T, relaxation rates and the hetNOE are
used to determine the residue-specific pico-/nanosecond back-
bone dynamics.***" If ligand binding is an important part of
the investigated system, ligand titration can be used to deter-
mine ligand affinity from '"H-">N HSQC experiments.

Extensive set: Experiments included in the extensive set aim to
arrive at a full structural characterisation of the system. Typical-
ly, this is only necessary under two circumstances: 1) results
obtained with the basic and advanced sets are not conclusive
enough to exclude major effects of NNAA incorporation, and
2) no structural data is available for the system. The first step is
to acquire a set of experiments to achieve side-chain assign-
ments on a uniformly C,'°N-labelled sample. Typically, these
are 3D HCCH-TOCSY and 3D HCCCONH, among others.?%2-%%
The side-chain proton assignment allows for the analysis of
2D and 3D NOESY spectra to determine structural re-
straints.”>?%%>7) Additional restraints can be gained from resid-
ual dipolar coupling, if necessary.®**"*®>% |f ligand binding is
an important part of the investigated system, edited and fil-
tered NMR spectroscopy experiments will allow assignment of
the resonances of the unlabelled species (small molecule, pep-
tide ligand, protein, etc.), as well as structural parameters for
the protein-ligand interface.”®3%%-%¥ Crystallisation and X-ray
structure determination can be useful under certain circum-
stances, if crystallisation of the sample is feasible. For PDZ3,
the proton-less azide moiety of AZH did not permit the conclu-
sive determination of side-chain orientation. Furthermore, the
structure determined by NMR spectroscopy shows some minor

differences from already published wild-type structures of
PDZ3. In such cases, it might be prudent to perform an addi-
tional X-ray structure analysis. In our case, the characterisation
of ligand binding was not possible by X-ray because co-crystal-
lisation and soaking of ligand Ls, did not yield any crystals, or
no crystals of sufficient quality.

Conclusion

We performed a detailed analysis of the impact of AZH incor-
poration on the protein structure and dynamics of the PDZ3
domain and its ligand-binding characteristics, with respect to
native-like ligand L, and ligand Ls, carrying azulene as a vibra-
tional energy donor. Through high-resolution NMR spectrosco-
py and X-ray crystallography, we were able to solve the solu-
tion and crystal structure of PDZ3,3,,,4 as the basis of our anal-
ysis. Structures of PDZ,,., determined by X-ray crystallogra-
phy and NMR spectroscopy were highly conserved, with only
minor differences resulting from internal conformational flexi-
bility of the protein and crystal-packing effects that decreased
the conformational space of the crystal structure, in compari-
son to that of the solution structure determined by NMR spec-
troscopy.

A comparison of the structures of PDZ3,,; and PDZ3;,:an
clarified that AZH incorporation into PDZ3,,; was minimally in-
vasive, that is, only local structural effects were observed. This
was supported by CSP analysis, in which only moderate, local-
ised perturbations appeared. However, order parameters indi-
cated minor destabilisation of PDZ3,,; through the incorpora-
tion of AZH.

Binding of L, ligand to PDZ3,; and PDZ3;,;xz4 Was mapped
on the protein surface through CSP data to show that the
wild-type and mutant proteins formed stable protein-ligand
complexes, although minor CSP differences were observed.
These deviations were caused by AZH and were also visible for
the apo state of PDZ3,4,xz4 Which implied that AZH did not
affect ligand binding significantly. This was also valid for ligand
Ls, because ligand binding of PDZ3 3,474 to ligands L, or Lg,
showed the same ligand-binding mode and only minor differ-
ences occurred that were localised to where the azulene
moiety of ligand Lg, was close to the protein surface. A com-
parison of the order parameters of the wild-type and mutant
complexes showed that the PDZ3;34;a71:Lsa cOmplex was slight-
ly destabilised in comparison with that of the PDZ3,:L, com-
plex; this was also found for a comparison of the apo proteins.
We conclude that the azulene group of ligand Ls, has a mini-
mally invasive character and show that AZH, in combination
with azulene, is a valid silent spy system for IR spectroscopic
investigations of VET pathways because the native properties
of the system remain essentially unperturbed.

Our biophysical validation pipeline is generally applicable for
the characterisation of the incorporation of NNAAs and their
structural and dynamic effects. This is highly recommended for
experiments in which small changes are expected to unravel
the effects resulting from the introduced internal spy to re-
assess the acquired data.
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Experimental Section

Expression of PDZ3, PDZ3,,,w and PDZ3;,,,z4: The amino acid
sequences of PDZ3,; PDZ3;,,m and PDZ3;,,42 are shown in Fig-
ure S11. Uniformly *C-,"’N- and "N-labelled PDZ3,3,,57 Was recom-
binantly expressed in methionine auxotrophic E. coli B834, whereas
3C-,°N- and "“N-labelled PDZ3,; and PDZ3,,yw were expressed in
E. coli BL21(DE3). Cultures were grown at 37°C on minimal
medium supplemented with either *NH,Cl or both "NH,Cl and
B3Ce-glucose. For PDZ3 34471, 160 mg AZH was added to 1L of the
medium. Expression was conducted at 20°C for about 18 h after
induction with isopropyl (-p-1-thiogalactopyranoside (IPTG) at a
final concentration of 1 mm. Cultures were harvested by means of
centrifugation followed by cell lysis with a microfluidiser in buffer
containing 50 mm Tris pH 8.0, 10 mm imidazole, 100 mm NaCl and
ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor
(Roche Applied Science). The insoluble fraction was removed by
ultracentrifugation. His-tagged proteins were purified from the su-
pernatant through immobilised metal-ion affinity chromatography
(IMAQ). The His tags were cleaved through TEV protease digestion
during dialysis against buffer containing 50 mm Tris pH 8, 100 mm
NaCl and 5 mm (-mercaptoethanol. After a second IMAC step, the
flow-through fractions were collected and concentrated by using
VivaSpin 20 spin concentrators (Sartorius, 3000 MWCO) and further
purified by size exclusion chromatography (GE HiLoad 26/600
75pg) in buffer containing 50 mm sodium phosphate at pH 6.8.
Proteins were subsequently concentrated by using VivaSpin 20
spin concentrators (Sartorius, 3000 MWCO).

Backbone resonance assignment of PDZ3,;, PDZ3,,,,, and PDZ3
in complex with ligand L;: Spectra of PDZ3,;,,, were acquired at
298 K on a 600 MHz spectrometer (Bruker Avance Ill HD) equipped
with a Prodigy 5 mm TCl "H/'°F'®N,"*C Z-GRD cryoprobe, whereas
all spectra of PDZ3,,; were acquired on a 600 MHz spectrometer
(Bruker DRX) equipped with a 5 mm TXI 'H,"”N,"*C XYZ-GRD probe.
All samples contained 50 mm sodium phosphate buffer at pH 6.8.
Amide backbone resonances of PDZ3;,,y were assigned through a
3D HNCACB experiment on a 2.6 mm uniformly *C-, ®N-labelled
sample.”” Amide backbone resonances of PDZ3,; were assigned
through a 3D HNCACB experiment on a 0.9 mm uniformly *C-, *N-
labelled sample. The amide proton assignment of PDZ3,,; in com-
plex with L, ligand was performed on a 0.9 mm sample of uniform-
ly *C-, ®N-labelled PDZ3,,; with ligand L, present at a concentra-
tion of 1.8 mm. Ligand L, was synthesised in house on an ABI 433A
peptide synthesiser (Applied Biosystems, USA). All NMR spectra
were processed by using Topspin 3.5 (Bruker BioSpin) and analysed
by using SPARKY.®

Resonance assignment of PDZ3,;,,,,4 and its ligand complexes:
All spectra were acquired at 298 K on 600 (Bruker Avance lll HD,
Prodigy 5mm TCl 'H/"°FN,"®C Z-GRD cryoprobe), 700 (Bruker
Avance Il HD, 5mm QClI 'H,”N,"C'P Z-GRD cryoprobe), 800
(Bruker Avance Il HD, 5 mm TCl 'H,"N,"C Z-GRD cryoprobe) and
950 MHz (Bruker Avance Ill, 5 mm TCl 'H,”N,"*C Z-GRD cryoprobe)
spectrometers. Assignment of the backbone resonances of
PDZ3,3,,471 Was achieved by 3D triple-resonance NMR spectroscopy
experiments (HNCACB, HNHA, HNCO and 3D "H-">N NOESY HSQC)
on a 0.5 mm uniformly *C-, ®N-labelled sample in 50 mm sodium
phosphate buffer at pH 6.8.222*%9 Aliphatic side chains were
assigned through a 3D HCCCONH experiment and 3D '*C-edited
"H NOESY-"H,"*C HSQC spectra recorded under the same sample
conditions.””*¥ The unnatural amino acid within the uniformly "*C-,
N-labelled sample was assigned with 2D ['*C,'°N] doubly filtered
'H,’"H NOESY and 'H,'HTOCSY experiments.”®3% Through-space
NOE contacts were assigned through 2D 'H,'H NOESY, 3D

"H NOESY-"'H,” N HSQC, and 3D 'H NOESY-'H,3C HSQC experi-
ments.” Partial backbone assignment of PDZ3,,,z in complex
with ligand Ls, was performed on a 0.6 mm uniformly "*C-, ’N-la-
belled sample in the presence of 1.2 mwm ligand Ls,, in buffer con-
taining 50 mm sodium phosphate pH 6.8, 10% D,0, 6% [Dg]DMSO
through 3D HNCACB and 3D 'H NOESY-'H,"° N HSQC experiments.
Aliphatic side-chain assignment of the PDZ334;az1:Lsa cOmplex was
achieved through 3D HCCCONH and 3D CCCONH experiments
under the same sample conditions.”® NOE contacts between
PDZ3 341424 and ligand L, were investigated through a 3D ['*C,"°N]
doubly half-filtered '°N-separated NOESY- HSQC experiment.?*3"
Assignment of ligand Ls, bound to PDZ3,;,;,24 Was performed on a
0.9mm uniformly "*C-, "N-labelled sample in the presence of
045um ligand Lsy, through 2D ["C'°N] doubly filtered
'H,"H NOESY and 'H,'"H TOCSY experiments. Partial backbone as-
signment of PDZ3 34,424 in complex with ligand L, was performed
on 043mm uniformly '*C-, '"N-labelled sample containing
0.86 mm ligand L, in buffer containing 50 mm sodium phosphate
at pH 6.8, with 10% D,O, through a 3D HNCACB experiment.
Ligand Ls, was synthesised in house on an ABI 433A peptide syn-
thesiser (Applied Biosystems, USA). AzuCa was purchased from lris
Biotech, Germany. All NMR spectra were processed by using Top-
spin 3.5 (Bruker BioSpin) and analysed by using SPARKY.®!

Structure calculations through NMR spectroscopy: Restraints
were extracted for structure calculations of PDZ334an from six
different spectra containing structural information: 1) 2D 'H,'H
NOESY, 2) 3D 'H NOESY-"H,"*C HSQC, 3) 3D "H NOESY-'H,”N HSQC,
4)2D ["C'°N] doubly filtered 'H,'H NOESY, 5)3D '’N-edited
'"H NOESY-'H,"NHSQC, and 6)3D 'C-edited 'HNOESY-
"H,"*C HSQC. From these contacts, a consensus list of unique re-
straints was generated (Table S3), containing each contact only
once, even if observed in multiple spectra. An upper restraint of
6.5 A was used. For structure calculations, CYANA 3.97 was used.®
The artificial amino acid AZH was defined in the cyana.lib library
file (see Table S4). Additionally to the upper restraints, ¢y dihedral
angles derived from TALOS + calculations were used as dihedral re-
straints.”” Furthermore, the CYANA functions ramaaco and rotaaco
were used to generate additional angle restraints. The 400 con-
formers were generated with 40000 torsion angle dynamics steps
for each conformer. The final structure bundle was comprised of
20 conformers with the lowest CYANA target function.

Relaxation of PDZ3,; and PDZ3,;;,,,; and their ligand com-
plexes: The T,, T, and hetNOE data for PDZ3;,;5,4 Were recorded
on a 0.45 mm uniformly "N-labelled sample in buffer containing
50 mm sodium phosphate at pH 6.8, with 10% D,0, on a 600 MHz
spectrometer (Bruker Avance lll HD) equipped with a Prodigy
5 mm TCl "H/"F,””N,"*C Z-GRD cryoprobe that used Bruker standard
pulse sequences. For measurements on PDZ3;,.zn in complex
with ligand Ls,, a 0.45 mm uniformly "N-labelled sample in buffer
containing 50 mm sodium phosphate at pH 6.8, 10% D,0, 6%
[Dg]IDMSO with 0.9 mm ligand L,s was prepared. For T, times, 12 in-
crements with delays ranging from 50 to 2000 ms, including two
repeats, were used as a control. For T, times, 11 increments with
relaxations delays between 16 and 359 ms, including three repeats
were used. Relaxation measurements of PDZ3,; were recorded on
a 3.8mm uniformly "N-labelled sample in buffer containing
50 mm sodium phosphate pH 6.8, with 10% D,0O. Measurements of
PDZ3,; in complex with ligand L, was performed with a protein
concentration of 3.5mm and a ligand concentration of 7 mm
under the same buffer conditions. For T, times, 12 increments with
delays ranging from 100 to 1600 ms, including two repeats, were
used as a control. For T, times, 12 increments with relaxations
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delays between 17 and 340 ms, including two repeats, were used.
Data analysis was performed by using Topspin 3.5 (Bruker BioSpin),
SPARKY (SPARKY 3.114, University of California, San Francisco) and
TENSOR2.°® Relaxation data for PDZ3,; PDZ3yrL;, PDZ3:4az
PDZ3,341a211:Lsa, @and PDZ3,;,, can be found in Tables S5-S9, respec-
tively.

Rotational correlation time and MW: The rotational correlation
times () of PDZ3; and PDZ33,,4z4 Were estimated by using the
previously published relationship [Eq. (1)]:%"¢”

6T,
Te ™ ( ?;—7>/4J'EVN (1)

in which T, and T, are the longitudinal and transverse °N relaxa-
tion times, respectively, and v is the nuclear frequency of nitro-
gen. The average 7. was calculated by using all T, and T, values
representative of the core protein; residues exhibiting conforma-
tional exchange or faster-than-average motion were excluded. The
nuclear frequency vy=60 MHz was used. MW was estimated from
7.=0.6111 MW (z.: rotational correlation time in ns; MW in kDa).
The relationship between 7. and MW was derived from 16 mono-
meric proteins of known size and rotational correlation time.®"

ITC: ITC was performed on a VP-ITC microcalorimeter (Malvern In-
struments). The final concentration of PDZ3 was between 150 and
180 um and the final ligand concentration was 390 um in buffer
containing 50 mm sodium phosphate at pH 6.8. For experiments
with ligand Ls,, 2% DMSO was added. The sample was degassed
before measurements and the temperature was set to 25°C. ITC
data was analysed with the MicroCal ITC analysis software in
Origin 7, by assuming a one site binding model.

CSPs: Chemical shifts of the backbone amide resonances were
compared by calculating the CSPs from the wild type to the
mutant structure with Equation (2):

CSP = \/(0‘155’52“ _ 0_1(3f5|323v)2+(6:1023x _ 6E’HDZSY)2 (2)

in which O\ describes the chemical shift in ppm (either 'H or
N, respectively). PDZ3X and PDZ3Y labels data are derived from
the two data sets being compared.

Crystallisation of PDZ3,;,,,,4 and data collection: Purified protein
fractions were concentrated to 15 mgmL™" in buffer containing
10 mm HEPES/NaOH at pH 7.2, 10 mm NaCl, 0.5 mm dithiothreitol
(DTT). Crystals of PDZ3,3,,,24 Were grown at 291 K by vapour diffu-
sion of sitting drops equilibrated against a 50 uL reservoir of 1.1m
sodium citrate and 0.1 m HEPES at pH 8.5. Drops (2 uL) were set up
at a 1:1 ratio of reservoir to protein solution. After 2 weeks, crystals
were harvested by using mounted cryoloops (Hampton Research),
equilibrated for 5 min in mother liquor containing 20% glycerol (v/
v) as cryo-protectant and flash-cooled in pucks immersed in liquid
nitrogen for storage. Crystallisation of PDZ3 34574 in complex with
ligand L,s through co-crystallisation and soaking failed because
crystals did not grow in the sitting droplets and crystals of the apo
protein dissolved after the ligand was added.

X-ray structure determination and refinement: X-ray diffraction
data was collected at 100 K on beamline X06DA at the Swiss Light
Source (SLS) operated by the Paul Scherrer Institute, Villigen, Swit-
zerland. Data sets were processed by using XDSAPP.® The struc-
ture was determined by molecular replacement by using Phaser,
which facilitated the crystal structure of rat PDZ3,,; domain as a
search model.?*** Model building was performed by using Coot

and the structure was refined by using PHENIX.”®”" Figures con-
taining molecular graphics were prepared by using PyMOL (Molec-
ular Graphics System, Version 1.7.6.3 Schroedinger, LLC). Structure
solution and refinement statistics can be found in the Supporting
Information.
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